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Chapter 1

Introduction: Liquid Crystal Biosensors

HoN
(0] .
OMFL o+ Polymyxin B Hooc\/\)kN/¢>
NH HN—
f} NH NH, HaN \M/\erH HN
(o)
N N A N~ o
D \[(\H)iﬂ/\ux“\/v\(\ N Hﬁ/
t\‘)\/ 0 0 o~ © N
\//4 H 4

N\H/S Y
o O  COoH

Targeted biomolecule

B-sheet,
a-helix rich
proteins

A

interaction Lipopeptide-protein
interactions

After serving in the display market for decades, liquid crystal (LC) materials are
spreading their reach to the shining field of optical and biosensing technology. LC-based
biosensors can allow label-free imaging of biochemical processes. Thus, LCs present a
favorable opportunity to devise stimuli-responsive interfaces that can mimic the

biological systems and direct the behaviors of the biological systems.






1.1 Qutline

The basis of life and all biological processes is administrated by intermolecular
interactions between biomolecules in a living being. Molecular recognition plays a critical
role in biological interactions between biological elements, such as proteins, DNA, cells,
and lipids. Any disorder or failure in the normal manner of action of interaction may
generate medical ailments. Thus, the development of an understanding of such molecular-
level interactions is crucial for numerous basic and applied areas of sciences such as
bioinspired materials, therapeutics, diagnostics, and biosensors. In that context, bio-
interfaces (interface formed between the biological element and any organic/inorganic
material) play a crucial role in aiding the understanding of interactions between
biomolecules and surfaces. In this thesis, we are primarily interested in constructing
simple methodologies using stimuli-responsive interfaces formed by liquid crystals to
detect important biomolecular interactions and biochemical events occurring at those

interfaces. Implications of such interfaces in label-free biosensing will be discussed.

“Before cure, comes the diagnosis.” Therefore, throughout history, efforts have been
made to develop more effective technologies for rapid and accurate diagnosis of medical
conditions. The development of medical diagnostic technology is one of the most
important fields of applied research since it directly influences the overall health of the
universal population. There has always been an imperative demand for highly sensitive
and selective analytical methodologies capable of detecting such biological molecules or
contaminants even at trace levels. Such a device, assay, or method which can detect a bio-
chemical substance is known as a biosensor. It involves two main components: (1) a
biological component or bio-receptor which is essentially a recognition site to interact
with the analyte, and (2) a transducer or detector element that identifies the interaction
between bio-receptor and analyte and generates a measurable output signal which can be
correlated with the presence of the target analyte in the sample. Bio-receptors are
generally any sensitive biologically derived material such as an antibody, enzymes,
proteins, nucleic acids, cells, or micro-organisms. A transducer could be optical,
electrochemical, electronic, piezoelectric, and so.® The vital characteristics of a biosensor
are (a) the selectivity of the bio-receptor for the specific target analyte even in the
presence of other interfering species and (b) sensitivity of the transducer to detect the
analyte at low concentration levels. A broad range of different materials has been

investigated over the past decades for the design of interfaces that enable required
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interactions with biological entities.*** However, in most of the cell-based and
biochemical assays, labeling is required, which complicates the sample preparation, limits
the effective throughput, and increases the overall cost. Thus, the development of label-
free sensors is a novel approach to achieve cost-effective and simple multiplexed

detection systems.

Liquid crystals (LCs) are materials that combine properties of both liquids (fluidity) and
crystalline solids (alignment of molecules). After scientific and technological revolution
brought about by LCs in multibillion-dollar display technology, they are demonstrating
excellent biomedical implications in optical imaging and diagnostics.’*® The alignment
of LCs is highly susceptible to interfaces/surfaces that they are in contact with which can
be communicated to the LC bulk phase up to a hundred micrometers away from the
stimulus. LC materials are optically anisotropic; therefore, their orientational changes (for
example, from planar to homeotropic alignment wrt interface) can be readily visualized
(with the naked eye) under cross polarizers. The elasticity of LCs and their fluidity enable
the surface-induced LC responses (such as stimuli induced deviation in the director)
within tens of milliseconds, which allow the fast and real-time detection of bio-chemical
analytes and events.?®® Thus, LCs can perfectly transduce the molecular-level
information about subtle changes in the environment, thereby permitting a facile detection

without the need for complex and expensive instrumentation.

This thesis mainly concentrates on the development of novel interfacial architectures
formed between LC and aqueous environment for potential applications. The
thermotropic nematic LCs used herein are immiscible with water, and thus presents an
ideal interface which can be placed into contact with the analyte carrying fluid. The aim is
to pre-requisitely stipulate such interfaces to detect targeted molecules and chemical

events for the advancement of LCs in biosensing applications.
1.2 Liquid crystals

LCs are organic compounds which possess intermediary features of two major states of
matter that is a crystalline solid and a liquid.>**? Typically, LCs have anisotropic physical
properties like a solid and fluidity like a liquid. This remarkable feature gave them a
combination of unique assets such as optical anisotropy, orientational ordering, electrical
and magnetic properties along with the free-flowing nature. The LC can be categorized

into many phases depending on the temperature or the concentration of the molecules in a
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solution, as well as on the shape of the LC molecules. Thermotropic LC phases are
obtained between the crystalline and the isotropic phase by changing the temperature
(Figure 1.1). Lyotropic LC phases can be generated by changing the concentration of the
organic molecules in a solution. Based on the shapes of the LC molecules, they can be
divided into subphases such as calamitic and discotic. While the calamitic LC consists of
rod-shaped molecules, the discotic LC contains disc-shaped molecules. Based on the
molecular organization in a mesophase, or its symmetry, LCs are subdivided into
nematics, smectics, cholesterics, and columnar mesophases. The work in this thesis has

included nematic LCs, which consist of rod-shaped molecules.
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Figure 1.1. Cartoon illustration showing the emergence of the LC phase between solid
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and liquid state upon heating the solid material.

Extensive research on the development of LC materials over two decades has enabled its
entry into the billion-dollar technology of LC displays that are now a household name.
Apart from this common application of LCs, they have been studied over a decade for the
development of non-display applications such as biological sensors, chemical sensors,

actuators, color-changing fabrics, thermography and so on. 2384347



1.2.1 Discovery of liquid crystal science

The discovery of the LC phase and materials does not imply that this phase was unknown
to nature. LC phases are ubiquitously present in natural surroundings. For instance, DNA
in living matter, cell wall cellulose in plants and fruits, collagen in bones, cornea or fish
scales and chitin in the exoskeletons of insects exhibit LC ordering.”*>* However,
scientists were only aware of three physical states of matters, i.e., solid, liquid and gas.*
It was only in late 19" century when Friedrich Reinitzer, an Austrian botanist, studied a
derivative of cholesterol (cholesterol benzoate) and observed a turbid liquid state at 145
°C that changed to clear liquid upon further heating to 179 °C.>* He consulted this
unusual melting behavior with a German physicist Otto Lehmann. Lehmann carried out
the optical characterization of the turbid phase under a polarizing microscope.>* He
concluded that the turbid phase observed by Reinitzer displayed properties of both solid
and liquid and thus coined the term “crystalline liquid”. Soon in 1922, the French
crystallographer Georges Friedel credibly suggested that LCs represented a new state of
matter and then classified the LC phases as nematic, schematic, and cholestric.”® The term
“mesogens” was also coined to describe the molecules forming LC phase (mesophase).
Between the 1960s and 1970s, there were several advances made in LC science to
develop new and useful LC phases.*® In the starting, the applications of LCs were limited
to small-sized displays such as pocket calculators and digital watches.>”*® The future of
LC science changed when in 1988, Washizuka et al. of Sharp Corporation demonstrated a
TV-type color display of 14 inches which suggested that LC displays could replace the
standard-at-the-time cathode ray tubes.”® From the prototype in 1964 to the essential
device in the electronic industries in 2007, the LC display technology has come a long
way. It was in the early 2000s when Abbott with his co-workers first demonstrated that
LCs could potentially be useful as ideal optical biosensors due to their stimuli-responsive
features.'® Since then, the scientific community is putting tremendous efforts to
understand the basic principles behind designing such LC-based devices for sensing
applications.’>*® Now, Platypus technologies, a Madison-based company, along with
researchers of University of Wisconsin-Madison have also commercialized an LC-based
sensor for detection of toxic gases.”® Crystal Diagnostics, a Kent-based company, is
already developing innovative LC technology for rapid detection of several pathogens
which is co-invented by researchers of the Liquid Crystal Institute and Northeastern Ohio

University College of Medicine.®



1.2.2 Thermotropic nematic phase

The nematic phase is the most widely investigated LC phase and belongs to the class of
thermotropic LCs. As discussed above, the thermotropic LCs display mesophase as a
function of temperature. These are characterized either as calamitic nematic or discotic
nematic depending upon the geometry/shape of constituent molecules. Figure 1.2a shows
the molecules arranged in a nematic LC. The molecules possess a long-range
orientational order and no long-range positional order. This implies that the LCs have a
statistical preference to align along a particular direction, which is known as the director
and defined by a vector of unit length ~n. In a nematic, the molecules tend to rotate freely
around their long molecular axes, and there is no change in the director on turning the
molecules upside-down even if chemical compositions on the two ends are different.
Hence, the sign of the director is not significant and directions 7 and —7 are always

equivalent.

e 5CB (51 %)

ore TCB (25 %)

oceHir 8OCB (16 %)

O CsH1q 5CT (8 %)

Figure 1.2. (a) Schematic of a nematic mesophase depicting long-range orientational

ordering. The nematic phase has uniaxial symmetry, as indicated by the arrow. (b)
Schlieren texture of a nematic mesophase [Courtesy: National Science Foundation,
https://www.nsf.gov/news/mmg/mmg_disp.jsp?med_id=59511]. Chemical components of
(c) 5CB and (d) E7.

In the bulk medium, the direction of the director is random, or it is defined by an external
field. Whereas in confined systems, the director is characterized by the boundary



conditions presented at the interface LC is in contact with. Another characteristic of

nematics is the thread-like texture (Figure 1.2b).**

The study herein utilizes the two most commonly known LC materials that exhibit
nematic mesophase at room temperature, which are 5CB and E7 (Figure 1.2c,d). The 5CB
(4-cyano-4’-n-pentylbiphenyl) displays the nematic mesophase from 18 °C up to 34 °C,
above which it becomes isotropic fluid. It was the first LC compound synthesized that
exhibited a nematic phase near room temperature. E7 LC is an amalgam of four different
alkoxycyanobiphenyls: 51 wt.% 5CB, 25 wt.% 4-cyano-4’-n-heptyl-biphenyl (7CB), 16
wt.% 4-cyano-4’-n-oxyoctyl-biphenyl (80CB), and 8 wt.% 4-cyano-4’-n-pentyl-p-
terphenyl (5CT). The E7 exhibits a nematic phase within a long range of temperature, i.e.,
between -10 °C to 60 °C. In this study, we are primarily interested in these thermotropic

nematic LCs for studying interfacial interactions for applications in biosensing.
1.2.3 Properties and Characteristics
1.2.3.1 Order parameter

The characteristic difference between a nematic phase and an isotropic liquid is generated
by the degree of orientational ordering of the molecules which is quantified by an order
parameter, S. S is defined in Equation 1.1 as shown below.*

11

0 stands for the angle formed between the director and the long molecular axis. In the
clear isotropic phase, S is equal to zero, whereas S is equal to one for a crystal phase (in
case of perfectly orientational ordering). Its value for a nematic phase usually ranges
between 0.3 and 0.7.

1.2.3.2 Optical anisotropy (Birefringence)

Much like every anisotropic material, LCs are also birefringent. This implies that they
exhibit different properties for light traveling with the electric field components parallel
and perpendicular to the director or optic axis. Thus, the refractive indices of an LC are
different in distinct directions, for instance: parallel to the director (known as

extraordinary axis, nj), and normal to the director (known as ordinary axis, n.).



Accordingly, the numerical difference An = n||-n. between these refractive indices (called
“‘birefringence’”) is non zero. The nematic phases are generally optically positive, i.e., n|

> n.. For an optically negative phase, nj< ny, as shown in Figure 1.3.

A

Optic axis

Figure 1.3. Schematic illustration of samples showing optically positive (left) and

optically negative (right) behavior.
1.2.3.3 Surface-induced anchoring of LC

In the absence of any external force or contacting surfaces, the director field in the
equilibrium state is uniform, which is governed by the internal ordering of the mesophase.
However, interaction with any surface can influence the inherent ordering, leading to a
distinct equilibrium state. Thus, the orientational ordering of LCs is extremely susceptible
to the interfacial interactions between the mesogens and the confining medium. This
phenomenon is known as surface-induced anchoring of LCs. The LC director (with
respect to the surface) with the lowest free-energy orientation is generally termed as the
easy axis of the LC.%%% Application of an external field or presence of a surface can
induce a deviation in the director from the easy axis (Figure 1.4a). The amount of energy,
which is required to move the director from the easy axis, is known as anchoring energy
(Wa). It characterizes the anchoring strength quantitatively. Thus, the interfacial free

energy, which is orientation-dependent, is often expressed as**®*

S =Sy + ;W,sin?(8; - 6,) 1.2

Where S is the total interfacial free energy, So represents the orientation-independent
component of interfacial free energy, 0 is the orientation of surface director, and 0, is the

orientation of the easy axis.
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Figure 1.4. (a) Schematic illustration of the director and the easy axis of a nematic LC.

e
easy axis

LC film
(100 pm)

(b) Orientational transitions of nematic LCs as a response to interfacial interactions.
Redrawn from Ref. [42].

It is well established that the typical values of W, are 10°3-102 mJ/m2.%%*% Therefore,
perturbation of the interfacial energetics on this scale, which can occur due to delicate
change in the topography and chemical functionality of an LC interface, can potentially
lead to orientational transitions in LCs. Unlike isotropic liquids, this surface-induced
orientational preference is communicated over a distance of 100 um (much greater than

the size of nematic mesogen) from an interface due to the long-range ordering of LCs as

shown in Figure 1.4b. The distinct ordering of LCs generates an anisotropic optical
41,42,66

property that is easily characterized by using optical methods.

Figure 1.5. (a) Schematic demonstration of the two distinctive anchoring angles: polar
angle (0) and the azimuthal angle (¢). Anchoring of nematic LC on a surface: (b) uniform
planar anchoring, (c) homeotropic anchoring, (d) tilted anchoring, and (e) degenerate
planar anchoring. Redrawn from Ref. [42].

The orientation of the LC molecules on a surface is expressed by two angular

components, azimuthal anchoring ¢ and polar anchoring #, as shown in Figure 1.5a. The

10



polar angle is the angle formed between n and the substrate normal, y. The azimuthal
angle ¢ represents an in-plane orientation of LC director with respect to reference
azimuthal axis, x. Thus, the anchoring can be orientation of the director represented in
Figure 1.5b-e: 1) 6 = 7/2, ¢ = constant for uniform planar, 2) 6 = 0 for homeotropic and 3)

0 < 6 < nl2, ¢ = constant for tilted anchoring and 4) 6 = n/2, ¢ = arbitrary for degenerate
planar anchoring.*?

1.2.3.4 Elastic energy

Long-range orientation within molecules in the LC phase generates elastic properties of
LCs. For a nematic phase, the mesogens are uniformly aligned along with the director in
the lowest free energy state. External forces (such as an electric field or confined
boundary conditions) typically lead to deformation of the medium from its lowest energy
configuration. Nematics deformations are usually of three basic modes: splay, twist, and
bend as shown, schematically, in Figure 1.6. According to Frank and Oseen equation, in a
confined LC system, an arbitrary curvature of a director can be expressed in terms of the

above-mentioned deformations along with their associated elastic constants Ki;, K2, and

41
Kss.

"\ P === L
N7 ====
\VEEEEIESSS
\\ // T T b
Splay Twist Bend

Figure 1.6. Schematic illustrations of three modes of deformation in LCs: (a) splay, (b)
twist, and (c) bend. Redrawn after de Gennes and Prost.**

The LC elastic free energy density (Fq) coupled with the strain of a nematic LC is
described in Equation 1.3 below #264°%;

Fg=3 Ki(V.)?2 42 Kpp (VX )2+ Kya (@ x (VX A))? 1.3
where n represents the director of the nematic LC.
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The three elastic constants usually are of the order of 10™ N.**® Understanding the
elasticity behavior of LC is essential in the study of the order parameter fluctuations and
defect stability present in them. The relative importance of elastic energy stored within
the LC film and orientation-dependent surface energetics contribution to the total free
energy of LC depends on the geometry of the LC system and motivates many of the

interesting interfacial phenomena.

1.3 Liquid crystals-aqueous interfaces: A biosensing tool

The combination of surface anchoring, elastic energy, and birefringence of LCs makes its
potential utility as an optical sensing tool. The orientation of LCs, being highly
susceptible to interfacial interactions, can be amplified into the LC bulk phase up to a
hundred micrometers away from the interface. This cooperative behavior allows label-
free visualization to detect and transduce the molecular-level information on surfaces as
the LC presents distinct optical appearance (example bright and dark images) under
polarized light. The elasticity of LC and their fluidity enable the surface-induced LC
responses (such as stimuli induced deviation in the director) within tens of milliseconds,
which allow the fast and real-time detection of bio-chemical analytes and events. Thus,
identification of the orientations of LCs near interfaces facilitates the development of LC-
based sensors that respond to the chemical and biological signals. In this thesis, we
focused on interfaces formed between aqueous phases and thermotropic LCs, because of
two main reasons: (a) interface formed is deformable due to immiscibility of thermotropic
LC with water; (b) incorporation of aqueous phase at one side retains the natural activity
of biological analytes and enables the investigations on the influence of biomolecular
interaction on LCs.

Inspired by potential applications of LCs in chemical and biological sensing, a variety of
approaches have been applied by the scientific community to generate LC-aqueous
interfaces for investigating interfacial events, which include stabilization of LC films in
micro-fabricated structures.****'%% The widely known geometries of LC-aqueous
interface are planar and curved interfaces of LCs. I will sequentially discuss the two
geometries. The prototype for planar interfaces between LC and aqueous phase was
demonstrated by Brake and Abbott in 2002.** The cartoon schematic for the same is

shown in Figure 1.7a.
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Figure 1.7. (a) Experimental design and explanation of the principle of LC biosensors
designed by Abbott’s group™. Redrawn with permission.®* Representative POM images
(only meant to show the typical optical appearance of LC film under POM) and
corresponding cartoon illustration of the LC orientation in contact with (b) air, (c) water,
and (d) amphiphile in the aqueous phase.

This approach used the placement of a metallic TEM grid onto a glass substrate. Prior to
use, the glass substrate is chemically modified to define the ordering of LC at the bottom
face. Two silanes, octadecyltrichlorosilane (OTS) or dimethyloctadecyl[3-
(trimethoxysilyl)propylJammonium chloride (DMOAP), are mostly used to treat glass as
they generate strong homeotropic (perpendicular) anchoring of most nematic LCs.*® The
LC material is then filled into the pores of the grid, which provides the mechanical
support to LC against aqueous phase through capillary forces between the LC and the
metal. The thickness of the LC film (when there is no excess LC on the film) is

approximately the same as that of the grid. Figure 1.7a shows the director of the LC

13



inside one square of the grid. The bottom substrate of the LC film is in contact with OTS
that aligns LC molecules perpendicular to the surface plane. The top surface of the LC is
in contact with air, which also promotes homeotropic anchoring, thus inducing a
uniformly perpendicular alignment of the director throughout the bulk. Such an
arrangement of LC director yields a black image under crossed polarizers as shown in
Figure 1.7b. Subsequently, the supported LC film is submerged in an aqueous solution to
generate an approximately uniform LC-aqueous interface (Figure 1.7c). Water (or an
aqueous buffer) usually align the LC director parallel to the substrate (‘‘planar’
alignment), which generates hybrid configuration in bulk.**® The effective birefringence
in hybrid conditions is non-zero, and thus, the optical texture appears bright and
inhomogeneous between crossed linear polarizers (Figure 1.7¢). When surfactants are
added into the aqueous phase, a dark optical appearance is produced, which is consistent

with the homeotropic (perpendicular) orientation of LC (Figure 1.7d).*

Progressive research established that the adsorption of amphiphiles induces the
homeotropic orientation of LCs at LC-aqueous interfaces.’*®*%” The influence of the
molecular structure (e.g., branching, chain length, etc.) and interfacial organization of
adsorbed amphiphiles has been investigated in detail to derive the correlation between on
the ordering of the LCs and intermolecular interactions between adsorbates/mesogens.®*
The study also provides strong evidence that the lateral hydrophobic interactions between
hydrocarbon chains of mesogens and amphiphile mainly drives the homeotropic ordering
of LC at aqueous interfaces. Logically, the hydrophilic part of the amphiphile would face
the aqueous phase, while the hydrocarbon tails would intercalate into the LC medium.
The nematic elasticity of the LC has been found to play a significant role in directing the
interfacial arrangement of molecular assemblies.®® An LC-aqueous interface is very
susceptible to the presence of amphiphiles, such as naturally occurring phospholipids that
form the main component of a biological membrane, thus several biomolecular
interactions have been investigated using such interfaces. A wide range of designs has
been developed using the biomimetic nature of this interface for sensing biomolecular
phenomena. The reorganization of the phospholipids in the presence of specific
biomolecular interactions with proteins has been found to trigger ordering transitions in
the LCs."® It is also known that the highly specific event of DNA hybridization occurring
at LC-aqueous interface induces an orientational transition of LC.>* LCs offer potential

implications in sensing as they trigger an ordering transition based on the molecular
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structure of analytes present at the interface. For instance, lipids induce a homeotropic
ordering of LC; however, proteins promote a planar anchoring of LC at the aqueous
interface.' Not only this, LCs exhibited distinct ordering based on the aggregated states
of proteins.’*® In recent years, the LC-based interfaces have been applied as an optical
tool to detect several biomolecules, biomarkers and toxic analytes such as
acetylcholinesterase™, bile acids’, cellulase and cysteine,’ pesticides’®, glucose’®, heavy
metal ions such as Cu®*, Hg**,”>"" human breast cancer cells”®, and so on. With this
exceptional ability to detect subtle interfacial variations, interfaces formed between LCs
and aqueous phases characterize an exciting and promising class of stimuli-responsive
materials for technological advancement. Development in experimental and theoretical
studies of the alignment process in LC, which is the physical basis of LC biosensors, will
continue to give insight into the interfacial interactions to grow more sensitive and

efficient use of the alignment mechanisms.

Another interesting platform for LC-based biosensors is LC-in-water emulsion. The
simplest process for the preparation of LC emulsion in water is by sonication and vortex
mixing of LC and aqueous media (e.g., 5 uL of LC in 0.5 mL of water).” This
methodology generates LC droplets with the polydispersed population of diameters
ranging in several micrometers (Figure 1.8a). Monodispersed LC droplets can be
prepared using polyelectrolyte multilayer capsules as templates®® or by using
microfluidics®’. In some confined LC systems as in droplet geometry, the surface-
anchoring conditions are unlikely to be satisfied through the continuous strain of the LC.
Thus, as a result of the high local elastic free energy density of the LC, the topological
defects are generated in the LC to satisfy the boundary conditions.®>®* These defects are
defined as the localized regions of LC in which the orientational order of the LC is
significantly reduced as compared to that of the bulk LC.%**® Textures observed in
nematic droplets depend upon the droplet sizes and the anchoring conditions. The
respective equilibrium director configuration is determined by the delicate balance of
energetic involving bulk elastic energy contributions and surface energy contributions.
The bulk elastic energy of LC droplet is linearly proportional to the radius of the droplet
(KR; K and R, respectively, represent the elastic constant of LC and the droplet radius),
whereas surface energy varies with the square of the R (WR?; W is the anchoring strength
coefficient).®>8"# The thermodynamic considerations led to the proposition that for large

droplet radii (R > K/W), the energetic surface contribution dominates. Whereas in small
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droplets (R < K/W), the influence of topological constraints enforced by the interface
disappears and the director configuration is then concluded exclusively by the bulk
elasticity of the LC.%°

LC-in-water emulsion

HZQ O O LC droplet

c d e

S\ 1/
Radial Bipolar Preradial

Figure 1.8. Schematic illustrations of (a) polydispersed LC droplets in water. (b) An
enlarged version of a LC droplet with radius R; (c-e) the director configurations for (c)
homeotropic (radial), (d) tangential (bipolar), and (e) tilted (pre-radial) anchoring of the
LC at the droplet interface. Black solid circles in (c-e) represent topological defects in LC
droplets. Adapted from Ref. [66,88].

The defects in LC droplets can provide a simple probe to identify the orientation of LC at
the interface. Besides visualizing these point defects by polarized light microscopy, they
are more readily viewed using bright-field microscopy (the removal of the analyzer in a
polarized light microscope) because they strongly scatter light due to different refractive
index as compared to defect-free regions.®>®® When the ordering of LC is homeotropic
with respect to the interface, the director adopts a so-called radial configuration within the
droplet.®® The radial configuration is identified by a single point defect positioned at the
central core of the droplet (Figure 1.8c). When the orientation of LC is planar at the

interface, then the director adopts a bipolar configuration within the droplet in which two
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point defects (called boojums) are formed at the opposite poles of the droplet (Figure
1.8d).%8 The third possible director configuration is pre-radial configuration in which the
orientation of the LC is tilted at a droplet’s interface. It also exhibits a single point defect
similar to the radial one; however, this defect is located away from the center and near the
surface of the droplet (Figure 1.8e). The contribution of defects to the total free energy of
a droplet is often neglected as it is typically two orders of magnitude lesser than the
elastic and surface anchoring energies. In spite of this, defects play an important role in
directing the interactions of LC droplets with some biological amphiphiles (for example,
endotoxin).” The rich phases, large surface areas, and exclusive tunable optical properties
of LC droplets offer a promising design of functional LC materials that responds to
remarkably low concentrations of biologically relevant species. In those studies, the role
of topological defects has been importantly discussed. Thus, this aspect of LC-based
biosensors represents an exciting domain of materials chemistry that warrants extensive

research.
1.4 Significance of biomolecules/analytes addressed in the study
1.4.1 Polymyxin B

Polymyxin B (PmB) is a naturally occurring lipopeptide produced by Bacillus polymyxa.
It consists of a heptapeptide ring attached to a peptidic tail and a short acyl chain. It is the
oldest and strongest antibiotic drug that is used to treat multidrug-resistant bacteria.*® Its
molecular structure allows the organization of self-assembly with the presentation of
highly dense peptide functionalities at the exterior of various surfaces and nanostructures.
Its antibacterial mechanism is considered to be driven by a range of molecular
interactions with bacterial membrane followed by its organization at phospholipids
interface and penetration into the membrane leading to the disruption of bacterial cells
integrity.®>% PmB, which is otherwise structurally disordered in aqueous solution,
exhibits the higher-order structure with a combination of fixed and flexible regions
(associated with the head group and backbone, respectively) at phospholipid interfaces.
Such association allows this small peptide to carry out a set of varied tasks with a high
degree of structural specificity.” Interestingly, polymyxin nonapeptide, a derivate of
PmB, which lacks the acyl chain displays no or little bactericidal effect on
microorganisms consistent with the loss of conformational flexibility in the molecule.®**

The free amino groups of PmB is known to interact with negatively charged
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phospholipids and serum constituents in tissues which causes its deactivation in vitro.”>®’

This intervention not only decreases its efficacy but leads to tissue toxicity as well due to
its accretion in different body organs.”**® Thus, the threat of the post-antibiotic era and

inadequate therapeutic options'®**%

iIs compelling scientific community to progress
towards the development of simple approaches to recognize the possible interactions of
serum proteins with subsisting antibiotics to modify the drug design consequently. In part
A of the 2" chapter of this thesis, we discuss the influence of self-assembly of PmB on
the orientational ordering of LCs at aqueous-LC interfaces. PmB laden LC-aqueous
interfaces have been further employed to monitor the adsorption behavior of several

serum proteins.
1.4.2 Surfactin

Surfactin  (SFN) is a powerful bio-surfactant produced by the Gram-positive
bacteria Bacillus subtilis. It is constructed of a cyclic heptapeptide head group connected
with a 12-16 carbon atoms long hydrophobic fatty acid tail.'®® Due to its amphiphilic
structure, it is capable of reducing the surface tension of water from 72 mN/m to 27
mN/m even at 20 pM of concentration.'®*'%® As a consequent strong surface activity, it
has shown potential in bioremediation of heavy metals and enhanced oil recovery.!%#1%
These amphipathic features enable the SFN molecule to interact with biomembranes and
disrupt the membrane integrity.'*"*%® Therefore, it is known to exhibit effective biological
characteristics such as antibacterial, antiviral, antitumor, and hemolytic activities.'***
Compared with the chemical surfactants, SFN is gaining an enormous interest because of
its versatile applications, natural production, high biodegradability, and retained activity
at extreme temperatures and pH.*** In solution, the heptapeptide loop of surfactin adopts a
‘horse saddle’ shape with B-sheet conformation.****** Previously, efforts have been made
in order to evaluate their ability to penetrate and interact with lipid membranes by using
certain studies such as fluorescence microscopy, Brewster angle microscopy, and atomic
force microscopy at lipid monolayer model systems.****?? Similarly, the adsorption
behavior of SFN on solid-liquid and air-liquid interfaces has been studied using various
techniques.’”**?* These techniques are time-consuming, laborious, expensive, and
demand skilled expertise. In this thesis, Part B of 2" chapter uncovers the interaction of
SFN with LC at the LC-aqueous interface and corresponding ordering transitions of the
LC. These lipopeptidic laden LC-aqueous interfaces are highly regarded as stimuli-

responsive systems with a potential application in the detection of toxic amyloids.
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1.4.3 Proteins

Proteins are biopolymers of amino acids (polypeptides), connected by peptide bonds. The
amino acid sequence is encoded by its gene, establishes a protein’s structure and function.
Inside living organisms, they are most abundantly content and are involved in nearly
every process within the cells. They perform a large set of functions such as catalysis of
metabolic reactions, transportation of molecules, providing structures and mechanical
stability to cells and tissues, DNA replication, and so on. Proteins often are involved in
interactions with other proteins, DNA, lipids, carbohydrates, and other molecules for
function. The structure of a protein is known to play a crucial role in performing its
function. In chapters 2 and 5 of this thesis, we demonstrate application of decorated LC-
aqueous interfaces (PLL-LC, PmB-LC, SFN-LC) to report the label-free imaging of
adsorption events of several proteins (bovine serum albumin, concanavalin A and
fibronectin as mentioned below). Thus, it would be useful to provide a brief introduction

to these proteins discussed in different parts of this thesis.
1.4.3.1 Bovine serum albumin

Albumin is the most abundant protein that exists in serum (about 60% of the total protein
content). It is one of the oldest discovered and most intensely studied proteins.**® Serum
albumins attract a lot of scientific attention in understanding the drug pharmacodynamics
and pharmacokinetics as the nature and strength of interactions between albumins and
small molecules are associated with the extent of drug absorption, distribution,
metabolism, and excretion.’?® In such studies, bovine serum albumin (BSA) is usually
considered as a relevant model, due to its structural resemblance with human serum
albumin (approximately 76%), its low cost and wide accessibility.*?’'?® The BSA
molecule is a globular protein which consists of 583 amino acids and has a molecular
mass of 66.4 kDa.'*® The secondary structure of BSA is mainly composed of a-helices
(60%), with the remaining polypeptide chain arranging in turns, in extended or flexible
regions between subdomains.*”® Serum albumins are mainly the transporter proteins
which carry and dispose many endogenous and exogenous compounds (such as drugs,
hormones, and fatty acids) by forming a molecular complex.'?® This group of proteins

also helps in maintaining the blood osmotic pressure and blood pH.**%*3!
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1.4.3.2 Concanavalin A

In living beings, interactions between carbohydrates and proteins form the basis for many
important physiological processes, and alteration in such interactions can cause
pathological states such as bacterial and viral infections, inflammation, cancer metastasis,
and so on.** Thus, understanding of such interactions has attracted a great deal of
attention to aid in the realization of biological processes and the development of
biosensors for diagnostics. Concanavalin A (Con A) is one such lectin protein that can
bind to certain saccharides with high specificity.*® It is an all- protein composed of 237
amino acid residues. Under neutral conditions, it exists as a tetramer in which each
subunit has two divalent cation binding sites, each for Mg®* and Ca**.** It is known to
bind various sugars, glycoproteins, and glycolipids, specifically to the a-D-mannosyl and
a-D-glucosyl residues.’® Interactions of ConA with the cellular membrane glycoprotein
are known to trigger several biochemical processes such as agglutination, cell
mitogenesis, and apoptosis.’***¥" Therefore, it is widely used as a model protein in
biology and biochemistry. Several approaches have been reported to detect ConA.**#4°
Also, ConA shares structural homology with human serum amyloid protein, which is
abundantly found in toxic amyloid deposits in several neurological disorders.**
Moreover, ConA displays structural flexibility due to lack of disulfide bonds which
favors the conformational changes in the protein.** Overall, understanding of its

aggregation mechanism is of a great scientific deal for a range of biomedical applications.
1.4.3.3 Fibronectin

Fibronectin (FibN) is a dimeric glycoprotein in which monomers of approximately 220—
250 kDa are connected by disulfide bonds.*** The protein exists in two forms: 1) a soluble
form which is present in bodily fluids and 2) insoluble fibrillar state which is present in
the extracellular matrix (ECM), connective tissues, and basement membranes.*** This
insoluble form of FibN performs most of its known biological functions ranging from
embryogenesis, tissue repair, blood clotting, inflammation, tumorigenesis, and cellular
migration.**>'*® The reorganization of FibN dimers into fibrillar matrices cell is a
complex multistep process that is initiated and mediated by adherence of cells to surfaces.
The initial step involves a reversible interaction of FibN with the asp; integrin (via the
Arg-Gly-Asp sequence) present at the cell surface.!*” The subsequent intermolecular

association triggers the formation of large detergent-insoluble fibrillar matrices of
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FibN.*®¥*° For a detailed understanding of the fibril formation pathway, cell-based
assays present several complications, including lack of control over other dynamic events
during cell attachment. In 1999, Vogel et al. identified cell-free conditions under which
FibN is extended into fibrillar networks near a monolayer of dipalmitoyl
phosphatidylcholine (DPPC) (biomimetic surface).™® The fibrillar aggregates of FibN
have been found in some pathological states such as kidney glomerulopathy.*** In several
other diseased states, the concentration of FibN in bodily fluids has been found largely
deviated from the normal range.™ Techniques such as enzyme-linked immunosorbent
assay™* and SDS-PAGE™ are widely used for detecting FibN but present limitations in

terms of laborious procedures and complicated operation.
1.4.4 DNA and Aptamers

Deoxyribonucleic acid (DNA) is the basis of all living forms. It is the main component of
chromosomes and located inside the nucleus of cells. It stores the genetic information
which is used in the proper functioning of biological processes inside living organisms.
Natural DNA is a duplex made of up of two DNA strands (also known as a
polynucleotide). Each DNA strand is composed of nucleobases (guanine, adenine,
cytosine, and thymine), deoxyribose sugar and the phosphate backbone. The two strands
are connected by Watson Crick hydrogen bonding i.e. three H-bonds are linked between
G-C and two between the A-T bases (Figure 1.9).**® Over the past two decades,
development in oligonucleotide technology has brought substantial advancement in
nanotechnological applications such as therapeutics and diagnostics.*>"** Especially,
nucleic acid-based metal sensors have been developed due to several desirable structural
properties of polynucleotides.® Firstly, nucleotides are highly stable, cost-effective, easy
to modify as compared to the existing diagnostic motifs such as antibodies. Secondly and
importantly, anionic phosphate backbone of nucleic acids allows electrostatic attraction
with metal ions whereas various nucleobases coordinate with metal ions with different
affinities.’®**% The strategy behind the application of nucleic acids for sensing is to
generate functional nucleic acid sequences, commonly called aptamers, that can
accommodate specific metal coordination sites through tertiary or secondary folding.*®
The aptamers are isolated from a huge library of nucleic acids containing 10™ to 10*°
random sequences by the method of SELEX (systematic evolution of ligands by
exponential enrichment).***!®* In chapter 3 of this thesis, we discuss a novel LC sensor

for detection of toxic lead (Il) ions by exploiting the aptamer-metal ion binding. Such
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systems form the basis of new soft materials that permit LC ordering to propagate from
the macroscale to the optical scale with remarkable sensitivity. In chapter 6, we report the
fabrication and application of polymer-coated LC droplet emulsion towards the
development of DNA based drug nanocarriers.
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Figure 1.9. Hydrogen bonding between nucleobases: (a) two H-bonds between A-T and
(b) three H-bonds between G-C.

1.4.5 Creatinine

In tissues and organs, creatinine is spontaneously produced during the biological
conversion of creatine (an energy source for many biological processes) into
phosphocreatine catalyzed by creatine kinase.’® Creatinine is ubiquitously found in
serum, erythrocytes and all bodily secretions, such as sweat, bile, and gastrointestinal
fluids. After its generation in muscles and other body parts, it is excreted unchanged by
kidneys primarily by glomerular filtration. When there is a deficiency in the filtration by
kidneys, the blood creatinine concentrations rise. Therefore, creatinine concentrations in
blood and urine may be useful to estimate the creatinine clearance, which acts as an
important indicator for renal health and muscular functioning.'®"*®® Creatinine emerged
as the second most examined biomolecule for clinical analysis after glucose. The typical
range of creatinine levels in the serum of healthy adults is 50-100 uM. Creatinine levels
outside this range indicate renal disease (100-500 puM), kidney failure (=800 uM) or
muscular malfunctioning (< 40 pM).**® The most common clinical test performed for
creatinine levels in both blood and urine is based on the Jaffe method.'®® The Jaffe
method involves the colorimetric readout of the specimen generated in the presence of
picric acid. The reaction between creatinine and picric acid forms a chromogen that
adsorbs within the wavelength range of 470-550 nm, and thus the color of the specimen

turns red. The reaction is highly sensitive to temperature and pH but is non-specific for

22



creatinine due to interference from other serum components such as proteins. However, it
is still widely used due to its cost-effectiveness and rapid analysis ¢15 min). The chapter
4 of the thesis discusses the fabrication of a LC-based sensor for specific and label-free

detection of creatinine up to its healthy levels.

1.5 Polarizing optical microscopy

Polarizing optical microscopy (POM) is a simple method that makes use of polarized
light for imaging birefringent materials, including LCs. The optical appearance of LC
when viewed under POM determines the orientational ordering of LCs. Typically, the
illuminated light passes through a linear polarizer and is transmitted through the sample.
The transmitted light is passed from another polarizer at the top (called “analyzer”)
(Figure 1.10).
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Figure 1.10. The working principle of a polarized optical microscope equipped with

crossed-polarizers. Different orientations of LCs, when observed between crossed

polarizers, generate distinct optical appearance.

The two polarizers are arranged perpendicularly to each other. Since LCs are birefringent,
two distinct refractive indices are generated depending on the polarization of the light and
the director of the LC. This may rotate the plane of polarization of the transmitted

light.**** As discussed above, several anchoring conditions of LCs are often explained as
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homeotropic (perpendicular to the interface), planar (parallel to the interface), or tilted (at
some acute angle to the interface). When the LC molecules are arranged in tilted fashion
[i.e., the orientation of the LC molecules is perpendicular to the bottom surface
(homeotropic alignment on DMOAP/OTS) and is parallel on the top surface], some
component of the light passes through the thin film of the LC. This phenomenon results in
the colored texture when viewed under crossed polarizers (Figure 1.10a). However, when
the LC molecules are oriented perpendicular to the surface, the polarized light will be
completely blocked by the analyzer, and the corresponding LC optical texture appears
uniformly dark (Figure 1.10b).

1.6 Organization of the thesis

This thesis will describe the work done using thermotropic LCs for recognizing and
imaging the molecular level interactions occurring at the aqueous interface along with an
implication in the detection of certain interfacial events and analytes of biological

importance.
1.6.1 Ordering transitions in LCs in presence of cyclic amphiphiles

Previously known sensors that utilize LC-aqueous interfaces are mostly based on
orientations of LCs influenced by the organization of linear amphiphiles at those
interfaces. In that context, the effect of cyclic amphiphiles on the ordering of LCs at
aqueous interfaces remains relatively unexplored. Thus, the development and
understanding of such systems present ample opportunities to design new LC-based

170171 aycidates the

multifunctional assays. Divided into two parts, the second chapter
design of two novel stimuli-responsive LC-aqueous interfaces based on two different
cyclic lipopeptides. In the first part, we have explored the interactions of a naturally
occurring cyclic lipopeptide, PmB, with LCs at aqueous interfaces. The self-assembly of
PmB at those interfaces induces a homeotropic anchoring of LC molecules driven by a
combination of hydrophobic and ionic interactions between PmB and LC molecules. The
orientation of LCs at PmB laden LC-aqueous interface further changes to planar/tilted in
the vicinity of anionic proteins (BSA and hemoglobin). The dynamic response and the
ordering of LCs are mainly influenced by electrostatic interactions possible between PmB
and the protein molecules. We further observed that PmB decorated LC-aqueous interface
is highly sensitive to the secondary structure of proteins even at nanomolar

concentrations. Briefly, B-sheet rich proteins (ConA and FibN) lead to the formation of
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elongated and fibrillar shaped optical domains of LC which are visibly different than that
formed by globular and a-helical proteins (bovine serum albumin and hemoglobin). In the
second part, a detailed investigation is carried out to understand the self-assembly of
another cyclic lipopeptide, SFN, at aqueous-LC interfaces. Contrary to PmB laden
interfaces, which restrict the imaging of only cationic proteins, SFN laden interfaces
trigger an orientational ordering transition of LC molecules in contact with both anionic
and cationic proteins. Overall, the cyclic lipopeptide based LC systems could be useful
for sensitive and label-free optical detection of amyloidogenic proteins, which are

abundantly found in several neurological disorders.
1.6.2 Aptamer based LC platform for detecting toxic metal ions

Detection of macromolecules by LCs has been easily achieved wherein ordering of LCs
can sense the macromolecular binding events at nanomolar (nM) concentrations.
However, the application of LCs to detect metal ions at aqueous interfaces remains a
challenge in terms of selectivity and sensitivity. This is due to the following reasons.
First, the system requires a high concentration of ions to induce an ordering transition of
the LC molecules. Second, several metal ions have identical properties that pose
challenges in terms of selectivity. Third, high mobility of ions imposes difficulty to form

stable interfaces. In the third chapter'’

, we have described a simple strategy for label-free
detection of lead (I1) ions (Pb®") utilizing an aptamer-ion binding event at LC-aqueous
interfaces at nM concentration. Needless to say, Pb%* is the second most abundant toxic
metal ion and a major pollutant of soil and groundwater. In this work, we have exploited
competitive binding events among a cationic surfactant, cetyltrimethylammonium
bromide (CTAB), Spinach RNA (SRNA), and Pb?* ions that lead to changes in the
ordering of LCs (& thus optical appearances) at aqueous-LC interfaces. It is well known
that LCs exhibit a homeotropic orientation in the presence of CTAB due to lateral
hydrophobic interactions between hydrocarbon tails of CTAB molecules and the LCs.
Interestingly, we have observed a change in the optical appearance (dark to bright) in the
presence of the complex between SRNA and CTAB (SRNA-CTAB complex). Upon the
introduction of Pb?* ions, SRNA, and CTAB, the optical appearance of the LC at the
aqueous-LC interface is changed from bright to dark. This change in the optical signal is
mainly dependent on the competitive binding event between CTAB-SRNA and SRNA-
Pb* at the LC interface and mainly induced by the reorganization of free CTAB

molecules at those interfaces. Thorough investigation using fluorescence imaging,
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competitive binding assay, and circular dichroism reveals that Pb®* ions cause
stabilization of G-quadruplex structures of SRNA. This may weaken the interactions
between SRNA and CTAB molecules, which promote the self-assembly of CTAB
molecules at the interface. Besides, the sensor exhibits good selectivity and a lower
detection limit of 3 nM which is well below the approved levels of Pb* ions in drinking
water. We have also demonstrated the applicability of the LC-based sensor in tap water
for Pb%* ion detection. Unlike laboratory-based heavy metal ion assays and existing LC-
based techniques, this design is simpler in the context of instrumentation, easy optical

readout, and can be envisaged to detect other toxic heavy metal ions.
1.6.3 Ordering transitions of LC enabled detection of creatinine

Examining creatinine levels in the blood is of immense significance during the diagnosis
of renal health. The existing conventional methods for the laboratory analysis of
creatinine suffer from limitations such as interference from other metabolites, complex

and expensive instrumentation, to name a few. In the fourth chapter'”

, We have designed
a label-free biosensor using LCs for the detection of creatinine. The strategy involves (a)
the construction of a pH-responsive LC-aqueous interface by doping LC with a pH-
sensitive moiety, hexylbiphenyl carboxylic acid (HBA) and (b) utility of enzymatic
catalysis of creatinine by creatinine deiminase that produces ammonium ions. The
presence of creatinine and creatinine deiminase in the system increases the local pH of
aqueous phase that deprotonates the HBA molecules in the LC film. The deprotonated
form of HBA is more surface active than the protonated one. This, in turn, reorients the
LC molecules from planar to homeotropic due to the self-assembly of amphiphilic HBA
molecules at the interface leading to a distinct optical signal. The optical dynamic
response (response time) of the LC to this enzymatic event directly correlates with the
concentration of creatinine. Therefore, this system can be used to differentiate creatinine
levels that of healthy adults and patients with renal disease. This approach is specific and

can detect the concentration of creatinine up to 50 pM, i.e., that of the healthy adult.
1.6.4 Real-time imaging of proteins by poly-L-lysine coated LC droplets

Micrometer sized LC droplets suspended in aqueous phase have emerged as a simple
optical method with immense potential in biosensing and bio-imaging. The different
director configurations of LC droplets impart distinct optical appearances of the droplets

under cross polarizers and bright-field microscopy. However, the characterization of
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droplets remains comparatively difficult (with respect to LC-aqueous interfaces in planar
geometry) due to the high mobility of the droplets. Earlier attempts to image LC droplets
include immobilization of the droplets and introduction of glycerol in the emulsion. Both
these methods tend to affect the ordering of LCs within the droplets which may interfere
with the actual goal of sensing targeted analytes. In the fifth chapter'’*!" we have
demonstrated a simple strategy for studying protein adsorption at poly-L-lysine (PLL)
coated LC droplets. PLL-LC droplets show radial director configuration which remains
stable even after coming in contact with the glass slide’s surface. Divided into two parts,
this chapter discusses the fabrication and application of LC droplets in real-time imaging
of several interfacial events. In the first part, we have studied the ordering transition of
PLL-LC droplets in contact with anionic proteins (bovine serum albumin, concanavalin A
and cathepsin D). The introduction of proteins induces a rapid director configuration
transition in droplets (mainly due to ionic interactions between PLL and proteins) to pre-
radial/bipolar leading to a distinct change in the optical appearance of LC droplets. An
important correlation is found between isoelectric points of proteins and sensitivity of LC
droplets which suggests the role of different binding affinities of protein and PLL. In the
second part of this chapter, we have discussed a detailed investigation about the
adsorption and subsequent structural changes in a protein, FibN, in contact with PLL-LC
droplets. FibN is a multifunctional glycoprotein whose altered conformational states are
involved in several pathological conditions. Therefore, understanding of its adsorption
properties at polymeric interfaces is of great research interest. In that direction, PLL-LC
droplets present a simple cell-free route to probe the label-free imaging of FibN. A
director configurational change of LC from radial to bipolar/pre-radial is observed in the
presence of FibN. We have observed that the ordering transitions can be specifically and
effectively tuned using divalent cations (such as Ca®* ions). The interfacial interactions of
FibN with PLL trigger a structural transformation of globular FibN molecules into an
elongated form at the aqueous-LC interface as confirmed by fluorescence, circular
dichroism, and atomic force microscopy measurements. This chapter provides the first
study based on LC droplets to understand the polymer induced conformational changes of

proteins at LC-aqueous interfaces.
1.6.5 Advancement of LC droplets towards design of DNA based drug carriers
As the DNA-based drug delivery materials begin to progress towards clinical use, the

development of relevant designs to learn drug release behavior as well as the release
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176 explores the

mechanism is gaining significant research attention. The sixth chapter
utility of PLL-LC droplets for the detection of DNA and demonstrates an important and
novel application of LC droplets in controlled drug delivery. The addition of DNA
(sSDNA or dsDNA) triggers a director configuration transition from radial to pre-
radial/bipolar within those droplets. Surprisingly, the subsequent introduction of
complementary ssSDNA to ssDNA adsorbed PLL-LC droplets does not result in any
change in the director configuration of the LC droplets. Atomic force microscopy and
fluorescence imaging suggest that this is likely due to the formation of nano-polyplexes
of DNA and PLL at those interfaces. In addition, we have observed that dsSDNA adsorbed
PLL droplets can initiate a controlled release of an encapsulated model drug (propidium
iodide) within dsDNA. The study shows the potential application of DNA sensing using

PLL-LC droplets toward the development of DNA-based drug carriers.
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Chapter 2

Ordering of Liquid Crystals in the Presence of Cyclic
Lipopeptides at Aqueous Interfaces: Potential
Application in Label-Free Detection of Amyloidogenic
Proteins

p—sheet rich
protein ﬁ r
oz—heliiI rich

proteins

PmB/SFN decorated LC
interface

Here, we report the orientational behavior of liquid crystals (LCs) influenced by two
cyclic lipopeptides, polymyxin B (PmB) (Part A) and surfactin (SFN) (Part B) at aqueous-
LC interfaces. Such lipopeptidic-based LC interfaces distinctly amplify the adsorption of
[-sheet-rich proteins through appearances of fibril-like spatial patterns, which are,
however, not observed in the presence of a-helix-rich proteins. Such changes in the
optical patterns of the LC in contact with proteins occur at nanomolar concentrations at
those interfaces, and thus the method could be useful to label-free detect toxic amyloids.

Part A: Reprinted (adapted)/Reproduced with permission from (Verma, I.; Rajeev, N.; Mohiuddin, G.; Pal, S. K. J. Phys. Chem. C
2019, 123, 6526-6536). Copyright (2019) American Chemical Society

Part B: Reprinted (adapted)/Reproduced with permission from (Verma, |.; Valsala Selvakumar, S. L.; Pal, S. K. J. Phys. Chem. C
2019. DOI: 10.1021/acs.jpcc.9b10275). Copyright (2019) American Chemical Society
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2.1 Part A: Ordering Transitions in Liquid Crystals Triggered by Polymyxin B:

Potential Application in Label-Free Detection of Amyloidogenic Proteins

2.1.1 Introduction

Interfaces formed between nematic liquid crystals (LC) and aqueous phases have been
recently realized as responsive systems that can allow the visualization of the dynamics of
biomolecular adsorption through naked eye.'™ The engineering of such surfaces along
with immobilization of biomolecules on solid interfaces has brought substantial evolution
in the field of LC-based label-free chemo/biosensors.*?® LCs, an interesting class of soft
matter, exhibits both fluidity as well long-range orientational order where mesogens align
themselves along a particular direction commonly known as the director of the LC.2"? It
is known that adsorbates at LC-aqueous interfaces can change the orientations of
interfacial LC molecules and this change in the orientations can be communicated up to
100 pm into the bulk LC phase through cooperative interactions. In such micrometer
thick LC films, the orientation-dependent surface energy of the LC is comparable to the
elastic energy stored within the film and thus leads to change in the orientations of the
LCs in contact with small disturbance due to adsorbates at those interfaces.® As LCs are
optically anisotropic, these subtle changes resulting in different orientational transitions
can be easily visualized through naked eye under crossed polars. Pioneered by Abbott,
LC-aqueous interfaces have been extensively explored to envisage the self-assembly of
surfactants, phospholipids, and proteins.™ Linear surfactants and phospholipids promote
homeotropic orientation of the LC (dark optical appearance) at the interface through a
change in the easy axis associated with the coupling between the aliphatic tails of the
adsorbed amphiphiles and the mesogens at those interfaces. However, adsorption of
peptide-based biomolecules at the interface does not cause any significant changes in the
ordering of LC, and the LC molecules adopt a planar/tilted orientation consistent with
bright appearances under cross polars.*? Past studies suggest that these changes in
orientational order of LC are largely manipulated by the molecular structure of the

11,12 6,11-14 (
' ' e.g.,

pH or ionic strength) or by physio-chemical events in the aqueous phase that can disrupt

amphiphiles (e.g., tail length or head group), variation in aqueous phase
these molecular assemblies at interfaces (such as the specific protein binding™® or DNA
hybridization'). Such LC sensing systems based on linear amphiphiles (e.g., chemically
synthesized surfactants and expensive phospholipids) laden interfaces are well understood

and developed over a past decade for numerous sensing applications. However, until
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today, there are no reports on the effects of cyclic lipopeptides on the ordering transition
of the LCs at aqueous interfaces. In this work, we aimed to explore interactions of a
naturally occurring cyclic bio-surfactant, Polymyxin B (PmB), with LCs at aqueous
interfaces towards the realization of the novel bio-sensing systems.

Cyclic lipopeptides have attracted immense attention in pharmaceutical, biomedical
sciences as an alternative to chemically synthesized surfactants with the additional
advantages of their antimicrobial and antifungal properties.’>*® They are molecules
composed of peptidic cyclic head group and fatty tails which are naturally expressed in
microorganisms due to the enhanced in vivo stability of the cyclized head group
compared to the linear counterparts.®* This unique molecular structure facilitates the self-
assembly into a range of nanostructures such as micelles, vesicles, nanosheets, etc.
depending on the hydrophile/lipophile balance of the molecules as well as interactions
between the peptide units.*” Its bioactivity is also associated with the strong amphipathic
behavior demonstrated at cell membranes and various surfaces/interfaces. As a proof of
concept, we chose Polymyxin B (PmB), a surface-active lipopeptide produced by Bacillus
polymyxa. It is composed of a cyclic heptapeptide ring with an exocyclic peptidic tail
capped with a short fatty acid chain (Figure 2.1). PmB is the strongest and oldest
antibiotic that had to be recently re-introduced clinically to treat multidrug-resistant

superbugs.®

Figure 2.1. Chemical structure of PmB, a decapeptide antibiotic formed by a hydrophilic
7-member ring and linear N-terminal region of 3 amino acids and a hydrophobic fatty

acid tail.
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Several reports suggest that PmB usually gets inactivated in vitro by tissues due to
binding of its five free amino groups with negatively charged membrane phospholipids
and serum components.***® This interference not only causes loss in its efficacy but
results in tissue toxicity as well due to its accumulation in liver, kidney and lungs.*’
Therefore, with the threat of approaching post-antibiotic era® and limited therapeutic
options,® it is of utmost importance to devise strategies to understand the possible
interactions of existing antibiotics with serum proteins so as to develop the drug design

accordingly.
2.1.2 Objective

The study reported here was motivated by two broad goals. First, we sought to develop
principles to tailor the interfacial properties of an aqueous—LC interface using PmB
lipopeptide. As PmB offers additional peptidic functionalities (Figure 2.1a) over
previously studied conventional and linear amphiphiles at LC-aqueous interface, it would
be of great interest to study the orientational behavior of the LC influenced by the
organization of such complex structures. We hypothesized that unique composition of
PmB (e.g., amino functionalities and acyl tail) would strongly couple to the ordering of
LC due to a range of non-covalent interactions that can be easily visualized by polarised
optical microscopy (POM). In addition, the presence of several H-bonding sites in PmB
may alter the ordering of the LC at the interface. We would also employ Density
Functional Theory (DFT) calculation in the gas phase to understand the nature and
strength of intermolecular interaction between LC and PmB molecules. Our second
objective was to explore whether the PmB decorated aqueous-LC system would allow the
adsorption of proteins at the interface that could trigger an orientational response of the
LC. It should be noted that such an interfacial event may induce an ordering transition of
the LCs depending on nature of proteins (e.g., the varying electronegative charge density
and secondary structural features of a protein). We discuss a significant application of the
PmB-decorated LC interface that detects amyloids (B-sheet rich protein aggregates) at a
nanomolar concentration which are immensely associated with cytotoxicity and diseases
such as Alzheimer, parkinson’s disease, huntington’s, amyloidosis and neurodegenerative
disorders.**** The technique can surpass the contemporary techniques (eg. fluorescence,
spectroscopic and NMR which usually require uM to mM concentration of peptides) used
to characterize amyloids® as it yields a direct optical signature specifically to amyloids at

low concentrations without need of complex and expensive instrumentation.
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2.1.3. Results and Discussion
2.1.3.1 Ordering transition of LC in presence of PmB

The first series of experiments were carried out to investigate the ordering of 5CB LC in
the presence of PmB at aqueous-LC interfaces (Figure 2.2). 5CB was first confined in the
pores of gold electron microscopy grids supported on N,N-dimethyl-n-octadecyl-3-
aminopropyltrimethoxysilyl chloride (DMOAP)-treated glass slides. As reported earlier,
DMOAP at the bottom interface and air at top interface anchor 5CB in a perpendicular
(homeotropic) orientation imparting dark optical appearance under crossed polars.®
Subsequently, the optical appearance of the LC becomes bright when the glass side is
immersed in aqueous buffer (20 mM Tris-buffered saline (TBS)) at pH 7.4, consistent
with a tilted/planar ordering transition of LC induced by water (Figure 2.2a).
Interestingly, when 0.1 mg/mL PmB (well below its critical micellar concentration®*) was
introduced into the aqueous phase, LC molecules (which were initially planar at LC-
aqueous interface) adopt homeotropic orientation rapidly within 1 min (Figure 2.2b). The
bright to dark transition exhibited by LC can be attributed to the adsorption of PmB
molecules at the interface as shown schematically in Figure 2.2d. It is known that
homeotropic ordering of LC generated by adsorption of an amphiphile usually arises due
to lateral hydrophobic interaction between aliphatic chains of LC and amphiphile.*
However, classical surfactants like alkyltrimethylammonium halides with short alkyl
chain (C,TAB, n=8) fails to anchor LC molecules homeotropically at interface suggesting
the role of tail length in dictating the orientation of 5CB.*"*? Therefore, given the short
alkyl chain length linked to the N-terminus of PmB, it is quite not straightforward to
assume if the exhibition of homeotropic orientation by LC is only due to lateral
interactions of PmB alkyl tails with the hydrophobic alkyl chains of 5CB. We believe that
a combination of interactions involving head group-head group (amino group of PmB and
CN of 5CB)® or/and tail-tail interactions influences the orientation of LC which will be
facilitated if PmB acyl tail intercalates into LC medium while the hydrophilic head group
faces aqueous phase. This type of arrangement is also consistent with the previous reports
on binding mode of PmB with other phospholipids.”> Thus, to elucidate the individual
role of PmB’s head group and fatty chain to anchor the LC, another experiment was
carried out where optical LC film was contacted with an aqueous solution of 0.1 mg/mL
polymyxin B nonapeptide (PmBN). PmBN is a derivative of PmB which lacks the

terminal acyl chain and subsequently demonstrates an inactive form of PmB.*
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Interestingly, it was found that in the presence of PmBN, LC turned dark in most of the
grid squares while in some, it remained tilted with respect to interface normal (Figure
2.2C).

Aqueous phase

i\\,‘, e B &:WI\V.&

R |:|'>./| |
vl | | r—

|
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DMOAP coated glass slide [ DMOAP coated glass slide

Figure 2.2. Polarized optical micrographs (crossed polars) of 5CB LC hosted within a
gold TEM grid supported on DMOAP functionalized glass slides in contact with (a) 20
mM TBS; (b) 0.1 mg/mL PmB at 1 min; (c) 0.1 mg/mL PmBN at 5 min. The bright
texture of LC changes to dark introduction of PmB at LC-aqueous interface while LC
exhibit both tilted and homeotropic ordering in the presence of PmBN. Schematic in (d)
(Not to scale) illustrates the director configuration of LC at distinct ordering adopted at
aqueous-interface before and after adsorption of PmB. Scale bar =200 um.

The initial homeotropic/tilted ordering of LC can only be attributed to the intermolecular
interactions between amino groups of PmBN and CN of 5CB (e.g., electrostatic
interactions or H-bonding or/and both) at LC-aqueous interface.”® However, LC
molecules subsequently reoriented themselves back to planar after 15-20 min which
implies the unstable assembly of PmBN at interface associated with a loss in structural

amphiphilicity of peptide and the subsequent desorption of hydrophilic PmBN molecules
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from the interface into the bulk aqueous phase (Figure 2.3). This observation is in
contrary to that with the assembly of PmB, where LC remains homeotropic for 3 hours or
so in the presence of bulk 0.1 mg/mL PmB (Figure 2.3). These results confirm that
although headgroup-headgroup interactions between 5CB and peptidic moieties (via ionic
interactions or/and hydrogen bonding) can induce the homeotropic ordering in LC (even
for a shorter time), the acyl tail (hydrophobic interactions) of PmB is essential to maintain
the stable homeotropic anchoring of LCs at the aqueous interface. This type of binding
mode would facilitate the penetration of the PmB into LC medium while the hydrophilic
head group of PmB can preferentially localize at the interface in contact with the aqueous
phase. These results are in line with the previous report which suggests that unique
structural features of PmB molecule such as well defined rigid and flexible regions impart
the conformational space to its structure and enables a complex set of interactions (both

electrostatic as well as hydrophobic) with cell membranes or lipid vesicles.*

"47@

Figure 2.3. Polarized optical micrographs (crossed polars) of 5CB hosted within a gold
TEM grid supported on DMOAP functionalized glass slides in contact with A) 0.1
mg/mL PmB after 2 hours and B) 0.1 mg/mL PmBN in 20 mM TBS (pH 7.4) after 10

min. Scale bar =200 um.

The comparatively robust association of 5CB with PmB than that with nonapeptide
strongly resembles their respective antimicrobial and surface activity at phospholipids
interfaces.* Therefore, to understand the molecular aspects associated with the superior
stability amongst the PmB-5CB and PmBN-5CB complexes, we performed
computational calculations in the gas phase based Density Functional Theory. After
optimization of both the complexes (Figure 2.4a,b), it has been found that the energy of
stabilization of PmB-5CB complex is much lower than that of PmBN-5CB (Epmb-scs

<<<< Epmpn-sce) complex (Table 2.1).
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Figure 2.4. DFT optimized geometry of (a) PmB-5CB and (b) PmBN-5CB complexes.

Table 2.1: DFT optimized energy and binding energy of the studied complexes

Complex Optimized energy (kJ/mol) Binding energy (kJ/mol)
PmBN-5CB -12427675.3 30.5
PmB-5CB -12597485.6 51.2

Likewise, the binding energy of PmB-5CB complex is found to be greater than PmBN-
5CB complex (BEpmb-sce > BEpmbn-sce; Table 2.1). To get a better physical understanding
of the interactions within the constituent molecules of the complexes, electrostatic
potential (ESP) map was generated (Figure 2.5). In PmB-5CB complex, the interaction
between PmB and 5CB is found to be better than PmBN and 5CB in PmBN-5CB
complex mainly due to the presence of the alkyl chain in PmB molecule. It should be
noted that in the ESP map of PmB-5CB complex, the electronic charges are almost
homogeneously distributed throughout the complex without having any electronegative
red centers. However, in the case of PmBN-5CB complex, the electronic charges are not
homogeneously distributed, having five electronegative red centers (Figure 2.5). This
homogeneity in electronic charge distribution around the surface of the complex PmB-
5CB also indicates the stronger and more stable attractive interaction (as also reported in
some earlier systems*®) between PmB and 5CB molecules than that in the PmBN-5CB
complex. After minute observation of both the complexes, we have found that there is
similar sort of H-bonding forming between the cyclic head group (of PmBN and PmB)
and -C=N of 5CB which is accountable for the stability of the homeotropic anchoring of
LC. Although in the case of PmBN, the stability is found to be transient due to the
absence of the aliphatic chains (Figure 2.3b). These results along with our experimental
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findings strongly suggest that PmB molecules can organize more efficiently and

systematically at LC-aqueous interface as compared to PmBN consistent with the

topological flexibility of PmB molecules associated with a range of non-covalent
interactions with LC.

O-M N O+
Figure 2.5. Molecular electrostatic potential distribution of (a) PmB-5CB and (b) PmBN-
5CB complexes.
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Figure 2.6. Polarized optical micrographs of 5CB-aqueous interface in contact with 20
mM TBS in presence of different concentration of PmB: (a) 0.05, (b) 0.01, (c) 0.005 and
(d) 0.001 mg/mL at 15 min. (e) Plot of average grayscale intensity of POM images of
5CB laden with different concentration of PmB as a function of time. Scale bar = 200 um.

Next, we sought to determine the lowest concentration of PmB in bulk phase at which LC
can demonstrate an ordering transition. For this, LC film was contacted with an aqueous
solution containing different concentrations of PmB and optical appearance of the LC was
observed under crossed polars. As evident from Figure 2.6a-d, the ordering of LC turned

homeotropic within 15 min as the concentration varied from 0.05 to 0.005 mg/mL of bulk
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PmB. In contrast, 0.001 mg/mL of PmB induces tilted alignment of LC within 15 min and
complete dark appearance within 30 min. Below 0.001 mg/mL, no ordering transition was
observed. Image analysis allows the investigation of dynamic adsorption of PmB at LC-
aqueous interface through the optical response of LC. The average grayscale intensity of
the corresponding POM images, when plotted as a function of time (Figure 2.6e), shows
that as the bulk concentration of PmB was reduced, the time required by LC to establish a
homeotropic ordering increased. For example, for concentration more than 50 ug/mL, the
intensity dropped rapidly to a minimum (dark appearance) within 5 min while for 1
pug/mL of PmB, the intensity decreased gradually over 15 min and arrived at lowest
within 30 min. It was found that 1 pg/mL PmB (0.76 pM) was the minimum
concentration which was able to trigger homeotropic ordering of LC. This amount

required to induce a homeotropic ordering in LC at the aqueous interface is comparatively

lower than that required by previously studied linear amphiphiles (ranging few uM to
mM).lZ

Figure 2.7. Time-lapse POM images of 5CB-aqueous interface showing dynamic
response of LC to 0.001 mg/mL PmB placed in 20 mM TBS. Interference colors

produced shows the different tilt of 5CB orientation at the interface. Scale bar = 200 um.
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Since the sensitivity of PmB detection at LC-aqueous interfaces lies in uM range which is
well below the toxic levels of PmB in human serum and tissues, the LC-based design can
be the facile, label-free and rapid method for PmB determination in clinical and analytical
settings.”” It was also observed that at a lower concentration of PmB such as 1 pg/mL, a
bright to dark transition takes place via continuous tilt of LC director (different
birefringence) with respect to interface normal (Figure 2.7). This transition is a way
similar to the ordering induced in LC by water-soluble surfactants such as sodium
dodecyl sulfate (SDS).*

2.1.3.2 Adsorption of proteins on PmB laden LC-aqueous interface

The current design of LC-aqueous interface decorated with PmB molecules exposes the
cationic peptidic functionalities at the interface which can strongly interact with anionic
biomolecules and can perturb the assembly of PmB at the interface. Thus, we
hypothesized that the optical state of LC could be triggered from dark to bright, facilitated
by adsorption of anionic proteins at the interface as schematically shown in Figure 2.8a.
As proof of concept, we chose two proteins: bovine serum albumin (BSA) and human
hemoglobin (Hb). Both proteins are main constituents of blood serum; however, BSA is
highly negatively charged protein as compared to Hb at experimental pH of 7.4 (See
Appendix A for details). A series of experiments were carried out to monitor the optical
response of PmB decorated aqueous-LC interface followed by the introduction of BSA
and Hb at physiological conditions (pH 7.4) (Figure 2.8b-e). The first experiment was
performed with Tris buffer as a control to confirm that additional buffer (without any
protein) did not alter the optical appearance of LC and LC remained homeotropic at least
for 2 hours (Figure 2.8b). Next, we observed that optical appearance turned completely
bright in the presence of 300 nM of BSA and Hb within less than 3 and 15 min,
respectively (Figure 2.8c,d). We hypothesis that the reorientation of LCs from
perpendicular to planar state is facilitated by the adsorption of anionic peptide molecules
at the interface (evident late) which might weaken the coupling of PmB with LC. To
confirm the same, in another control experiment, an aqueous solution of a cationic
protein, cytochrome ¢ was introduced onto PmB laden LC-aqueous interface. Under these
conditions, the optical appearances of LC remained dark within the observation period (2
hr) (Figure 2.8e) confirming that LC adopted homeotropic alignment at the interface. This

observation suggests that reorientation of LC is mainly influenced by electrostatic
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interactions (apart from the other non-covalent interactions) between anionic proteins and

cationic amino groups of PmB at LC-aqueous interface.
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Figure 2.8. Schematic illustration in (a) depicts the plausible adsorption of protein

molecules and subsequent ordering transition of LC at the PmB laden LC-aqueous
interface. Optical micrographs (crossed polarizers) of 5CB in contact with an aqueous
solution of 0.1 mg/mL PmB after the introduction of (b) Tris buffer, (¢) BSA at 3 min, (d)
Hb at 15 min and (e) Cyto at 2 hr. The final concentration of proteins was 300 nM. Scale
bar =200 pum.

Besides detecting the presence of proteins, it is essential to find out the sensitivity of
proteins at PmB laden aqueous-LC interfaces. Therefore, in the next series of
experiments, the PmB laden LC films were placed in contact with different
concentrations of two proteins. Figure 2.9 reflects the final equilibrium optical state of LC
upon incubation with varying concentrations of BSA and Hb for 2 hours at PmB
decorated aqueous-LC interface. The optical appearance of the LC changed to bright in
contact with at least 5 nM and 7 nM of BSA and Hb, respectively, at those interfaces.
Further lowering the concentration of the proteins resulted in coexistence of bright and

dark regions/domains in the LC film. For example, we observed the appearance of small
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bright domains at 3 nM concentration of BSA (Figure 2.10a). In case of Hb, at 6 nM
concentration, a co-existence of bright and dark regions was observed in the LC film
consistent with insufficient interactions of the protein with PmB at that concentration
(Figure 2.11a). The normalized mean grayscale intensity of the polarized light images of
the LC film grid as a function of the concentrations of BSA and Hb is shown in Figure

2.10 and 2.11b, respectively.

Figure 2.9. Optical micrographs (crossed polarizers) of 5CB in contact with agueous
solution of 0.1 mg/mL PmB after incubation with (a,e) 50 nM, (b,f) 20 nM, (c,g) 10 nM,
(d) 5nM and (h) 7 nM of (a-d) BSA and (e-h) Hb for 2 hours. Scale bar = 200 um.
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Figure 2.10. Optical micrographs (crossed polarizers) of 5CB in contact with an aqueous
solution of 0.1 mg/mL PmB after incubation with different concentration of BSA for 2
hours. Numbers indicated above the particular image indicates the concentration of BSA
corresponding to that image. Scale bar = 200 um. Graph (b) represents the normalized

intensity of micrographs (shown in a) as a function of the concentration of BSA.
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Figure 2.11. Optical micrographs (crossed polarizers) of 5CB in contact with an aqueous
solution of 0.1 mg/mL PmB after incubation with different concentration of Hb for 2
hours. Numbers indicated above the particular image indicates the concentration of Hb
corresponding to that image. Scale bar = 200 um. Graph (b) represents the normalized

intensity of micrographs (shown in a) as a function of the concentration of Hb.

Figure 2.12. (a-g) Time-lapse polarized optical images that show the dynamic response
of the LC to the adsorption of 10 nM BSA to a PmB decorated aqueous-5CB interface.
Inset indicates the time at which the image was captured. Bright globular domains start
growing and coalesce over time leading to complete planar ordering of LC. POM image
in (h) shows the BSA (20 nM) adsorbed PMB-LC interface at 20 min in an independent
experiment. The adsorption of BSA at the interface led to the formation of beautiful
spatial patters that sometimes can resemble emojis also. (i) Bright-field and corresponding
epifluorescence images (j) of the optical appearance of PmB laden aqueous-LC interface
after incubation with FITC labeled BSA. Scale bar = 200 um.

It is important here to note that in case of lower concentrations of BSA, the dark to bright

transition of LC occurred along with the formation and evolution of pear-shaped beautiful
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spatial patterns of LC which grow over time to coalesce together as illustrated in Figure
2.12a-h. The appearance and coalescence of such bright domains induced by BSA signify
the dynamic lateral distribution of BSA at the PmB laden LC-aqueous interfaces and
subsequent lateral mobility of the BSA-PmB complex.®®® Thus, to confirm the
adsorption of BSA at the interface, we employed epifluorescence microscopy after
incubating the LC-aqueous interface with FITC-labelled BSA. Epifluorescence and
corresponding bright image demonstrate that BSA was highly localized in bright domains
of LC which confirms that the BSA molecules are indeed present on the interface and
caused the formation of bright domains consistent with the planar ordering of LC beneath
those regions at the interface (Figure 2.12i, j). It was observed that interfacial domains
that are initiated by BSA are not formed at the isotropic phase of LC suggesting the role
of LC’s nematic elasticity on the formation of the optical domains (Figure 2.13). This is

consistent with the prior reports that the formation of assemblies/domains (due to long-

range interactions) are driven by the nematic elasticity of LC and are not present when
48-50

adsorbates are in the vicinity of isotropic interface.

Figure 2.13. POM images of the optical response of the LC to the adsorption of BSA at a
PmB laden 5CB-aqueous interface. The times are indicated after the introduction of 5 nM
BSA into the aqueous phase. The PmB laden 5CB was first at room temperature (a)
exhibiting homeotropic ordering. The LC film was subsequently heated and incubated at
an isotropic phase of 5CB (38 °C) for the 40 min (b) and cooled down to nematic phase

(c-e). Images were captured under Nikon Eclipse LV100POL polarizing microscope
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equipped with a Q-imaging camera and a Linkam heating stage (LTS 420). Scale bar =
200 pm.

A few observations were noted regarding dynamic LC behavior in the presence of
proteins. As the concentration of proteins is lowered, the time required by the LC to attain
a planar/tilted orientation increased significantly. E.g., 50 nM and 20 nM BSA took
approximately 8 min and 25 min, respectively, to establish the bright optical appearance
of the LC at PmB-laden aqueous-LC interfaces. Similarly, 50 nM and 20 nM Hb
demonstrate planar ordering of LC in approximately 13 and 30-40 min, respectively, at
those interfaces. We plotted the average grayscale intensity of optical micrographs as a
function of time that relates the optical response of the LC as the basis to investigate the
dynamics of adsorption of proteins at the interface. It can be inferred in Figure 2.14a that
as the concentration of BSA increased, the initiation time (can be defined as the time
when the transition of LC from dark to bright begins) decreased. The higher protein
concentration (e.g., 50 nM BSA) reaches an upper plateau (can be defined as the point
where intensity reaches to its maximum value) at a faster rate as compared to the lower
concentration (e.g., 10 nM BSA). However, the initialization of upper plateau does not
necessarily mean the saturation point as the protein molecules are likely still adsorbing at
the interface beyond this point of time. These results suggest the time-dependent
transitional behavior of LC as a function of the quantity of protein introduced in the
system. Thus, the dynamic response of this LC-based design can be correlated to quantify
the bulk concentration of a protein. Second, we compared the optical responses of LC
towards the same concentration of BSA and Hb. It was found that at an equal
concentration of each protein, the dynamic response of LC was found faster towards BSA
as compared to that towards Hb (Figure 2.14b). Comparing the behavior of BSA and Hb
at 10 nM clearly indicates the significant difference in both the initiation time as well
duration to reach the upper plateau (Figure 2.14b). BSA shows an initiation time of~10-20
min and reaches the maximum intensity at~60-70 min, whereas Hb takes initiation time of
approximately 40-50 min and reaches to maxima in between 90-120 min. The different
behaviors in the optical response of the LC in the presence of Hb and BSA (almost
similar molecular weight) at PmB-laden interfaces suggest that the ordering transition of
LC triggered by proteins is mainly driven by the electrostatic forces between the anionic
protein molecules (BSA/Hb) and the positively charged PmB. It can further be best

explained in accordance with their isoelectric points and zeta potential values (See
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Appendix A for details). Both BSA and Hb possess hydrophobic cavities; however, at
physiological pH, BSA is more electronegative than Hb or Cyto (a cationic protein).
Thus, besides hydrophobic interactions contributing to protein—lipopeptide interactions
here, electrostatics between the charged protein and PmB’s peptidic groups are of longer
range and seem to play a dominating role. Thus, more the electronegative protein, more
facile adsorption of protein at PmB-laden interfaces which could disrupt the PmB
molecules efficiently at those interfaces. These results suggest the potential application of
PmB laden LC interface for label-free imaging of protein adsorption based on their

mutual affinity towards the lipopeptide.
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Figure 2.14. (a) Average grayscale intensity of micrographs plotted as a function of time
to compare the dynamic optical response of PmB laden LC-aqueous interface to different
concentration of BSA. The plot in (b) demonstrates the comparison of average grayscale
intensity of 10 nM BSA and 10 nM Hb evolving as a function of time.

2.1.3.3 Optical response of PmB laden LC-aqueous interface to g-sheet rich proteins

Till now, we studied the orientational response of LC triggered by proteins whose native
secondary structures in the bulk phase are rich in a-helix motifs.>*? Therefore, our next
goal was to investigate if proteins rich in -sheet structure could trigger distinct spatial
patterns at the lipopeptide laden aqueous-LC interface that may enable the label-free
identification of such proteins. The goal is highly motivated by the fact that determination
of secondary structures of peptides is of scientific relevance to find the efficient treatment
for amyloid (protein deposition) related diseases such as Alzheimer’s, Parkinson’s, and
prion diseases.® As proof of concept, we chose two proteins: fibronectin (FibN) and
concanavalin A (ConA) as they adopt a secondary structure rich in B-sheet and B-turns in

bulk aqueous solutions (Refer Appendix A) and known to form amyloids under certain
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conditions.>**” ConA, despite being a plant lectin, is of particular importance here
because it displays significant structural analogy with the human amyloid-p peptide
(known for its role in Alzheimer's diseases).”® On the other hand, FibN is a glycoprotein
which is abundantly present in human blood plasma as well as an extracellular matrix
where it performs diverse biological functions ranging from tissue repairing to cell
migration depending on its oligomerization state.”® However, excessive deposition of
insoluble FibN aggregates contributes to multiple malignancies such as scarring, fibrosis,
and glomerulopathy.®®®* It is noted that both ConA and FibN are negatively charged
proteins at physiological pH (See Appendix A). Therefore, the adsorption of these
proteins can also be promoted at cationic-PmB decorated LC-aqueous interface leading to

an ordering transition of LC.

Given the biological relevance of these proteins, we aimed to detect FibN and ConA by
monitoring the optical response of PmB loaded LC-aqueous interface. To our surprise,
both ConA and FibN (300 nM) triggered the formation of small thin bright domains
across the grid squares in less than 1-2 min (Figure 2.15a-h). We further postulate that
these elongated/branched like structures which correspond to planar/tilted alignment of
LC could be due to adsorption of the peptide aggregates at the interface. Therefore, we
incubated the PmB laden LC-aqueous interface with FITC labeled ConA ¢ 60 nM) and
analyzed the LC film under an epifluorescence microscope. It was found that the bright
elongated domains of LC observed under bright field corresponded to the highly
fluorescent ConA rich regions under an epifluorescence microscope (Figure 2.15 i,j).
These results confirm that these bright LC regions are highly accumulated with ConA
where ConA molecules can interact with PmB layer, via electrostatic forces mainly. Such
an event can disrupt the coupling of LC and PmB to result in a planar and bright state of
LC.

To further confirm the morphology of peptides aggregates formed at PmB laden LC
interfaces, atomic force microscopy (AFM) of the pre-incubated LC interface with ConA
and FibN was carried out. AFM images provide the substantial evidence of the
morphology of the peptide aggregates as a fibrillar network of these peptides were
observed with an average diameter ranging from 4 to 8 nm (Figure 2.16) which may
correspond to amyloid fibrils as per the prior reports.>>*’ It is important to note here that
these fibrillar structures were not observed under AFM, bright field and cross polars when

either of the proteins was incubated with PmB free LC-aqueous interface and the optical
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appearance of LC remained bright with no signatures of the fibrillar network at the
interface (Figure 2.17). These observations strongly suggest that aggregation of the
peptides is mediated at the interface only in the presence of PmB layer which is further
optically amplified by LC medium. Although aggregation nature of FibN and ConA in the
presence of PmB has not been explored previously, recent reports provide a line of
evidence that aggregation of ConA and FibN can be promoted by ionic interaction with
surfactants/lipids along with stabilization of amyloid fibrils.>*"® However, it is
remarkable that the designed LC-based system can act as label-free technique to

specifically detect Amyloidogenic peptides.

Figure 2.15. Dynamic response of LC to Amyloidogenic proteins: Optical micrographs
(crossed polarizers) of 5CB in contact with aqueous solution of 0.1 mg/mL PmB followed
by introduction of (a-d) ConA and (e-h) FibN. Inset indicates the times at which images
were obtained following injection of oligopeptides into aqueous solution. The final
concentration of proteins was 300 nM. (i) Bright-field and corresponding epifluorescence
image (j) of PmB laden aqueous-LC interface after incubation with FITC labeled ConA
(50 nM). Scale bar = 100 um.

Next, the sensitivity of FibN and ConA was investigated using PmB laden LC-aqueous
interface. For the same, PmB laden LC-interface was incubated with the two proteins for
2 hours and optical behavior of LC was recorded under crossed polars (Figure 2.18). It
was observed that as the concentration of ConA and FibN was lowered to 50 nM, the
bright domains corresponding to the planar alignment of LC were observed along with

comparatively less dark regions.
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Figure 2.16. Atomic force microscopy images showing the topography of fibrillar

aggregates of ConA (a) and FibN (b) respectively, formed at PmB laden LC-aqueous
interface.
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Figure 2.17. (a,c) POM and corresponding (b,d) bright-field images of PmB free LC-
aqueous interface after incubation with 300 nM (a,b) ConA and (c,d) FibN for 2 hours.
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(e,g) AFM images and (f,h) their corresponding height profiles showing surface
morphology of () ConA and (g) FibN at PmB free aqueous-LC interface.

The bright domains had grown and coalesced together to envelop the maximum area
around the grid square. However, the shapes of domains clearly look elongated and
different than that formed by BSA (pear-shaped). As the concentration of proteins was
further decreased to 10 nM and 5 nM, extended bright domains were observed at certain
areas across the grid squares but the thickness of bright domains decreased and
corresponding fraction of dark regions increased with decrease in the concentration of
proteins. These results signify the lower quantity of adsorbed proteins upon lowering the
concentration of proteins and thus, fewer bright domains were observed. Careful
investigation showed that ConA could trigger the formation of bright LC domains at a
concentration as low as 3 nM (Figure 2.18a). Below 3 nM, no changes in the optical
appearance were observed over the periods for which we used the LC filled grids in the

experiment reported in this work (hours).
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Figure 2.18. Response of LC to different concentration of B-sheet rich proteins: Optical
micrographs (crossed polarizers) of 5CB in contact with an aqueous solution of 0.1
mg/mL PmB followed by incubation with different concentration of (a) ConA and (c)
FibN for 2 hr. Concentration of the protein is depicted at the top of the particular image.

Graphs in (b) and (d) represent average grayscale intensities of micrographs in (a,c)
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plotted against different concentrations of ConA and FibN, respectively. Scale bar = 200

um.

The change in the optical intensity of polarized light images of the LC filled grids as a
function of the concentration of ConA is plotted in the graph (Figure 2.18b). The behavior
of FibN was found to be similar (formation of elongated domains) as it was observed for
ConA at PmB laden aqueous-LC interface. An ordering transition of the LC was observed
at 5 nM of FibN at those interfaces (Figure 2.18c). Below 5 nM of FibN, no ordering
transition was noticed over the time periods used in the experiment. The measured
intensity of light transmitted through the film of LC filled grids as a function of different
concentrations of FibN is shown in Figure 2.18d. In addition, the optical response of LC
was found relatively faster towards ConA than FibN (Figure 2.19) which could be
attributed to more facile interaction between PmB molecules and ConA due to the more
electronegative nature of ConA in comparison to FibN. Such discrete and fast optical
behavior of LC to the ultra-low concentration of B-sheet rich proteins not only allows the
facile characterization of amyloid-forming proteins by the naked eye but demonstrates a
potential application of PmB laden aqueous-LC interface to monitor the dynamics of

aggregation of proteins qualitatively as well as qualitatively.

Oin

Figure 2.19. Time-lapse optical micrographs (crossed polarizers) of 5CB in contact with
an aqueous solution of 0.1 mg/mL PmB followed by exposure to 30 nM of ConA and
FibN. Scale bar = 200 pum.
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Here, we have studied the detection of FibN using LC at PmB laden aqueous interfaces
for the first time. In addition, the system was explored for detection of various other
proteins such as BSA, Hb, and ConA. There are only a few reports regarding the
detection of BSA and Hb at LC-aqueous planar interfaces which are driven by
intermolecular interactions between proteins and amphiphilic molecules.”**®" For
example, Park et al. have shown that LC-aqueous interface decorated with two different
block copolymers, (poly(acrylic acid)-b-(poly(4-cyanobiphenyl-4-oxyundecylacrylate) and
poly((4-cyanobiphenyl-4'-oxyundecylacrylate)-b-((2-dimethyl amino) ethyl
methacrylate))), can detect the BSA upto 950 nM and 30 nM, respectively.®*** In another
report by the same group, another polymer (quaternized poly(4-vinylpyridine)-b-poly(4-
cyanobiphenyl-4'-oxyundecylacrylate) laden LC-aqueous interface was able to detect
BSA and Hb up to 45 nM and 139 nM concentrations, respectively.®® Yang et al. reported
that by exploiting a cationic surfactant laden LC-aqueous interface, the detection limit of
BSA was found to be 60 nM.®® The ordering transition of the LC in all these studies are
triggered primarily by the ionic interactions between proteins and amphiphiles. In the
present case, we found that the detection limits for BSA and Hb are 3 nM and 7 nM,
respectively, which is much lower in comparison to the prior reports®*®®. Recently, we
found that lipopolysaccharide (LPS) decorated LC-aqueous interface demonstrated
comparable sensitivity towards BSA (10 nM) and Hb (5 nM) in which ordering
transitions were mainly found to be driven by the hydrophobic interactions between LPS
and proteins.” In another instance, Yu et al. reported that LC-aqueous interface decorated
with a non-ionic surfactant can detect both ConA and BSA with a better detection limit.’
However, both ConA and BSA led to a similar texture of LC without exhibiting any
distinctly shaped domain based on the secondary structure of proteins. On the other hand,
the PmB-LC platform demonstrated a unique optical texture (elongated domains) to
ConA as compared to BSA (globular domains) indicating the exceptional significance of
PmB laden LC-aqueous interface towards differentiating BSA and ConA exclusively
based on their structural motifs. In terms of this finding, it is worthwhile to mention that
Abbott group demonstrated that at lipid decorated LC-aqueous interfaces, penetration of
proteins into lipid monolayer causes the generation of LC domains (with planar/tilted
alignment) whose shapes are strongly dependent on the secondary structure of proteins.*®

*0 When compared to these studies,*®°

the current study provides a detailed quantitative
investigation regarding adsorption phenomenon of proteins with an improved sensitivity

towards proteins (e.g., BSA). In context of detection of B-sheet rich proteins, the modus
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operandi of PmB-LC design is also simpler as compared to the lipid counterparts as it
eradicates the laborious step of prefabricating LC sensor (i.e., tedious preparation of lipid
monolayer with controlled surface density using Langmuir Blodgett technique or a long
process of preparation and characterization of liposomes) and simply operates by
immersing the LC film into aqueous solution of PmB followed by protein introduction.
On the top, this LC-based optical method is label-free and advantageous over the
subsisting techniques such as circular dichroism, biomarkers, fluorescence and NMR
which usually requires the micromolar concentration of proteins and complex

instrumentation.*®
2.1.4 Conclusions

We report a new design of stimuli-responsive LC interface based on a cyclic lipopeptide,
PmB. Utilizing anisotropic optical properties of thermotropic LC, it was possible to
visualize the adsorption dynamics of PmB at fluidic interface formed between water and
LC. As per prior reports, surfactants with shorter chain length (8 carbon) and peptides
independently impart planar ordering to LC. However, PmB, which has a short
hydrocarbon chain promotes a fast (< 1 min) homeotropic orientation of LC consistent
with the organization of PmB molecules at the fluidic interfaces giving dark appearances
under crossed polarizers. By performing experiments with PmB nonapeptide, it was
found that the homeotropic ordering of LC is greatly influenced by a range of
supramolecular interactions arising by the collective contribution from peptidic moieties
and the acyl chain of PmB where acyl tail can deepen inside hydrophobic LC phase and
hydrophilic peptidic groups interact with the aqueous phase. Computational analysis
substantiates that the acyl chain of PmB strongly influences the ordering of LC as
evidenced by stronger interaction of mesogen with PmB as compared to that with PmBN.
We further demonstrate the application of this positively charged LC-aqueous interface to
detect and monitor the dynamic adsorption of various serum proteins. A subsequent
reorientation of LC from homeotropic to planar state occurred when a negatively charged
protein (BSA and Hb) effectively adsorbs at the interface as confirmed by fluorescence
microscopy also. A direct relationship is observed between the ionic nature of the
adsorbed proteins and the LC anchoring: More the electro-negativity of protein, faster and
sensitive response of LC. Moreover, it was demonstrated that the PmB laden aqueous-LC
interface could promote aggregation of B-sheet rich proteins (ConA and FibN) at the

interface, primarily driven by ionic interactions with PmB molecules, which was
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amplified by LC through the formation of elongated bright domains. The appearance of
fibril shaped bright domains on the interface was confirmed by AFM to be the fibrillar
networks of ConA and FibN. The anchoring of LC can transduce the aggregation
phenomenon at protein concentration as low as 5 nM. These differences in the optical
response of LC to peptide fibrils could serve as the basis for a possible detection and
quantification of toxic amyloids at very early stages and very low concentrations. This
lipopeptide based scheme is label-free and has successfully utilized LCs as a transduction
element that responds optically to the dynamic binding of serum proteins at interfaces.
Using this type of rational design, we will extend the scope of this approach towards
detection of other biomolecular interactions and provide insights into the detailed
molecular understanding of the LC reorientation influenced by such interfacial events.
Overall, the results of this study motivate to move towards more sustainable lipopeptides

based LC materials for the development of novel and multifunctional assays.
2.1.5 Experimental Section
2.1.5.1 Materials

Bovine serum albumin (BSA), concanavalin A from Canavalia ensiformis (Jack bean)
(ConA), fibronectin (FibN), human haemoglobin (Hb), cytochrome ¢ from equine heart,
fluorescein conjugated BSA (FITC-BSA), fluorescein conjugated ConA (FITC-ConA),
polymyxin B sulphate (PMB), polymyxin nonapeptide hydrochloride (PmBN), 4-Cyano-
4-pentylbiphenyl ~ (5CB),  N,N-dimethyl-N-octadecyl-3-aminopropyltrimethoxysilyl
chloride (DMOAP), hydrochloric acid, sodium hydroxide and 20 mM tris buffered saline
(TBS) (pH 7.4) were purchased from Sigma-Aldrich (St. Louis, MO). Other chemicals
like sulfuric acid, chloroform and hydrogen peroxide (30% wi/v) were purchased from
Merck (Mumbai, India). Ethanol was bought from Changshu Hongsheng Fine Chemical
Co., Ltd. A Milli-Q-system (Millipore, bedford, MA) was used to perform the
deionization of DI water source. Glass microscopic slides of Fisher’s Finest Premium
grade were obtained from Fischer Scientific (Pittsburgh, PA). Gold specimen TEM grids
(specifications: 20 um thick, 50 um wide bars, 283 pum grid spacing) were purchased from
Electron Microscopy Sciences (Fort Washington, PA).

2.1.5.2 Surface modification of glass slides with DMOAP
First, organic impurities were removed from the surface of glass slides using piranha

solution [70:30 (% V/v) H,SO4:H,0,].>* Briefly, the glass slides were immersed in
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piranha solution for 30 min at 100 °C. The slides were then rinsed with plenty of DI water
and ethanol followed by drying under a stream of gaseous N». Then, the slides were kept
in an oven to 120 °C for 2 to 3 hr. The “piranha-cleaned” glass slides were then modified
with DMOAP as per prior procedures.>*® Briefly, the slides were immersed into aqueous
solution of DMOAP (0.1% (v/v)) for 30 min at room temperature. The slides were then
rinsed with DI water to remove the excess DMOAP from the surface and dried under a

stream of N before finally heating at 100 °C for 3-4 hr.
2.1.5.3 Preparation of aqueous solutions of PmB and proteins

Stock solution of PmB (2 mg/mL) and proteins (BSA, Hb, Cyto and ConA) were
prepared by dissolving solid material in 20 mM TBS. The aqueous solution of fibronectin
was prepared by incubating solid fibronectin in 20 mM TBS at 37 °C for 20-30 min.

Further dilution of the desired solution was done in 20 mM TBS.
2.1.5.4 Preparation of optical cells

DMOAP functionalized surfaces were assembled into optical glass wells as follows:
Cleaned gold TEM specimen grids were placed on a DMOAP-coated glass slide. Then,
approximately 0.2 uL of SCB LC was poured on grids and the excess LC was removed
with the help of a Hamilton syringe which produces a uniform interface. Subsequently,
the glass slide was immersed in a glass optical well containing 20 mM TBS followed by
addition of a constant volume of stock PmB solution (100 pL) to achieve a certain final
concentration. In order to study the adsorption of proteins, LC film was first incubated
with an aqueous solution of 0.1 mg/mL PmB for 5 min followed by addition of a certain
volume (100-3 puL) from the stock aqueous solution of proteins to obtain a desired final
concentration. For fluorescence microscopy, PmB laden LC film was prepared by the
above method followed by incubation with approximately 10-15 nM FITC-BSA or 60 nM
FITC-ConA for 1 to 1.5 hour. The total volume of aqueous solution in the well was kept 2

mL.
2.1.5.5 Characterization of LC-aqueous interface under crossed polars

The ordering of the LC was observed under a Zeiss polarizing microscope (Scope. Al)
equipped with crossed polars using objectives of magnification 50X, 100X and 200X. All
the images were captured with an exposure time of 120 ms using an AxioCam Camera.

The average grayscale intensity of the images was measured by processing at least 3
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squares of TEM grid using Image J free access software (developed by U. S. National
Institutes of Health, Bethesda, MD). For time-dependent adsorption of proteins, the
average grayscale intensity of micrographs was measured from the whole four squares of
the TEM grid. For quantification of protein, the average grayscale intensity was measured
from individual nine (for BSA and Hb) and four (for ConA and FibN) squares of TEM
grid and data normalization was performed to account for variations in deviations in

instrumental (microscope) settings such as the intensity of light and focal depth.
2.1.5.6 Epifluorescence imaging of LC-aqueous interface

A Zeiss (Scope. Al) fluorescence microscope was used to image the protein-laden
aqueous-LC interface under a fluorescence filter cube of a 460 nm excitation filter and a
534 nm emission filter. An AxioCam camera equipped with the microscope was used to

capture the images.
2.1.5.7 DFT calculations

Full geometry optimizations were carried out by Gaussian 09 program package without
imposing any constraints.®® The DFT calculations were carried out in the framework of
the generalized gradient approximation (GGA) using Becke3-Lee—Yang—Parr hybrid
functional (B3LYP) exchange-correlation functional and the 6-31G (d, p) basis set.
B3LYP functional with the standard basis set 6-31G were applied due to its successful
application for larger organic molecules, as well as hydrogen-bonded systems in the

paSt 69-71

2.1.5.8 Atomic force microscopy

An Innova atomic force microscope (Bruker) was employed in the tapping mode to obtain
AFM images. For imaging, the silicon nitride cantilever probe with a radius ~8 nm was
used. For the preparation of the sample, PmB laden or PmB free (as per requirement) LC
film was pre-incubated with 300 nM of desired protein for 2 hours. Then, the LC film
was taken out in the air and LC material (containing proteins at the interface) was
pipetted out by a micropipette before drop-casting on a freshly cleaved, water-washed
muscovite mica (Grade V-4 mica from SPI, PA). Before scanning, the mica was allowed
to air dry for 15-20 min. The images were collected in NanoDrive (v8.03) software at a
resolution of 512 x 512 pixels. The collected AFM images were further processed and

analyzed using WSxM version 4 beta 8.1 software."?
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2.2. Part B: Surfactin Laden Aqueous-Liquid Crystal Interface Enabled

Identification of Secondary Structure of Proteins

2.2.1 Introduction

Proteins form the main constituent of biological processes; their structures and
interactions with cellular environment/membranes are closely associated with specific
functions executed in health and disease.” In particular, abnormal and extracellular
deposition of proteins (amyloids) is considered the primary cause of major incurable
diseases such as type Il diabetes and neurodegenerative disorders including Huntington's,
Alzheimer’s and Parkinson’s diseases.’* Unambiguously, all the amyloid fibrils share a
common secondary structure of polypeptide backbones which is dominated by B-sheet
conformation therefore this structural property forms the major basis for identification of
amyloids.” Existing techniques for protein studies, including NMR, X-ray
crystallography, atomic force microscopy and circular dichroism (CD) to name a few,
potentially enable the access to different levels of conformational information.”>"®
However, many of these methods have restrictions concerning required sample
preparation, output analysis and real-time monitoring under physiological conditions.
Some of these techniques, such as CD and NMR, require expensive and sophisticated
instrumentation or large quantities of samples (micro to millimolar), which restrict
investigations on costly proteins. Similarly, many techniques are restricted to bulk
measurements or thick layers of peptides, which are not appropriate for replicating
nanometer-thin biological/organic interfaces.”” Hence, there is an immense need for the
development of label-free, sensitive and simple tools for in vitro detection of secondary
structures of proteins in their native states for early biodiagnostics of neurological

disorders which can be circuitously beneficial for the advancement of therapeutics.

In recent years, liquid crystals (LCs) have been significantly recognized as stimuli-
responsive materials that hold technological applications in biosensing and
diagnostics.»*>¢13232578 |n particular, orientations of LCs, owing to their weak anchoring
energy of the order 1-10 qu'z, are highly sensitive to the molecular events occurring at
the fluidic interface formed between LC and aqueous media. This orientational order of
LC, which can be amplified over 100 um from the interface, gives rise to the anisotropic
optical properties which in turn enable its label-free characterization under polarized

light.”® Previously, LC-aqueous interfaces have been utilized for amplification and

67



transduction of highly specific molecular interactions such as antibody-antigen binding
assay™® and DNA hybridization'®. Concerning protein-based studies, careful investigation
using LC has been carried out by several groups to understand the interfacial
phenomenon regarding protein binding events and consequent lateral organization of the
biomolecules at LC-aqueous interfaces.”#8°063¢78184 ¢ is \well known that proteins trigger
a negligible change in orientations of LC, therefore to achieve an optical signal for
protein, it is important, prior to protein adsorption, to decorate the LC-aqueous interface
with amphiphiles that promote homeotropic orientations of LC. Thus, previous protein-
related studies at LC-aqueous interfaces vastly comprise of linear amphiphiles such
phospholipids and conventional water-soluble surfactants and polymers. "48-°0:63-6782-:84
Recently, Yang et al. reported the investigation on self-assembly behavior of an
amphiphilic lipopeptide at LC-aqueous interfaces.®® Thus, we went beyond and asked if it
is possible to design a new LC system that allows the direct visualization of peptidic
residues by the homeotropic alignment of LC. In that direction, we recently made an
advancement using cyclic lipopeptide, polymyxin B (PmB), which could trigger a
homeotropic ordering of LC supported by topological flexibility of its cyclic peptidic

headgroup and the linear acyl tail.**
2.2.2 Objective

Inspired by the same, our approach herein is based on another naturally occurring cyclic
lipopeptide, surfactin (SFN). Structurally, SFN consists of a peptidic headgroup with
seven amino acids and a hydrocarbon chain attached to it (as shown in Figure 2.20a). Due
to its amphipathic construction, it is known to exhibit notable surface and bioactive
properties such as antibacterial, antiviral, hemolytic activities.®® We speculated that
hydrophobic lipid tails of SFN might facilitate the homeotropic alignment of LC at the
aqueous interface while the anionic peptide functionalities (in the headgroup) may direct
the adsorption of proteins at the interface in a controlled manner leading to a change in
the ordering of LCs at the interface as proposed in Figure 2.20b. The study is highly
motivated by the fact that interfacial behavior of cyclic lipopeptides remains relatively
unexplored at LC-aqueous interface and such systems could be useful as highly sensitive
and multifunctional detection assays.®* Herein, we used five biologically relevant proteins
as model proteins to account the detailed study of LC’s orientations driven by
intermolecular interactions between proteins and SFN molecules at the aqueous-LC

interface. In particular, we aimed to investigate how orientations of LC will be influenced
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by physico-chemical properties and secondary structure of a range of proteins which can

serve as label free basis for detection of toxic amyloids.
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Figure 2.20. (a) Chemical structure of SFN: A hydrophobic tail connected to a
heptapeptide ring. (b) Proposed schematic illustration of the orientation of LCs coupled
with self-assembly of SFN and subsequent adsorption of proteins at aqueous—-LC
interfaces. The nematic LC is confined within a TEM grid supported on the glass slides
coated with DMOAP.

2.2.3 Results and Discussion
2.2.3.1 Ordering transitions in LC in presence of SFN

The first experiment was carried out to examine the orientational response of LC film in
contact with an aqueous solution of SFN in DI water. Briefly, E7 nematic LC was
confined within 20 um thick TEM grid supported on a DMOAP modified glass slide to
make a stable and uniformly planar LC film. E7 film when viewed in air demonstrated
dark optical appearance under crossed polarizers. As the DMOAP-coated glass slides
construct strong homeotropic (perpendicular) anchoring of the LC at the bottom surface,
the dark appearance of the liquid crystal reflects a perpendicular anchoring of the LC at
the LC-air interface. When immersed in DI water, the LC film exhibited bright optical
appearances under crossed polars (Figure 2.21a), consistent with the hybrid/planar
alignment of LC at the aqueous-LC interface as per prior reports.? Interestingly, when the
aqueous solution of SFN (final concentration was 75 pM in bulk phase) was introduced
onto LC film, the orientations of LC turned homeotropic within 1 min and LC appeared
dark (Figure 2.21b-d). The rapid ordering transition of LC from planar to homeotropic

indicates the adsorption of SFN molecules at aqueous-LC interfaces, mainly caused by
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lateral hydrophobic interactions between long hydrocarbon tails of SFN and LC
molecules. The deposition of a preformed monolayer of SFN on LC film induced a
homeotropic ordering of LCs at the LC-aqueous interfaces (See Appendix B for details),
thus confirming the adsorption/self-assembly of SFN at those interfaces. The above result
suggests a potential implication of LC for label-free detection and identification of certain

bacterial strains (on the basis of secretion of SFN) and subsequent detection of bacterial

B o |

Figure 2.21. Optical micrographs (cross polars) of E7 film on a DMOAP-glass slide after
the introduction of SFN (75 uM) in the aqueous phase. Scale bar = 400 um.

37.5uM 0.75pM

: 7.5puM 3.75u|\/| 0.375uM _ 0.075 uM
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Figure 2.22. Polarized optical micrographs of E7 films in contact with DI containing

different concentration of SFN (indicated at the top). Scale bar = 200 pm.

Our next goal was to determine the optical response of LC towards lower concentrations
of SFN. Figure 2.22 demonstrates the POM images of LC depicting ordering of LC at
various concentrations of SFN. Interestingly, it was observed that as the concentration of
SFN was sequentially decreased, the response time of LC to exhibit homeotropic ordering
increases significantly suggesting the concentration-dependent ordering transition of LC
towards SFN. For e.g., 37.5 and 7.5 uM of SFN led to dark optical appearance of LC
within 2 min (Figure 2.22a,b), while 3.75, 0.75 and 0.375 uM of SFN took approximately
5-7 min, 1 hr, and 2.5 hr, respectively to align the LC molecules homeotropically (Figure
2.22c-e). Moreover, LC did not show a change at 0.075 uM of SFN and optical
appearance of LC remained bright till the time observed (8 hr) (Figure 2.22f). This high
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sensitivity of LC towards SFN could be useful as the label-free detection and estimation

assay for SFN at micromolar concentration range in samples.
2.2.3.2 Orientational response of SFN laden LC-aqueous interface to proteins

As observed above, SFN promotes a homeotropic orientation of LC at the aqueous
interface, and thus, we next examined if the ordering of LC underneath SFN decorated
interface can be perturbed by a variety of proteins in the vicinity of the interface at
physiological pH (pH 7.2). First, we selected four proteins for the study- bovine serum
albumin (BSA), human hemoglobin (Hb), cytochrome ¢ (Cyto) and concanavalin A
(ConA). Structurally, each one of them consists of at least a hydrophobic pocket and

adopts mainly a-helical secondary structure in bulk phase®*

(except ConA which is an
all B-sheet protein®). However, they differ in their physicochemical properties such as
overall ionic charge as recently confirmed by us through zeta potential measurements at
physiological pH®: BSA (most anionic) > ConA (anionic) > Hb (slightly anionic) > Cyto
(highly cationic),. Prior to exposure to proteins, the SFN (7.5 uM)-laden aqueous/E7
interface was exchanged with tris buffered saline (TBS) (ImM, pH 7.2) to remove free
SFN from the bulk solution. The homeotropic ordering of LC remained stable for several
hours (8 hr or so) in TBS (Figure 2.23a). Next, an aqueous solution of 400 nM Hb was
introduced onto the SFN laden LC film followed by monitoring the optical response of
LC under cross polars. Interestingly, Hb triggered a reorientation of LC from homeotropic
to planar within 3 min of addition and the optical appearance of LC turned bright (Figure

2.23h).

Combined with our previous report”®

, the planar/tilted orientation of the LCs is
associated with of an interfacial phenomenon, whereby Hb molecules adsorb at the
aqueous—LC interface. This, in turn, can perturb the organization of interfacial SFN
molecules, thereby triggering a reorientation of LC from homeotropic to planar/tilted. We
believe that besides possible electrostatic and other noncovalent interactions (such as H-
bonding), strong hydrophobic interactions between Hb and negatively charged SFN
molecules (i.e., between aliphatic tails of SFN and hydrophobic motif of Hb) play an
important role in the ordering transition of SFN decorated LCs (See Appendix B for
fluorescence study). Consequently, SFN laden LC-aqueous interfaces were exposed to
400 nM of BSA, Cyto, and ConA to examine if LC would undergo an ordering transition

similar to that of SFN-Hb as described above. We observed that the optical appearance of
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LC switched from dark to bright in all the cases within 15 min (Figure 2.23c-e). We note
two important observations regarding LC’s optical response here, which will be
experimentally explored and discussed sequentially. First, in all the cases, an ordering
transition of LC arose towards a planar alignment irrespective of the charge on a
particular protein suggesting a complex interplay of ionic and hydrophobic interactions
between anionic SFN and protein molecules in driving the ordering transition of LC.
Second, the bright optical patterns of LC triggered by the proteins, especially ConA,
(Figure 2.23e) differed in terms of the shape of LC domains. This suggests the important
correlation between this observation of distinct shaped optical domains and the secondary
structure of proteins. It is important to note here that SFN did not influence the native
secondary structure of proteins in aqueous solution as confirmed by circular dichroism
(See Appendix B).
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Figure 2.23. Polarized optical micrographs of SFN laden LC film in contact with (a)
TBS, (b) Hb, (c) Cyto, (d) BSA and (e) ConA. The final concentration of Hb, Cyto, and
ConA was 400 nM. Scale bar = 200 pm.

First, we aimed to elucidate the nature of molecular interactions dominating the ordering
transition of LC. For the same, we carried out a series of experiments at a constant
concentration of protein and compared the optical dynamic response of SFN laden LC-
aqueous interface towards proteins. Here, we chose BSA, Hb, and Cyto as each of them
represents highly anionic, moderately anionic, and cationic protein, respectively. Figure
2.24-2.26 represents the polarized optical images of SFN-laden LC-aqueous interface
taken at certain time intervals after the introduction of 50 nM of Hb, Cyto and BSA,
respectively. As before, it was observed that all three proteins were capable of triggering
a planar orientation of LC. However, Hb induced the fastest planar ordering of LC (within
5 min) while Cyto and BSA were relatively slower to do so. The ordering of LC became
completely planar within approximately 30 and 60-70 min for Hb and Cyto, respectively.

Whereas, in the case of BSA, we observed co-existence of bright and dark regions even
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after 7 hours of incubation time (Figure 2.26). BSA and Hb, which are of comparable
molecular weights (64-66 kDa) and thus considerable effect of interfacial density on
ordering transition could be neglected, differ in overall ionic charge (BSA is more
negatively charged than Hb) at physiological pH. Thus, despite being subjected to
possible electrostatic repulsions between BSA/Hb and anionic SFN molecules at the
interface, these anionic proteins could trigger an ordering transition in LC and thus
indicated the prominent role of other non-covalent interactions such as hydrophobic
interactions (Refer Appendix B) and hydrogen bonding. Whereas, a cationic protein
Cyto, despite being a low molecular weight protein ¢ 12 kDa) triggered a faster
reorientation of LC to planar as compared to that of a bigger protein like BSA indicating
facile attractive ionic interaction between anionic SFN and Cyto. In a nutshell, these
findings strongly suggest that the reorientation of LC underneath SFN decorated LC-
aqueous interface is strongly coupled with several supramolecular interactions between
protein and SFN molecules; however, the rate of ordering transition is mainly determined

by nature of intermolecular electrostatic forces between them.
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Figure 2.24. Time-lapse polarized optical micrographs of SFN laden aqueous-LC

interface after the introduction of 50 nM Hb. Inset indicates the time at which the image

- =R

was captured. Scale bar = 200 pum.

Figure 2.25. Time-lapse polarized optical micrographs of SFN laden aqueous-LC
interface after the introduction of 50 nM Cyto. Inset indicates the time at which the image
was captured. Scale bar = 200 um

To investigate the sensitivity of SFN-laden LC-aqueous interface towards Hb, BSA, and
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Cyto, SFN laden LC aqueous interface was incubated against various concentrations of
proteins for 2 hrs. It was observed that as the concentration of each protein was
decreased, the bright regions corresponding to the tilted/planar orientation of LCs
decreased (Figure 2.27-2.29). We further realized that besides qualitative visualization of
these subtle events, orientational transitions of LC can sensitively report the presence of
these proteins at bulk concentration as low as 3, 5 and 10 nM for Hb, BSA and Cyto,

respectively and thus presents applicability of LC-based assay as a biosensor to detect

various complex biological interactions at nanomolar concentration regime.
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Figure 2.26. Time-lapse polarized optical micrographs of SFN laden aqueous-LC
interface after the introduction of 50 nM BSA. Inset indicates the time at which the image

was captured. Scale bar =200 um.

50 nM 20 nM

Figure 2.27. Optical micrographs (crossed polarizers) of SFN laden E7 films incubated

against the different concentration of Hb. Scale bar = 200 um.

The second and common phenomenon observed during the above experiments is that the
homeotropic to planar transition of LC occurred through the development of small
rounded/pear-shaped domains on the interface. These domains were laterally mobile at

the interface and evolved with time to ultimately coalesce into each other over the
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interface. Thus, to investigate the correlation between the emergence of the spatial
patterns and location of protein at the interface, we used epifluorescence microscopy and

fluorescently labeled protein.

50 nM 20 nM

Figure 2.28. Optical micrographs (crossed polarizers) of SFN laden E7 films incubated
against the different concentration of Cyto. Scale bar = 200 um.

10 n M

Figure 2.29. Optical micrographs (crossed polarizers) of SFN laden E7 films incubated
against the different concentration of BSA. Scale bar = 200 um.

Figure 2.30. Bright-field (a), polarized light micrograph (b) and epifluorescence (c)
images of SFN laden aqueous-LC interface after incubation with FITC labeled BSA.
Scale bar = 100 pm.
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Figure 2.30a-c includes the bright field, POM, and corresponding epifluorescence
microscopy images of a SFN-laden LC-aqueous interface after incubation with FITC
labeled BSA. As evident, the pear-shaped domains (visible in the bright field image,
Figure 2.30a) which correspond to the planar/tilted optical domains of LC (under
polarized light Figure 2.30b) are highly accumulated with FITC-BSA molecules
(epifluorescence image, Figure 2.30c). This result confirmed that the spatial patterns of
LC observed in the above study define the adsorption of protein in the confined domains
on the interface of LC. Previous studies have also revealed similarly shaped spatial
patterns formed by a-helical rich proteins such as BSA and Cyto at phospholipids/cyclic-

lipopeptide decorated LC-aqueous interfaces.*®8!

2.2.3.3 Distinct optical response to B-sheet rich proteins

As observed earlier in Figure 2.23, ConA (a B-sheet rich protein) triggered a planar
ordering of LC at SFN laden-LC-aqueous interface along with emergence of fibril like
structures at the interface as contrary to BSA, Hb and Cyto (a-helix rich proteins) which
resulted in formation of globular spatial patterns at the SFN laden LC-aqueous interface.
Thus, the different behavior of optical patterns of LC generated by ConA compelled us to
gain an insight about the organization of these elongated domains of LC at the interface
and the role of secondary structure of protein. In addition, ConA exhibits considerable
structural resemblance to the human amyloid-p peptide (known for its role in Alzheimer's
disease) therefore it can be of importance to detect ConA.*® Therefore, we monitored the
temporal evolution of spatial patterns at SFN laden LC-aqueous interface after injection
of 50 nM ConA into the aqueous phase. Interestingly, we observed that small thin and
bright domains, consistent with the distorted ordering of LC, nucleated within 20 min
which grew anisotropically in one direction (30-70 min) with dendritic texture before
finally merging (70 min - 5 hour) (Figure 2.31a). We further investigated the basis of the
emergence of these bright domains of LC in presence of these proteins and thus
conducted fluorescence microscopy using FITC labelled ConA. It was found that these
elongated structures which correspond to planar/tilted orientation of LC are highly
protein-rich regions (Figure 2.31b,c) and thus, confirms the compartmentalization of

proteins in the form of domains at the interface.

The distinct appearance of elongated/fibril shaped domains caused by ConA led us to

speculate SFN laden LC-aqueous interface could specifically assist in distinguishing
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between proteins composed of different structural motifs (a-helical and B-sheet). Thus to
confirm the same, in our next experiment, we chose another protein, fibronectin (FibN),
as (a) its native secondary structure in solution is mainly composed of B-sheet secondary
structure™; (b) its aggregates (amyloids) are found in certain physiological disorders.®®®
Interestingly, we found that FibN also triggered the formation of elongated and bright
optical patterns at SFN laden aqueous-LC interface which grew faster along the longer

dimensions and coalesced with time (Figure 2.32).

qa 0 min 20 min 30 min

i %

5 hr

2 hr
Figure 2.31. (a) Time-lapse POM images showing the dynamic response of LC to the
adsorption of 50 nM ConA at SFN laden LC-aqueous interface. (b) Bright-field and (c)

corresponding epifluorescence images of SFN laden aqueous-LC interface after
incubation with FITC labeled ConA. Scale bar = 100 pum.
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Figure 2.32. Time-lapse POM images showing the dynamic response of LC to the
adsorption of 50 nM FibN at SFN laden LC-aqueous interface. Scale bar = 200 um.
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Moreover, the optical response of the SFN laden LC-aqueous interface was slightly faster
towards FibN as compared to ConA. This observation could be due to the less overall
anionic charge of FibN which allows the facile interactions between FibN and anionic
SFN molecules. It is in good agreement with our above discussion of the role of ionic
interactions in stating the response time of LC. It is important to state here that although
the structures of domains formed by ConA and FibN differ in terms of thickness of
domains; their anisotropic growth in one dimension and shape is reproducibly different
(elongated, sharp at edges) from that formed by the above studied a-helical proteins
(globular and smooth towards edges). Notably, in the absence of SFN, the optical
appearance of LC remained unperturbed in the presence of ConA and FibN (Figure 2.33)
and thus suggests the major role of interactions between SFN-proteins at the interface to
trigger the above-described response of LC. The distinct patterned orientations of the LC
to different structural motifs can be attributed to the stronger anchoring energy imparted
by B-sheet rich proteins at LC interface as compared to a-helical proteins as shown by
Abbott et al.*® Overall, these findings indicated that the shapes of the LC domains at
SFN-laden interface are strongly coupled with the secondary structures of proteins
adsorbed at the interface and could serve as a simple optical probe to identify B-sheet rich

motifs which are structurally known to dominate toxic amyloids.

Figure 2.33. (a,c,e,g) Polarized light micrographs and corresponding bright-field images
(b,d,f,h) of LCs following incubation of SFN laden aqueous-E7 Interface (a,b,e,f) and
SFN free aqueous-E7 Interface (c,d,g,h) with 50 nM ConA (a-d) and 50 nM FibN (e-h)
for 4 hr. Scale bar = 200 pum.
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It is essential to explore the sensitivity of designed LC system towards such proteins
beyond merely reporting the specific presence of B-sheet rich proteins. Thus, in the next
series of experiments, SFN decorated LC film was incubated with different
concentrations of ConA and FibN for 2 hours, followed by monitoring the orientation of
LC under crossed polars. The bright optical domains of LC, consistent with the
tilted/planar ordering of LC, with elongated shapes were present at the concentration of
both proteins as low as 5 nM (Figure 2.34). In addition, as the concentration of ConA and
FibN was sequentially decreased from 50 nM to 5 nM, the ratio of bright to dark regions
and the size/thickness of optical domains decreased. Thus, the new lipopeptide based LC
system not only caters the label-free imaging of protein adsorption at biomembrane-
mimetic interfaces but can also distinguish between different structural motifs of proteins

at nanomolar concentrations.
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Figure 2.34. Optical micrographs (crossed polarizers) of SFN laden E7 films incubated
against the different concentration of (a) ConA and (b) FibN for 2 hr. Scale bar = 200 um.

Before concluding, we compare the sensitivity of current strategy with previous
amphiphiles decorated LC-based systems concerning the detection of the above-studied

proteins. Prior reports showed that LC-aqueous interface laden with different block co-
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polymers could detect BSA up to 950, 30 nM and 45 nM, respectively.®*®® Similar group
reported the detection limit for Hb to be 139 nM using the polymer laden LC-aqueous
interface.® A study by Alino et al. showed a cationic linear surfactant laden LC-aqueous
interface could report BSA up to 60 nM of concentration.®® Earlier, we had demonstrated
that lipopolysaccharide-decorated LC-aqueous interface could detect Hb and BSA up to 5
nM and 10 nM, respectively.” In the current work, the orientational tranisitions of LCs
enabled the detection of Hb and BSA upto 3 nM and 5 nM, respectively, which is
significantly lesser than those reported earlier.”®*® In another instance, Wang et al.
utilized a nonionic surfactant decorated LC-aqueous interface to report presence of BSA
and ConA with a superior detection limit.®” However, the similar texture of LC was
observed in presence of both ConA and BSA without demonstrating any distinctly shaped
domain formation. ®” On the other hand, the SFN decorated LC-aqueous interfaces led to
a distinct optical texture to ConA (elongated domains) and BSA (globular domains),
pointing out the extraordinary significance of those interfaces toward differentiating the
two proteins based on their structural motifs. In this context, it is important to cite that
Abbott’s group first reported that at lipid/phospholipid (linear amphiphiles) adsorbed LC-
aqueous interfaces, addition of protein generated LC domains of planar/tilted alignment
of LC and the shape of the domains highly depends on the secondary structure of

proteins.**>° As compared to those studies, **°

the present work showed an enhanced
sensitivity of LC-aqueous interfaces towards proteins (e.g., BSA, Cyto). The current
methodology may be preferable over the existing phospholipids decorated LC-aqueous

interfaces*®>°

(requires either prefabrication of lipid monolayer by Langmuir Blodgett
technique or laborious methods for lipid vesicle/mixed vesicles preparation & their
characterizations) due to simplicity of the design. The SFN laden LC-aqueous interfaces
are also beneficial over recently reported PmB decorated LC-aqueous interfac® as it is

able to report the secondary structure of proteins regardless their ionic nature.
2.2.4 Conclusions

In summary, we report a new method based on LCs to visually monitor the interfacial
protein adsorption using LC films decorated with a bioactive cyclic amphiphile, SFN, in
the aqueous phase. It is demonstrated that amphipathic SFN molecules induced a
homeotropic orientation of LCs, owing to the self-assembly of SFN molecules at LC-
aqueous interface, thus giving a dark optical appearance of LC under crossed polars. We

further showed that at physiological pH, a range of proteins (Hb, Cyto, BSA, ConA, and
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FibN) at nanomolar concentrations could trigger a reorientation of LC to planar leading to
bright optical appearances of LC. Our study strongly suggests that the intermolecular
interactions (hydrophobic and electrostatics) between protein molecules and SFN play an
important role in dictating the dynamic response of LC. Specifically, the nature of
electrostatic interactions between the anionic headgroup of SFN and proteins largely
determines the response time of SFN decorated LCs. For instance, LCs demonstrated a
faster reorientation when a cationic protein is in the vicinity of SFN laden LC-aqueous
interface and vice versa. In addition, we found that adsorption of proteins causes a
patterned orientation of LC at the interface which strongly depends on the native
secondary structure of proteins. Proteins rich in a-helix (BSA, Cyto and Hb) generate
globular spatial domains which are reproducibly different than the elongated domains
triggered by B-sheet rich proteins (ConA and FibN). Thus, the developed LC design,
which may have application in detection of toxic amyloids, offers exceptional advantages
over conventional assays (such as NMR and CD) like simple and optical readout, label-
free detection and minimal sample requirement. We believe that besides the planar
geometry of LC—aqueous interfaces, assembly behavior of SFN at LC microdroplets
(with a rounded geometry) and subsequent protein adsorption may facilitate another
simple platform for label-free sensing through ordering transition of the LCs. Design and
further exploration of such lipopeptide-decorated LC-based surfaces may enable the
molecular-level understanding of various biomolecular interactions in controlled ways

which would serve wide applications in interfacial and biosensing fields.
2.2.5 Experimental Section
2.2.5.1 Materials

Chemicals such as surfactin (from Bacillus subtilis) (SFN), bovine serum albumin (BSA),
human hemoglobin (Hb), cytochrome ¢ from equine heart (Cyto), concanavalin A from
Canavalia ensiformis (ConA), fibronectin from bovine plasma (FibN), fluorescein-
conjugated BSA (FITC-BSA), fluorescein-conjugated ConA (FITC-ConA), N,N-
dimethyl-N-octadecyl-3-aminopropyltrimethoxysilyl chloride (DMOAP), hydrochloric
acid, sodium hydroxide and 1 mM tris buffered saline (TBS) (pH 7.2) were purchased
from Sigma-Aldrich (St. Louis,MOQ). E7 liquid crystal (LC), Sulfuric acid, chloroform
and hydrogen peroxide (30% w/v) were purchased from Merck (Mumbai, India). Ethanol

was obtained from Changshu Hongsheng Fine Chemical Co., Ltd. Deionization of
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distilled water (DI water) source was performed by a Milli-Q-system (Millipore, Bedford,
MA). Glass microscopic slides (Fisher’s Finest Premium grade) were purchased from
Fischer Scientific. Gold TEM grids (20 um thickness, 50 um wide bars, 283 um grid
spacing) were obtained from Electron Microscopy Sciences (Fort Washington, PA).

2.2.5.2 Preparation of aqueous solutions of SFN and proteins

Stock solution of SFN 600 uM) was freshly prepared in 5 mM Tris-HCI buffer (pH 8.5).
Stock solutions of proteins (BSA, Hb, Cyto and ConA) were prepared by dissolving solid
chemical in 1 mM TBS (pH 7.2). An aqueous solution of FibN was prepared by
incubating solid FibN in 1 mM TBS at 37 °C for 30 min. Dilution of SFN and proteins
was done in 1 mM TBS (pH 7.2) for all the protein adsorption experiments.

2.2.5.3 Pretreatment of glass slides with DMOAP

Prior to DMOAP coating, glass microscope slides were cleaned with freshly prepared
piranha solution [70% H,SO4, 30% H,0,] for 45 min at 100 °C. Caution: Piranha
solution reacts violently with organic materials. It should be handled with acute caution
and neutralized carefully before disposing off. Do not store the solution in closed
containers! The slides were then rinsed with an excess amount of DI water and ethanol
followed by drying under a stream of gaseous N,. Then, the slides were stored in an oven
to 120 °C for 3 hr. The “piranha-cleaned” glass slides were then modified with DMOAP
using the previous report.>*° Briefly, the slides were immersed into 0.1% (v/v) DMOAP
solution in DI water for 30 min at room temperature. The slides were then rinsed with DI
water to remove the excess DMOAP from the surface and dried under a stream of N
before heating at 100 °C for 3-4 hr.

2.2.5.4 Preparation of LC films and optical cells

The DMOAP coated glass slides were cut into small squares and gold TEM specimen
grids were placed on top of it. E7 was added into the grids using a Hamilton microsyringe
and the excess LC was removed to form a planar interface. The E7 containing grid
supported on DMOAP coated glass slide was then immersed in a glass well containing
the aqueous buffer. Subsequently, a small volume from a stock solution of SFN was
added into well to achieve a certain final concentration. For experiments of protein
adsorption at LC-aqueous interface, SFN laden LC film was prepared as follows: first LC

film was incubated with an aqueous solution of 7.5 uM SFN for 2 hours followed by an
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exchange with 1 mM TBS (pH 7.2) to remove the excess SFN from bulk. Subsequently, a
certain volume (100-5 uL) from the stock aqueous solution of proteins was added onto
SFN laden LC film to obtain a desired final concentration. The total volume of glass well

was kept 2 mL. Every experiment was repeated at least thrice.
2.2.5.5 Characterization of LC films under crossed polars

The orientation of LCs was analyzed under a Zeiss polarizing microscope (Scope. Al)
which is equipped with crossed polars with objectives of magnification 50X, 100X and

200X. All the images were captured using an AxioCam Camera.
2.2.5.6 Imaging of LC-aqueous interface by epifluorescence microscopy

For fluorescence microscopy, SFN laden LC films were incubated with 50 nM FITC-
BSA or 62 nM FITC-ConA for 3-5 hours, followed by exchanging the aqueous solution
with 1 mM TBS to remove the background fluorescence. The samples were then viewed
under a Zeiss (Scope. Al) fluorescence microscope using a fluorescence filter cube with a
460 nm excitation filter and a 534 nm emission filter. Images were obtained with an

AxioCam camera.
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CHAPTER 3

Liquid Crystal Based Detection of Pb (I1) lons using
Spinach RNA as Recognition Probe
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We discuss a novel and simple strategy for specific detection of lead (Pb?*) ions using
liquid crystals (LC) at aqueous-LC interfaces. The system involves switching of ordering
transitions of LC molecules tuned by the competitive binding among a cationic surfactant,
an aptamer (consists of a Pb?* binding site) and the Pb?* ions. LCs adopt a homeotropic
orientation in contact with a cationic surfactant, cetyltrimethylammonium bromide
(CTAB) at the aqueous-LC interface. The ordering of LC subsequently changed to planar
in the presence of aptamer at those interfaces. When target Pb?" ions were introduced
into the CTAB-aptamer system, the ordering of LC changed to homeotropic primarily due
to the formation of compact quadruplex structures of the aptamer with Pb** ions. The
sensor exhibited a detection limit of 3 nM which is well below than the permissible limit
of Pb?* in drinking water. Application of LC-based sensor for the detection of Pb?* in tap
water is also demonstrated.

Reprinted (Adapted)/Reproduced with permission from (Verma, I.; Devi, M.; Sharma, D.; Nandi, R.; Pal, S. K. Langmuir 2019, 35,
7816-7823). Copyright (2019) American Chemical Society
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3.1 Introduction

Thermotropic liquid crystals (LCs) associated with the long-range orientational order in
the mesophase can easily amplify and transduce the molecular level information from the
interface that they are in contact with.»? Such interfacial interactions of LC with various
external stimuli can trigger an orientational transition in micrometers thick LC film (up to
100 pm)."® Since LCs are birefringent materials, polarized microscopy allows the
characterization of distinct director profiles through different optical appearances. This
ability of LC to sensitively report the small changes in the environment via distinct
optical signals have successfully led to the development of label-free LC-based sensors
over a decade.”™ Previously, interfaces formed between LC and aqueous phases have
been successfully exploited for detection of various biochemical events like DNA

hybridization® and adsorption®, aptamer-small molecule binding™, cell adhesion'***,

2,14-17 18,19 20,21 and so on.

protein adsorption , antigen-antibody binding™ ", enzymatic reactions,
These LC-based systems are heavily based on the orientational transitions of the LC
triggered by macromolecular binding events occurring at these interfaces which can be
reported even at nanomolar concentrations of the target analyte. However, in the aqueous
phase, utilization of LC-based strategies to detect toxic metal ions poses challenges in
terms of selectivity and sensitivity due to the following reasons. (i) The system requires a
high concentration of ions (above pM) to exert an ordering transition of the LC,?* (ii)
identical properties of several metal ions in terms of ionic radii, charge, and so on, and
(ii1) high mobility of the ions in bulk phases due to their small size. For example, Singh et
al. reported the LC sensor for Hg (I1) ions with the detection limit of 0.5 uM using
specific affinity of mercuric ions towards dithiocarbamate amphiphile.”® Hu et al.
exploited the enzyme-metal interactions to observe ordering transitions of LC to report
Copper (I1) ions with 10 pM of concentration.?* Interestingly, oligonucleotides based
recognition event of Hg (Il) ions has been demonstrated to effectively disturb the
orientations of LC up to 0.1 nM of target concentrations.”® However, the design is
complex and counter-productive due to the involvement of three different

oligonucleotides probes required to generate an optical signal for detection of Hg (II).

Previously, it has been shown that interfacial adsorption of oligonucleotides can trigger a
change in the orientation of LC at decorated LC-aqueous interfaces driven by non-
covalent intermolecular interactions.>** For example, our recent study found that at poly-

L-lysine (a cationic polypeptide) coated LC-aqueous interface, the ordering of LC is
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mainly influenced by irreversible formation of polyplexes driven by electrostatic
interaction between phosphate backbone of DNA and cationic peptide moieties and thus
both single stranded-DNA and double stranded-DNA produce a same orientational state
of LC droplets.” However, at surfactant laden LC-aqueous interfaces, ordering of LC is
determined by electrostatic as well as hydrophobic interactions between nucleobases and
the LC molecules.®** Thus, single stranded-DNA (exposed nucleobases) and double
stranded-DNA or small biomolecules bound DNA (unexposed nucleobases) trigger
distinct LC orientation at cationic surfactant decorated interface, i.e., planar for former
and homeotropic for latter. Motivated by these reports, we sought to decorate LC
interface with a cationic surfactant and examine the possibility to design an aptamer-

based LC sensor for detection of heavy metal ions.

Over a decade, aptamers, which are functional nucleic acid sequences, have emerged as a
molecular recognition element due to their astounding feature to detect a variety of targets
ranging from biomolecules to metal ions. They offer exceptional advantages such as
strong affinity towards a particular target and numerous advantages over immunosensors
such as robust stability in aqueous solution, simple design and cost-effective synthesis.?
The detection principle of aptamer-based sensors is usually associated with a
conformational change such as the formation of a duplex or a G-quadruplex upon binding
with the target.”’ Particularly, G-quadruplex structures are non-canonical four-stranded
secondary structures formed by hydrogen-bonded guanine residues in tetrad fashion
which can be significantly stabilized or promoted by coordination interactions between
carbonyl oxygen atoms of guanine and metal ions. They perform numerous regulatory

roles in controlling biological processes.?’
3.2 Objective

Considerable progress has been made recently to develop aptamer-based biosensors for
detection of heavy metal ions based on electrochemical, fluorescence and colorimetric
methods as summarized in Table 3.1. However, such techniques impose certain
limitations in their practical application such as aptamer immobilization process,
requirement of fluorophores, expensive or complex instrumentation and
chemiluminescent products for signal readout.”®>* In this work, we sought to design and

develop a simple LC-based biosensor for ultrasensitive detection of heavy metal ions
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where aptamer would act as target recognition probe and the binding event would be

easily amplified by LC in the form of an optical output.

Table 3.1: Comparison of oligonucleotide-based methods for the detection of Pb>* ions

S. Detection Strategy Detection | Response | Reference
No. Method limit Time
Folding of Spinach RNA into G-
1. | Fluorescence 6 nM 15 min 28
quadruplex
Formation of G-quadruplex
2. Colorimetric DNAzyme 32 nM 4 min 29

Multi-functionalized gold
3. Colorimetric nanopartides by DNAzyme and 20 nM 6 min 30
barcode DNA

Hemin intercalated K*-stabilized

4, Photoelectro 4inM NA 31
G-quadruplex

-chemical
5. Electro- G-quadruplex based biosensor 4.2 nM 30 min 32
chemical
Pb**-induced allosteric G-
6. Fluorescence 1nM 30 min 33

quadruplex

A Lead(I)-Driven DNA

7. | Fluorescence 20nM NA 34
duplex—quadruplex exchange

Liquid G-quadruplex formation in 1 min-20
8. 3nM ] Our work
Crystal SRNA min

In our system, we utilized the self-assembly of cationic surfactant,
cetyltrimethylammonium bromide (CTAB) at LC-aqueous interface that imparts
homeotropic anchoring (via lateral hydrophobic interaction between hydrocarbon tails of
CTAB and LC). Addition of negatively charged aptamer can disturb the self-assembly of
CTAB at the interface due to interactions between CTAB and aptamer thus leading to a
planar alignment of LC.'® However, in the presence of heavy metal ions, we
hypothesized that conformational changes in aptamer could be induced due to specific
strong interactions between metal ions and aptamers. This, in turn, would weaken the
interaction between CTAB and aptamer at the interface, thereby promoting the coupling

of CTAB molecules with LCs to produce a homeotropic ordering as illustrated in Scheme
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3.1. We would test the hypothesis to report the detection of lead (11) ions (Pb®") as it is the
second most abundant toxic metal ion and a major pollutant of soil and groundwater.®’
Here, we chose a Spinach RNA aptamer (SRNA) (Sequence is elaborated in
Experimental Section) which is recently shown to exhibit specific binding affinity to Pb*
followed by G-quadruplex formation.”® Lastly, we will also confer the probable
mechanism about the coupling of the orientational ordering of LC with an interfacial

event associated with structural changes in aptamer upon binding to the metal ion target.
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Schematic 3.1. Schematic demonstration of the proposed design for label-free LC sensor
for detection of Pb*" ions based on self-assembly of CTAB at interface influenced by
conformational changes in aptamer upon binding with the target ion. (Cartoon depiction
not to scale)

3.3 Results and Discussion
3.3.1 Fabrication of aptamer-based LC sensor

Our first set of experiments was performed to determine the optical behavior of the LC in
the presence of different concentrations of CTAB at physiological pH (pH 7.4). For the
same, 5CB (4-Cyano-4-pentylbiphenyl) LC was first confined in the gold transmission
electron microscopy (TEM) grids supported on N,N-dimethyl-n-octadecyl-3-
aminopropyltrimethoxysilyl chloride (DMOAP)-modified glass slides.>* It is known that
DMOAP at the bottom interface and air at top anchors 5CB in a perpendicular
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(homeotropic) orientation imparting dark optical appearance under crossed polarizers.
When the same LC film supported by a TEM grid was contacted with the aqueous buffer
solution, LC exhibited bright optical appearance consistent with the planar/tilted
alignment of LC induced by water molecules at those interfaces. However, in contact
with an aqueous solution of CTAB, LC was found to be aligned homeotropically, leading
to dark optical appearances of the LC. As reported, the dark optical response of LC is
mainly due to self assembly of CTAB molecules at the interface driven by lateral
hydrophobic interactions between alkyl chains of CTAB and the 5CB LC.' In our
experiments, the minimum concentration of the CTAB was found to be 7 uM that exhibit
stable ordering at the interface for at least 30 min. Thus, further studies were carried out
with 7 uM CTAB. Next, we aimed to study the optical behavior of LC film in the
presence of CTAB and SRNA complex. Figure 3.2 shows the POM images illustrating
the dynamic response of LC-aqueous interface after the introduction of CTAB and
various concentrations of the aptamer. It was found that for 200 nM or higher
concentrations of SRNA, the LC remained in planar orientation during the observation
time of 20 minutes (min). However, LC turned dark within 20 min at 150 nM or lower
concentrations of SRNA. This suggests that a sufficiently high concentration of SRNA
can effectively adsorb at LC-aqueous interface facilitated by electrostatic interactions
with CTAB where hydrophobic nucleobases of aptamer can interact with the LC phase.
Such interaction of the aptamer would disturb the organization of CTAB molecules at the
interface and lead to a planar orientation of the LC.® Since 200 nM is the minimum
concentration of SRNA required to achieve bright orientation of LCs, this concentration

was used for further experiments to detect Pb?* ions.

Our next experiment was carried out to investigate the effect of the introduction of Pb?*
on the CTAB and SRNA designed LC-aqueous interface. Interestingly, upon introduction
of a pre-incubated mixture of CTAB, SRNA, and 300 nM Pb?*, the optical appearance of
LC film changed to dark within 1 min which remained stable for at least 20 min or so
(Figure 3.3a-c). This observation led us to speculate that the presence of Pb** may induce
structural changes in SRNA that leads to the organization of interfacial CTAB molecules
onto the aqueous-LC interface to result in the dark optical appearance of LC. In order to
investigate the structural changes of SRNA in the presence of Pb®*, we carried out
solution-phase measurements of circular dichroism (CD) and a competitive binding assay.

CD spectra of free SRNA aptamer displayed a typical signature of quadruplex structure
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with parallel conformation, as evident from the presence of a positive peak around 270
nm and a negative peak around 240 nm (Figure 3.3d).*®3 In the presence of Pb®*, an
increase in ellipticity at 270 nm peak suggests that stabilization of the parallel quadruplex
structure of SRNA by Pb** as reported earlier®.

0.5 min 5min 20 min

a-.

d ...

Figure 3.1. Polarized optical images of 5CB film hosted within a gold TEM grid on a
DMOAP functionalized glass substrate after the introduction of an aqueous solution of
CTAB at concentrations of (a) 10 uM; (b) 7 uM; (¢) 5 uM and (d) 3 uM. Images were
taken at 0.5, 5 and 20 min after the addition of the CTAB. (Scale bar = 200 um).

Next, Thioflavin T (ThT) based competitive fluorescent assay was performed to confirm
the strength of quadruplex formed and gain insights into the mode of binding between
Pb* and SRNA. In our experiments, we found that ThT, which exhibits negligible
fluorescence intensity in the buffer, showed a huge enhancement in fluorescence intensity

at 485 nm in presence SRNA (Figure 3.3e, 3.4a). Based on the recent report4°, this
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significant enhancement in fluorescence intensity of ThT indicates that ThT dye can bind
and recognize the G-quadruplex motif in SRNA via non-covalent interactions. However,
the addition of Pb* leads to a rapid decrease in fluorescence which confirms the
competitive binding of Pb* into quadruplex of SRNA and displacement of ThT from the
SRNA.

Concentration of aptamer (nM)

7 23 WV

0.5 min ol VUL
VP ZS PN Y

5min

20 min

Figure 3.2. Polarized optical images of 5CB film hosted within a gold TEM grid on a
DMOAP functionalized glass substrate after the introduction of 7 uM CTAB pre-
incubated with different concentration of SRNA. Time indicates the instant at which
images were captured after the introduction of aqueous solution on LC film. Scale bar =
200 pm.

Further, we confirmed that the fluorescence of ThT is enhanced only upon complexation
with SRNA and not due to other intermolecular interactions such as complex of ThT-
Pb*, SRNA, or SRNA-Pb?* (Figure 3.4b). In another experiment, we sequentially added
the small volumes of nanomolar Pb®* solution to the complex of ThT and SRNA. We
observed that the quenching of fluorescence was triggered by Pb?* in a concentration-
dependent manner. The dissociation constant was calculated as 1.57 = 0.03 uM (Figure
3.4c,d), which is in good agreement with the literature?®, indicating a good binding

affinity of SRNA towards Pb®*. These results indeed confirmed that Pb?* could strongly
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bind and stabilize the G-quadruplex motif in SRNA aptamer, and its competitively robust
affinity for aptamer enabled the facile displacement of ThT dye from SRNA-ThT

complex as depicted by cartoon illustration in Figure 3.3f.
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Figure 3.3. (a-c) Polarized optical images of LC film in contact with (a) 7 uM CTAB, (b)
mixture of 7 uM CTAB and 200 nM SRNA, (c) pre-incubated mixture of 7 uM CTAB,
200 nM SRNA and 300 nM Pb?* at 1 min. (Scale bar = 200 um). (d) CD spectra of 15 uM
aptamer in absence and presence of 15 uM Pb*. (e) Fluorescence spectra of ThT when
incubated with SRNA (500 nM) in absence and presence of Pb*" ions (65 nM). (f)
Cartoon schematic illustrates the Pb®* triggered displacement of ThT from the SRNA G-
quadruplex which results in the decline of ThT fluorescence.

To determine the extent to which aptamer adsorbs at aqueous-LC interfaces in the

presence of CTAB, we performed epifluorescence microscopy measurements using 5'6-
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FAM (Fluorescein)-labelled SRNA (FAM-SRNA). Inspection of Figure 3.5a, b reveals
that the aqueous-LC interfaces which were incubated in the presence of (FAM) SRNA-
CTAB complex, exhibited strong fluorescence (Figure 3.5b and 3.5d) in comparison to
the control (only SRNA, Figure 3.5a). This confirms preferential adsorption of SRNA at
the interface in the presence of CTAB. Next, to provide additional insight into the
adsorption behavior of the aptamer in the presence of Pb?* ions at the aqueous-LC
interface, we again performed fluorescence microscopy measurements at those interfaces
in contact with (FAM) SRNA-Pb®*-CTAB complex. As can be seen from Figure 3.5¢ and
3.5d, the fluorescence intensity of the aqueous solution of the complex at the LC interface

decreases within an observation time (20-30 minutes) reported in this work.
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Figure 3.4. Pb* induced ThT displacement: (a) Plot of fluorescence intensity of ThT in
different state: pure ThT, in presence of SRNA and in a mixture of SRNA and Pb*". (b)
Fluorescence spectra of free ThT and when incubated with Pb?* ions (650 nM); of SRNA
with and without Pb®*; of ThT in a mixture of SRNA (500 nM) and Pb®* ions; ThT in
mixture of SRNA and CTAB; ThT in a mixture of SRNA+CTAB+Pb*". (c) Fluorescence
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spectra of a mixture of ThT and SRNA following sequential addition of Pb** (0-650 nM).
(d) Benesi-Hildebrand Plot for calculation of binding constant of SRNA with Pb?* ions.

While in the presence of Pb**, there is residual fluorescence of the (FAM) SRNA at the
aqueous-LC interfaces (Figure 3.5c), the quantification of fluorescence intensity indicates
a low density of SRNA at those interfaces. This is likely due to desorption of some
SRNA-Pb* complex from the interface to the bulk solution. The lower density of SRNA
at the interface did not hinder the CTAB molecules to self-assemble at the LC-aqueous
interfaces and thus resulted in homeotropic orientation (dark appearance under crossed

polars).
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Figure 3.5. Epifluorescence imaging of LC-aqueous interface incubated with (a) FAM-
SRNA, (b) pre-incubated mixture of FAM-SRNA and CTAB, (c) pre-incubated mixture
of FAM-SRNA, CTAB, and Pb®*. (d) The intensity of micrographs of LC-aqueous
interface incubated with SRNA, SRNA+CTAB and SRNA+CTAB+Pb?* complexes.
Scale bar =100 um
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Based on the results described above, it is clear that the homeotropic anchoring of the LC
in the presence of CTAB (Figure 3.3) is due to lateral hydrophobic interactions between
hydrocarbon tails of CTAB molecules and the LCs, leading to a dark optical appearance
at the aqueous-LC interface. On addition of negatively charged aptamer, a planar/tilted
orientation of the LC is observed which is likely due to electrostatic interactions between
CTAB and aptamer (SRNA-CTAB complex), that impede the CTAB molecules from
self-assembly at those interfaces (Figure 3.3b). However, in the presence of Pb?* ions, the
optical appearance of the LC at the aqueous-LC interface is changed from bright to dark
(Figure 3.3c). This change in the optical signal is mainly dependent on the competitive
binding event between CTAB-SRNA and SRNA-Pb®* at the LC interface. It should be
noted that the interactions for Pb”" with the SRNA aptamer are likely to be much stronger
than that of CTAB with aptamer (being a non-specific electrostatic interaction) which are
supported by ThT-fluorescence and FAM-SRNA experiments (Figure 3.4,3.5). Therefore,
the strong binding affinity of Pb?* ions towards SRNA (which forms a stable G-
quadruplex complex and induces a conformational change in SRNA as confirmed by CD
and ThT assay, Figure 3.3d-e) are likely to weaken the interactions between CTAB-
SRNA complex. This event results in free CTAB molecules which can now reorganize

and self-assemble at aqueous-LC interfaces leading to dark optical appearances.
3.3.2 Detection limit of LC sensor

Our next goal was to determine the sensitivity and response time of the LC-based sensor,
for which we compared the dynamic response of the LCs at different concentrations of
Pb®* ions at the interface. Figure 3.6 shows that for concentrations of Pb®* ions ranging
from 3 nM to 300 nM, LCs exhibit dark optical appearances within 20 min. We made two
additional observations from Figure 3.6. First, we noted that response time (time taken to
achieve homeotropic anchoring) increases as a function of a decrease in the concentration
of Pb?* ions (from 300 nM to 3 nM) at the LC interface (Figure 3.7). For example, the
sensor took 5 min and 15 min in the presence of 75 nM and 20 nM Pb**, respectively. A
further decrease to 3 nM of the Pb?* concentration, the response time increases to 20 min.
Second, below 3 nM, we did not observe any noticeable change in the optical appearance
of the LC within 30 min or so. As discussed above, the response of the sensor is primarily
governed by the competitive binding interactions (between CTAB-SRNA and Pb**-
SRNA) which are responsible for self-assembly of CTAB molecules at LC-aqueous

interface. It is likely that with a decrease in concentrations of Pb?* ions, CTAB molecules
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take longer time to self-assemble at the interface causing a delay in ordering transition
and thus, the response time of the LC. This also suggests that the response time to detect
Pb* ions primarily depends on the kinetic behavior of the CTAB molecules at the LC-
aqueous interface This type of competitive binding interactions based LC-sensors have

been reported earlier.*"*

Quantification of the light intensity transmitted through the film
of LCs, as shown in Figure 3.8a, reveals that response time differs as a function of the
concentration of Pb?* ions. We observed that with the decrease in Pb** concentration, the
macroscopic appearance of the LC changes continuously. Analysis of the average
grayscale intensity (GI) also corroborates with the optical appearance of the LC and
varies drastically at all concentrations. For example, at 300 and 150 nM of Pb®* ions at
the interface, the Gl value drops to a minimum within 1 min, while 75 nM and 30 nM of
Pb”* exhibit least Gl values in approximately 7 min and 15 min, respectively (Figure
3.8a). Similarly, Gl values in case of 5 nM and 3 nM of Pb?* ions reached minima within
20 min. Further decrease in the concentration of Pb* to 1.5 nM, GI values retains its
maxima within the observation period reported in this work, consistent with a

planar/tilted ordering of the LCs.

Concentration of Pb?* (nM)
0 15 3 5 20 30 75 150

>

300

Time (min)

Figure 3.6. Time-lapse polarized optical images of 5CB-aqueous interface laden with 200

nM SRNA and 7 uM CTAB showing the dynamic response of LC to the presence of
different concentration of Pb** from (0-300 nM) at different time intervals. Scale bar =
200 pm.
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Therefore, measurement of Gl as a function of time may provide a direct estimation of a
range of Pb** concentration in the bulk aqueous solution. Figure 3.8b compares the Gl
values for the various concentrations of Pb* ions which indicated that Gl values
remained almost constant at a concentration of 3 nM or more after 20 min. The detection
limit of Pb®* of the LC-based sensor is found to be 3 nM, which is well below the

maximum permissible level for Pb** concentration in drinking water (72 nM).*
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Figure 3.7. Plot of the response time of the LC-based sensor in contact with different

concentrations of Pb?* ions.
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Figure 3.8. Quantification of Pb?* ions: (a) Graph representing the average grayscale
intensity of the LC micrographs as a function of time at different concentrations of Pb**

by considering 4 square in a grid (depicted in inset nM). The initial time point indicates 0-

103



0.5 min. (b) Plot showing the correlation between the concentration of Pb®* and average

grayscale intensity of the LC sensor at 20 min.
3.3.3 Effect of pH and ionic strength of aqueous media

The sensitivity of the LC-based sensor was found dependent on pH and ionic strength of
the aqueous media (Figure 3.9-3.11). We observed that the optical appearance of the LC
was dark in the presence of CTAB (7 uM) at pH 3.6 to 8. In the presence of CTAB (7
UM)-SRNA (200 nM) complexes, LC exhibited bright appearance between pH 5 and pH
7.4 (Figure 3.9). Thus, we investigated the optical response of the LC system for the
detection of Pb®* at pH 5. We found that at pH 5, the LC system could detect Pb*";
however, the response of LC slowed down as compared to that at pH 7.4 (Figure 3.10).

Figure 3.9. Polarized optical images of 5CB film hosted within a gold TEM grid on a
DMOAP functionalized glass substrate in presence of (a) 7 uM CTAB and (b) pre-
incubated mixture of 7 uM CTAB and 200 nM SRNA at different pH. (Scale bar = 200

pm).

Similarly, we carried out the experiments at different ionic strengths of Hepes buffer
ranging from 1 mM to 100 mM. It was found that the optical appearance of the LC
remained dark in the presence of CTAB at that range of ionic strength of the buffer
(Figure 3.11, upper panel). Similarly, complexes of CTAB and SRNA demonstrated
bright appearances of LC at 1, 10 and 30 mM Hepes buffer, however at increasing
strength of buffer to 50, 80 and 100 mM, LC demonstrated the coexistence of bright and

dark regions (Figure 3.11, lower panel). These results are consistent with the previous
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report where authors showed that higher ionic strength (100 mM) in bulk aqueous phase
screened the electrostatic interactions among cationic surfactant molecules and lead to
tightly packed surfactant monolayer at the aqueous-LC interface.'® Since the LC remained
bright in presence of CTAB-SRNA at 1 mM, 10 mM, and 30 mM Hepes buffer, we
performed detection of Pb®" in those buffer concentrations. The response time for the
detection of Pb®* is found to be slower as a function of increasing the ionic strength of the
buffer from 1 mM to 30 mM (Figure 3.12).

05min 5min  10min 15min 20 min

Figure 3.10. Time-dependent optical response of LC to 150 nM Pb?* in the presence of
200 nM SRNA and 7 uM CTAB at pH 5 and 7.4 (depicted at left). (Scale bar = 200 pum)

pH 7.4

10 mM 30mM 50 mM 80 mM 100 mM

. .. . . . .
CTAB +
SRNA

Figure 3.11. Polarized optical images of 5CB film hosted within a gold TEM grid on a

DMOAP functionalized glass substrate in presence of 7 uM CTAB (top row) and a pre-
incubated mixture of 7 uM CTAB and 200 nM SRNA (bottom row) at different ionic
strength of Hepes buffer (depicted at the top of the image). (Scale bar =200 um).

3.3.4. Selectivity of LC sensor

Characteristically, biosensors must be highly specific towards a particular analyte for
practical applicability. Therefore, we tested the LC-based sensor with different

environmentally relevant heavy divalent metal ions and found it highly selective towards
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Pb?*. As can be seen in Figure 3.13a-e, the LC sensor remains bright in the presence of 75
nM of Co®*, Hg?*, Ni** and Zn?* within the observation time of 20 min, while it changed
to dark within 5-10 min in the presence of a similar concentration of Pb*". Similarly, the
plot of Gl of images after a constant 20 min of incubation of metal ions shows that
intensity dropped to least only when Pb*" is contacted with LC film (Figure 3.13f). ThT
assay also confirms the excellent selectivity of SRNA towards Pb®* ions over other metal
ions (Figure 3.14). These observations demonstrate its potential application for selective

analysis of Pb?* over other competitive metal ions.

05min 5min 10min 15min 20 min

Figure 3.12. Time-dependent optical response of LC to 150 nM Pb?* in the presence of
200 nM SRNA and 7 uM CTAB at different ionic strengths of buffer (depicted at left
panel). (Scale bar =200 um)
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Figure 3.13. Selectivity of LC Sensor: Polarized optical images of 5CB-aqueous interface
laden with 200 nM aptamer and 7 puM CTAB in presence of 75 nM of (a) Co?*, (b) Hg*,
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Figure 3.14. Selectivity by ThT assay: Fluorescence quenching of ThT in the aqueous
solution of ThT-SRNA by different metal ions.

20 N ) 2+

— Random RNA (Non-specific) + Pb
—— Random RNA (Non-specific)

154

(o))

<

=10+

2

0 57

=3

m 01

1
()]
1

220 240 260 280

Wavelength (nm)

Figure 3.15. Specificity of SRNA aptamer: Polarized optical images of 5CB-aqueous
interface laden with 7 uM CTAB and 150 nM Pb®* with (a) 200 nM random aptamer
sequence (non-specific) (b) 200 nM SRNA aptamer (specific). Images were taken after 20
min of addition of aqueous solution. Scale bar = 200 um. (c) CD of Random RNA

aptamer (non-specific) in the absence and presence of Pb?*.

In another experiment, we confirmed the specificity of aptamer sequence for Pb?* by

employing a random RNA aptamer sequence of a similar number of nucleotide bases and
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monitored the optical response of LC in the presence of 150 nM Pb?*. Figure 3.15a,b
demonstrates that the ordering of LC remained bright in the presence of a random RNA
aptamer while LC exhibits dark appearance when SRNA aptamer is employed. This
observation emphasizes that Ph?* specifically binds to the particular SRNA aptamer and
optical response of LC is strongly coupled with the specific binding event of Pb®* and
SRNA. CD study also confirms the destabilization of quadruplex structures of random
aptamer in the presence of Pb?* (Figure 3.15¢). Non-specific RNA aptamer adopts parallel
G-quadruplex conformation as evident with positive and negative bands at 270 and 240
nm, respectively. A significant decrease in the ellipticity of both bands in presence Pb**
signifies the destabilization of quadruplex structures in RNA aptamer by caused by non-
specific binding of metal ions with aptamers which is consistent with the prior reports.*®’
These results are consistent with the recent study which demonstrated excellent

selectivity and specificity of SRNA towards Pb?* 3!

3.3.5 Detection of Pb®* in tap water

Motivated by the above results, we then validated the performance of our sensor for Pb**
detection in tap water. In the presence of a pre-incubated mixture of CTAB, SRNA and
tap water sample (without lead ions), LC exhibited bright optical appearances up to
observation period of 20 min consistent with our above findings (Figure 3.16a).
Interestingly, when a pre-incubated mixture of CTAB, SRNA and tap water (spiked with
Pb** ions) was introduced onto LC system, the optical appearance of LC turned
completely dark within 20 min (Figure 3.16b). These results demonstrate a possible real-

life application of the designed apta-LC sensor for detecting Pb*" in tap water.

Before we conclude, we compare the detection limit of the designed LC sensor with that
obtained in the recently reported oligonucleotide-based approaches for selective detection
of Pb®* associated with a range of techniques such as fluorescence, colorimetric,
electrochemical and photo-electrochemical (Table 3.1).22** These techniques require
expensive/complex instrumentation, incorporation of fluorophores and chemiluminescent
products for signal readout, whereas the designed LC-based method is simple, easy to
handle and offers label-free detection by naked eye with a comparable or low detection
limit (3 nM). Further, there are several conventional techniques such as atomic absorption
and emission spectroscopy and inductively coupled plasma optical emission spectrometry

and so on which offer high sensitivity and selectivity to detect lead ions.*® But these
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techniques are time-consuming, costly, require a skilled technician to handle the bulky
instruments and are difficult for on-site detection. The significant advantages of LCs in
applications involving the detection of heavy metal ions are the following. For example,
the LC-based sensor system does not require labeling of the analyte, does not require the
use of electroanalytical apparatus and the detection can be performed in ambient light,
without the need for electrical power (passive sensors). It also provides a spatial
resolution of micrometers and LC reorder on time scales of minutes or less, allowing
dynamic phenomena to occur at the aqueous interfaces. In addition, the sensing system is
sufficiently simple, and it offers a platform which is very cheap, lightweight, easy to
handle and the primary observation of detection can be performed in locations remote
from the laboratories by using a smartphone which may find a point of care
applications.*

Figure 3.16. Detection of Pb%" in tap-water: Polarized optical images of 5CB-aqueous
interface laden with 200 nM SRNA and 7 uM CTAB in presence of tap water adulterated
with (a) 0 and (b) 150 nM Pb**. Scale bar = 200 pm.

3.4 Conclusions

In this work, we reported a new type of LC-based biosensor for detection of heavy metal
ions in the aqueous phase. This strategy relies on the stabilization of SRNA G-quadruplex
by Pb®*, which generates a distinct orientation of LC. Further, we provided ample
evidence in support of the proposed mechanism associated with the competitive and
strong binding of SRNA and Pb®" using CD and ThT displacement assay. Our
experiments establish that addition of Pb*" leads to (i) the formation of Pb**-SRNA
complexes and (ii) a decrease in density of SRNA on the liquid crystal interface, but
additional studies are required to determine which of these processes underlie the
response of the LCs to the Pb?*. The LC sensor demonstrates high selectivity towards

Pb* over other divalent heavy metal ions and can report up to 3 nM of the target

109



concentration. While the aptamer-based sensors for detection of heavy metals are being
explored in other fields, this is the first report at LC-aqueous interface, to the best of our
knowledge, using aptamer which can effectively tune the orientational transitions of LC
in presence of nanomolar concentrations of metal ion target. It is further noted that
although RNA quadruplexes are thermodynamically more stable structures as compared
to its DNA counterpart, the cost of the sensor could be made potentially cheaper if a DNA
version of the aptamer is selected from a pool of DNA that have Pb*" binding G-rich
sequence.”®**% This aptamer-based LC approach can be potentially extended as a
detection tool for other toxic metal ions and the development of such sensors is currently

ongoing in our laboratory.
3.5 Experimental Section
3.5.1 Materials

The Spinach RNA (SRNA) (sequence 5'-
GGGGAGAAGGACGGGUCCAGUGCGAAACACGCACUGUUGAGUAGAGUGUG
AGCUCCC-3"), 5’6-FAM labeled SRNA and a random RNA sequence
(GGGAGGACGAUGCGGAUCAGCCAUGUUUACGUCACUCCUUGUCAAUCCUC
AUCGGC) were customized and purchased from Integrated DNA Technologies and used
without further purification. Metal salts like lead (I1) acetate trihydrate (Pb?*), mercury
(1) chloride, sulfuric acid and hydrogen peroxide (30% w/v) were obtained from Merck
(Mumbai, India). Nickel (1) chloride hexahydrate, cobalt (I1) acetate tetrahydrate, zinc
(1) acetate dihydrate were obtained from Alfa Aesar. 4-Cyano-4-pentylbiphenyl (5CB
LC), N,N-dimethyl-Noctadecyl-3-aminopropyltrimethoxysilyl  chloride (DMOAP),
cetyltrimethylammonium bromide (CTAB), hydrochloric acid (HCI), sodium hydroxide
(NaOH) and HEPES [4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid] were obtained
from Sigma-Aldrich (St. Louis, MO). Ethanol was purchased from Changshu Hongsheng
Fine Chemical Co., Ltd. Distilled water (DI water) was deionized by a Milli-Q-system
(Millipore, Bedford, MA). Glass microscopic slides of finest Premium grade were
purchased from Fischer Scientific (Pittsburgh, PA). Transmission electron microscopy
gold grids (20 pm thickness, 50 um wide bars, 283 pum grid spacing) were obtained from
Electron Microscopy Sciences (Fort Washington, PA).
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3.5.2 Coating of glass microscope slides with DMOAP

Coating of DMOAP at glass surfaces was performed as per the reported procedures.™*
Briefly, glass slides were cleaned with piranha solution (70:30 (% v/v) H,SO4:H,0,) for
30 min at 100 °C." [Caution: Handle and dispose piranha solution with intensive care.]
The slides were then subsequently washed with the plentiful amount of DI water followed
by a final rinsing with ethanol. The slides were then finally dried under a stream of
gaseous N, followed by heating at 100 °C for 2 to 3 hr. The “piranha-cleaned” glass
slides were then modified with DMOAP.? Briefly; the slides were kept into 0.1% (v/v)
DMOAP solution in DI water for 30 min. The slides were then rinsed with plenty of DI
water to remove the excess DMOAP from the surface and the slides were subsequently

dried under a stream of N, before keeping in an oven at 100°C for 3-4 hr.
3.5.3 Preparation of LC thin films

DMOAP functionalized glass slides were cut into small square-shaped slides of an
approximate dimension of 1.5 X 1.5 cm? Then, the cleaned gold TEM grids were placed
on DMOAP-coated glass slide. The grids were then filled with approximately 0.2 pL of
5CB, and the excess LC was removed with the help of a Hamilton syringe to produce a
uniform interface. DMOAP provides strong homeotropic anchoring to LC at LC-glass
interface giving dark appearance under crossed polarizers.® A drop of aqueous solution
(100 pL) of interest was carefully poured onto the TEM grid using a micropipette,
without disturbing the LC followed by observation under a microscope. The hydrophobic

surface (DMOAP) of glass supports the non-wetting of water drop on the glass.

3.5.4 Preparation of agueous solutions of CTAB, Aptamer, and heavy metal ions

All the aqueous solutions were freshly prepared in 1 mM Hepes buffer (pH 7.4). Stock
solution of CTAB (1 mM) and metal ions (9 uM) were prepared by dissolving solid
material in 1 mM Hepes (pH 7.4) at room temperature (RT). The aptamer was diluted
from its stock solution (2.4 uM) prior to use. A complex of CTAB and aptamer was
prepared by mixing certain volumes from their stock solution for 30 min to yield the
desired final concentration. To detect lead ions, equal volumes of an aqueous solution of
Pb”* and aptamer solution were incubated for one hour followed by addition of the same
volume of CTAB stock solution. The final concentration of aptamer and CTAB remains
200 nM and 7 uM CTAB with varying concentrations of Pb>*. After 30 min of addition of
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CTAB, the sample was introduced onto the LC grid followed by observing under
microscope. A similar procedure was followed for the selectivity experiments with other
heavy metal ions. For detection of lead in tap water, tap water (source: IISER Mohali)
was spiked with a stock solution of Pb?* and further diluted with Hepes buffer (1:4 v/v).
The tap water sample was then incubated with 200 nM SRNA for 1 hour before
contacting subsequently with an aqueous solution of 7 uM CTAB for another 30 min. The
final concentration of Pb** was kept 150 nM in the (aptamer-CTAB-tap water) system.
Every experiment was repeated at least thrice. It should be noted that the aqueous samples
must be free of surfactants, lipids, proteins, and fats as they can affect the ordering of LCs

at aqueous interface.
3.5.5 Optical characterization of LC films

The director profiles and ordering of LC were characterized by placing the LC film under
Zeiss polarizing microscope which is equipped with cross polarizers. The LC film was
observed under an objective power of 50X and all the images were captured using an
AxioCam Camera. For the investigation of the grayscale intensity of the images (Gl),
images were processed using ImageJ free access software (developed by U. S. National
Institutes of Health, Bethesda, Maryland, USA). Briefly, for each time point, GI values of

four squares of a TEM grid were measured, averaged out and errors were calculated.

3.5.6 Fluorescence imaging of aqueous —LC interface

A silicone isolater (4.5 mm in diameter and 1.7 mm in depth) was pressed on a DMOAP
coated glass slide to avoid the leakage of aqueous solution between glass slide and
silicone isolator. A TEM grid was placed in the well formed between glass slide and
silicone isolater. Aqueous samples of FAM-SRNA, FAM-SRNA-CTAB and FAM-
SRNA-CTAB-Pb?* were prepared as described above. The final concentrations of FAM-
SRNA, CTAB and Pb*" were 200 nM, 7 uM and 300 nM, respectively. The LC film
containing 40 pL of the aqueous solution of interest was incubated for 30 min under dark,
followed by washing with the buffer to remove background fluorescence. Then, the LC
film was observed under a fluorescence microscope (Zeiss (Scope. Al) with a
fluorescence filter cube with a 460 nm excitation filter and a 534 nm emission filter.
Images were obtained with an AxioCam camera at constant exposure time (900 ms).

Every experiment was repeated at least thrice.
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3.5.7 Steady-state fluorescence of ThT

All the steady-state fluorescence measurements were performed on a FluoroMax-4
spectrofluorometer from Horiba Jobin Yvon at room temperature. Samples were prepared
by incubation of stock solution of SRNA aptamer and ThT) for 1 hour followed by the
addition of a very small volume of Pb? stock (2 pL). Final concentrations of SRNA, Pb?*
and ThT were 500 nM, 65 nM and 500 nM respectively. For selectivity, the concentration
of all metal ions was kept 65 nM. For recording ThT fluorescence, the samples were
excited at 440 nm and the emission spectra were recorded. The fluorescence intensity of
ThT (three measurements) was collected at the following parameters: Aex = 440 nm,
excitation slit width = 3 nm, emission slit width = 3 nm, integration time = 0.1 seconds.
All the fluorescence data were obtained using the FluorEssence software (provided with
the instrument) which were later re-plotted using Origin Pro version 9 software. For the
titration experiments, a constant volume of stock solution of Pb?* was added into an
equimolar mixture of ThT and aptamer at a concentration of 500 nM and spectra were

collected by the above method. Every experiment was repeated at least thrice.
3.5.8 Calculation of dissociation constant for SRNA and Pb**

The binding constant, K,, was determined using the Benesi-Hildebrand equation:

1 _ 1 4 1
(I - Io) [Ka(lmax - Io)[Mx+]n] Imax - Io

where |, is the emission intensity of the host in the absence of guest, | is the emission
intensity of the host recorded in the presence of an added guest, Imax is the emission
intensity in the presence of added [M*"|max and K, represents the binding/association
constant. On the addition of various amount of Pb®" into the ThT+SRNA solution,
fluorescence intensity decreased. Dissociation Constant was calculated by using Benesi-

Hildebrand equation as 1.57 = 0.03 uM (measured by 3 different sets of calculations).

3.5.9 Circular dichroism measurements

The far-UV CD spectra were recorded on a Chirascan spectrophotometer (Applied
Photophysics, U.K.) in a 1 mm path length quartz cell with a scan range of 220—280 nm
and step size of 1 nm. A CD spectrum of free aptamer was recorded at a concentration of
15 uM aptamer in 1mM HEPES buffer. Mixtures of SRNA aptamer/random aptamer and
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Pb** were prepared 1 hour prior to the spectrum collection by adding their stock solution
to provide the final concentration 15 pM aptamer and 15 uM Pb>*. For each sample, the
spectra were averaged over 5 scans and were corrected against the buffer signal using the
ProData software provided with the CD instrument. The spectra were plotted using

OriginPro 9.0 software.
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Chapter 4

Detection of Creatinine using Surface-Driven Ordering
Transitions of Liquid Crystals
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Determining creatinine levels in the blood is of great importance in the detection of high
risk for renal failure. Here, we report a simple methodology for real-time monitoring of
creatinine employing surface-driven ordering transitions in liquid crystals (LCs) by
changing pH in the presence of creatinine deiminase enzyme. Interestingly, in the
presence of creatinine deiminase, an ordering transition of LC was observed resulting
from enzymatic reactions (giving rise to NH," ions) that can change the local pH values
and lead to the dark optical appearance of the LC. Our approach could detect the
creatinine levels as low as that of the healthy adult (~50 uM) and can be successfully
applied to measure the higher concentration of creatinine in real-time using dynamic
optical response of the LC.

DMOAP coated glass slide

Reproduced with permission from Taylor and Francis (Verma, 1.; Sidiq, S.; Pal, S. K. Lig. Cryst. 2016, 43, 1126-1134.)
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4.1 Introduction

Creatinine is an important indicator of renal health."® Being a waste product (with no
further biological function), it is removed by the kidneys from the circulatory system via
glomerular filtration. The creatinine level in body fluids ranges from 40-150 uM in
healthy adults and 1000 uM or more in patients with renal dysfunction while level less
than 40 uM may indicate decreased muscles mass.* The conventionally employed
methods for the laboratory analysis of creatinine are based on colorimetry using the
Jaffe’s reaction® or the enzymatic colorimetric method® where creatinine is enzymatically
catalyzed in multiple steps to release H,O, that is further quantified. However, most of
these methods have their own limitations. For example, colorimetric methods suffer
interference from numerous metabolites and drugs found in biological samples.” On the
other hand, the enzymatic assays are complex, costly, and time-consuming.® Therefore,
point-of-care creatinine testing for the detection and monitoring of chronic kidney disease
is necessary to have fast and reliable results.” These testing methods are generally based
on potentiometric and amperometric detection systems. Potentiometric sensors are based
on the hydrolysis of creatinine by creatinine iminohydrolase (CIH) or creatinine
deiminase (CD), which generates ammonia that can be detected'®*? while amperometric
biosensors involve the conversion of creatinine to glycine (three-stage conversion)
followed by the detection of hydrogen peroxide liberated via electrode®™. Although these
detection systems have excellent operational stability, short response time, and high
sensitivity, the operating system is complex and limits their widespread use. The majority
of the currently available techniques are not applicable to point-of-care treatment for
chronic kidney disease. This is because the kits available in the market are too large to
carry and therefore, cannot be used as a portable device.’* However, capillary
electrophoresis as a scale down version of laboratory technique has been developed but
currently have the drawback of being unable to detect creatinine levels as low as that of a
healthy adult (50 pM).* Therefore, it is important to develop a new label-free biosensor
which is simple, easy to use, and specific to creatinine with short response time and can

detect creatinine levels as low as 50 pM.

Liquid crystals (LC) have been known to transduce and amplify the chemical and
biological molecular events (at aqueous interfaces) into visual outputs detectable by

naked eye.'®! For instance, past studies have demonstrated that a range of amphiphiles

18,21 16,22,23

such as surfactants and phospholipids at the aqueous-LC interface leads to the
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changes in the optical appearance of the LC, consistent with an ordering transition of the
LC. The changes in the alignment of the LC molecules result from the coupling between
the aliphatic tails of the adsorbed amphiphiles and the mesogens of the LCs.'® It is also
reported that when polymers and surfactants containing pH-sensitive functional groups
are adsorbed at the aqueous-LC interface, the ordering of LCs becomes responsive as a
function of pH.?®*® For example, Kinsinger et al. designed an amphiphilic polymer (by
conjugation of poly(ethylene imine) with N-[3-(dimethylamino)-propyl]acrylamide) and
demonstrated that assembly of this functionalized polymer at aqueous-LC interface
responds reversibly to pH changes in the aqueous phase (although the response time is
very long~ 10h).®® They concluded that ordering of the polymer at the interface is
responsible for the pH-dependent changes in the orientation of the LCs. Yet, it is still
unclear whether the system can be employed to detect small pH changes as they only
observed the different orientational response of the LCs at pH 9.0 and 5.0. Lee et al.
reported the pH-responsive aqueous-LC interface functionalized with pH-responsive
poly(acrylicacid-b-4-cynobiphenyl-4-oxyundecylacrylate) (PAA-b-LCP).* At low pH,
the PAA block collapses showing the planar alignment of 5CB at an aqueous interface.
As pH increases, the PAA chains become increasingly charged and swell, producing a
change to homeotropic anchoring of the LCs.?® Polyacrylic acid block liquid crystalline
polymers were further exploited for detecting proteins through changes in pH at water-LC
interface.®® Using a similar strategy, glucose sensor has been developed by microsized
coating droplets with PAA-b-LCP and covalently immobilizing glucose oxidase (GOX) to
the PAA chains. The functionalized LC droplets change from radial to bipolar
configuration upon coming in contact with glucose.* Bi et al. reported a LC-based sensor
in which when LC is doped with 4’-pentyl-biphenyl-4-carboxylic acid (PBA), it shows
change in its optical appearance from bright to dark when pH of the aqueous phase
changes from 6.9 to 7.0.%* They suggested that orientational transitions of 5CB can be the

result of the protonation and deprotonation of PBA at the aqueous/LC interface.
4.2 Objective

In this work, our goal was to develop a label-free strategy using LCs for sensitive and
selective detection of creatinine in aqueous media. For the same, we aimed to exploit a
chemical reaction involving enzymatic hydrolysis of creatinine by creatinine deiminase to
release ammonia and N-methylhydantoin (Figure 4.1a). It should be noted that we have

selected enzymatic pathway to detect creatinine due to the high specificity of the enzyme-
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based reaction, which also minimizes the possibility of interference from other
biomolecules present in the specimen. The idea is to design a pH-responsive LC-aqueous
interface that can be tuned during enzymatic catalysis of creatinine to result in the
different optical signal of LC. To achieve same, we have used a well-known nematic 5CB
LC and doped with another chemical, 4’-n-Hexylbiphenyl-4-carboxylic acid (HBA) as (a)
its structures is nearly similar to 5CB LC and (b) it consists a pH-sensitive functional
group. HBA has a carboxylic acid that may promote an alignment change when the local

pH of the interface changes.

H H
0 0 /
N

N Creatinine
deiminase
NH ' O + NHj
a H,O
\

Figure 4.1. (a) The chemical reaction of hydrolysis of creatinine catalyzed by creatinine
deiminase. (b) Schematic diagram showing the change in orientation of LCs upon

enzymatic hydrolysis of creatinine.

The deprotonation of HBA molecules due to the release of ammonia (during hydrolysis of
creatinine) can result in the homeotropic ordering of LC. An ordering transition was

observed resulting from enzymatic reactions (giving rise to NH," ions) that can change
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the local pH values (Figure 4.1b). This may promote the self-assembly of amphiphilic
deprotonated HBA molecules at the interface leading to the dark optical appearance of the
LC.

4.3 Results and Discussion
4.3.1 Optical response of LC to enzymatic hydrolysis of creatinine

Our first experiment employed polarizing optical microscopy (POM) to determine the
ordering of nematic 5CB in the presence of 0.3 % HBA at the aqueous-LC interface.
First, we confined doped 5CB into a TEM grid supported on DMOAP coated glass slides
followed by immersion into water. We observed a bright optical appearance of the LC
under crossed polarizers as expected. Second, we immersed the grid containing HBA-
doped 5CB in Millipore water (pH 7.2) in the presence of 1000 uM creatinine (Figure
4.2a). Inspection of Figure 4.2a demonstrates that the optical appearance of the LC
remains invariant (i.e., tilted/planar orientation) in the presence of creatinine.
Interestingly, when we introduced creatinine deiminase of concentration 0.04 mg mL™,
the LC image became dark immediately (Figure 4.2b). In contrast, when pure 5CB was
used in the experiment, the optical appearance of LC was bright (see below).

Figure 4.2. Polarized light microscopy images of the aqueous/doped-LC interface (a) in
an aqueous solution of 1 mM creatinine and (b) after subsequent addition of an aqueous

solution of 0.04 mg mL™ creatinine deiminase. Scale bar = 200 pm.

From these results, it can be concluded that the released ammonium ions from enzymatic
hydrolysis of creatinine have increased the pH of the system which deprotonates the pH-

sensitive functional group of HBA resulting an ordering transition of the LC. It is also
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evident that HBA played an important role in the observed ordering transition. Hydrolysis
of 1000 uM creatinine produces enough amount of ammonia which deprotonates HBA
acid molecules in 5CB, causing them to self-assemble at the LC-water interface, and thus
we observed a change in the interfacial phenomena. In order to verify that the change of
ordering of LCs is not caused by the creatinine deiminase alone, we performed a control
experiment. The HBA doped 5CB grid was immersed in the aqueous solution of 0.04 mg
mL™ enzyme (without creatinine). Figure 4.3a shows that the optical micrographs of the
LC at the aqueous-LC interface which shows bright optical appearance consistent with
the planar orientation of the LCs at the aqueous interface. We observed that the optical
image remains bright in the presence of the enzyme suggesting that the enzyme is unable

to trigger an ordering transition (Figure 4.3b).

Figure 4.3. Effect of creatinine deiminase on the orientation of HBA doped 5CB: (a)
polarized microscopy images of the aqueous—LC interface and (b) 0.04 mg mL™
creatinine deiminase. Scale bar =200 pum.

Figure 4.4. Effect of enzymatic hydrolysis of creatinine on the orientation of pure 5CB.
Polarized microscopy images of (a) the aqueous—LC interface, (b) after addition of 1 mM
creatinine and (c) after subsequent addition of creatinine deiminase. Scale bar = 200 pm.

Second, to further confirm that HBA molecules, when doped in 5CB, are responsible for

the ordering transition (homeotropic), TEM grid was filled with pure 5CB followed by
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immersion in an aqueous solution of creatinine (Figure 4.4a). Figure 4.4b shows that there
was no change in the optical appearance of the LCs after addition of creatinine. When the
enzyme was added subsequently in the system, the hydrolysis of the creatinine was also
not observed to be able to change the orientation of LCs from planar to homeotropic at

the LC-aqueous interface (Figure 4.4c).
4.3.2 Detection limit and selectivity

To probe the detection limit of the creatinine in the system, we investigated the effect of
0.04 mg mL™* enzyme and different concentrations of creatinine on the optical dynamic
response of the LC. Figure 4.5 shows that the optical appearance of the LC changes from
bright to dark and its orientation from planar to homeotropic in 3 minutes when 1000 uM
creatinine gets hydrolyzed in the presence of 0.04 mg mL™ enzyme. The changes in the
optical appearance of the LC from bright to dark occur over 5-25 minutes depending upon
the concentration of the creatinine present in the system. We make two other additional
observations regarding this result. First, we note that LC is able to respond up to a
concentration of 50 M. Second, below 50 pM no ordering transition was observed even
after a period of 1 day. Even after increasing the concentration of the creatinine deiminase
in the system from 0.04 to 0.08 mg mL™, hydrolysis of 40 pM creatinine did not affect
the orientation of the HBA doped LCs and the system remains bright (Figure 4.6). One of
the possible reasons is that the hydrolysis of 40 uM creatinine is not able to produce
enough amount of ammonia which could deprotonate the HBA molecules and show the
ordering. The ammonia being released from the enzymatic hydrolysis of 40 uM creatinine
is neutralized by the bulk solution before it could deprotonate the HBA molecules. These
results suggest that the system is capable of detecting the creatinine up to 50 UM which is
close to the creatinine level in a healthy human. It also suggests that the concentration of

creatinine can be estimated from the kinetic response of the LCs.

The concentration of creatinine present in the specimen can be estimated by measuring
the average grayscale intensity of the optical images with respect to the time taken by
LCs for the optical transition from bright to dark. Figure 4.7a shows the plot of the
grayscale intensity of POM images taken at different interval times after addition of
enzyme in the system containing a different concentration of creatinine. It is evident that
hydrolysis of 1000 uM creatinine produces enough amount of ammonia causing very fast

change (in 3 minutes) in the optical appearance of the LC from bright to dark. Decreasing
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concentration to 500 puM does not have much effect on the response time of LCs

anchoring transition as grayscale intensity dropped to its minimum in 5 minutes.

After introduction of CD

>

Omin 3min S5min 13min 25min 30min

>

Concentration of creatinine (LM)

Figure 4.5. Dynamic response of LCs to the different concentrations of creatinine when

hydrolyzed by the same amount of creatinine deiminase. Scale bar = 200 um.

-

Figure 4.6. Polarized light microscopy images of the response of HBA doped LCs when

40uM creatinine was hydrolyzed by a) 80, b) 40, c) 10, d) 8, and €) 5 pug ml™ creatinine

deiminase. Scale bar = 200 pm.

Further decreasing the concentration to 100 uM and 50 uM increases the response time to
approximately 13 minutes and 25 minutes, respectively. The concentration of less than 50

uM does not show any significant changes in the values of grayscale intensity of the
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micrographs obtained at certain time intervals. Since the response time of LCs is
proportional to the amount of ammonia released from the enzymatic reaction, the results
can be correlated with the creatinine concentration present in the system. Therefore, the
concentration of creatinine can be calculated as a function of time taken by the LC to
change their orientation from planar to homeotropic. Figure 4.7b describes the correlation
between the concentration of creatinine and the time taken by the LC to show an optical
response from bright to dark. We mark two observations from this figure. First, when the
concentration is high as 1 mM (a sign of renal failure), the LC optical change is as fast as
2.5 minutes with a standard deviation of 0.8 minutes. Second, when the concentration lies
between 50 to 100 uM, (which is considered as healthy), the transition becomes
comparatively slower and response time ranges from 13.9 to 24 minutes. So our system is
quite capable of measuring the creatinine concentration in real-time quantitatively and
able to differentiate between healthy human and human seeking medical attention for

renal dysfunction.
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Figure 4.7. (a) Average grayscale intensity of micrographs plotted as a function of the
response time of LC during hydrolysis of different concentration of creatinine by
creatinine deiminase (0.04 mg mL™). (b) Response time vs. concentration graph
describing the time required for complete homeotropic orientation of LCs coupled to

enzymatic hydrolysis of different concentration of creatinine.

After establishing that hydrolysis of creatinine by creatinine deiminase can be monitored
by the optical appearances of the LCs at the aqueous interface, we determined the
detection limit of the enzymatic activity of the creatinine deiminase. A 2.5 ml optical cell
was filled with an aqueous solution of 1mM creatinine, after few minutes calculated

volume from the 1 mg mL™ stock solution of creatinine deiminase was added to make its

128



required final concentration. Figure 4.8 shows the effect of varying concentration of the
creatinine deiminase on the optical appearances of HBA doped LCs when introduced in
the optical cell containing an aqueous solution of 1mM creatinine. When 80 pg mL™
creatinine deiminase was introduced, the transition of LCs from planar to homeotropic
was as fast as 1.5 min (Figure 4.8a). As the concentration of the creatinine deiminase gets
decreased in the system, the response of LCs for the optical transition becomes slow and
changes to dark in 3, 15 and 25 min when 40, 10, 7 pug mL™ creatinine deiminase were
used, respectively. (Figure 4.8b,c,d). On further decreasing the concentration of creatinine
deiminase to 5 pg mL™ did not induce changes in the optical appearance of the LCs and

the LCs remains bright, owing to their planar orientation (Figure 4.8e).

1.5min 3 min 15min 25min

Figure 4.8. Polarized light microscopy images of the kinetic response of HBA doped LCs
when 1000 pM creatinine was hydrolyzed by a) 80, b) 40, c) 10, d) 7, and €) 5 pug mL™
creatinine deiminase. (Time taken by LCs during hydrolysis to change the orientation

from planar to homeotropic is mentioned above the particular image). Scale bar = 200

fm.

Next, we examined the possibility of determining the creatinine in the presence of other
biomolecules such as human hemoglobin, L-ascorbic acid, and glucose. In an optical cell,
first, the mixture of 0.1 uM hemoglobin, 5mM glucose, 0.08 mM L-ascorbic acid and
1mM creatinine was filled in the optical cell containing HBA doped 5CB grid. The initial
bright appearance of the LCs changed to dark in 11 minutes upon the addition of the
enzyme (Figure 4.9a,b). However, the same mixture without creatinine did not change the
orientation of LC from planar to homeotropic when monitored up to 3 hours (Figure
4.9¢,d). This observation suggests a potential application of LC-based design to detect

creatinine in a more complex environment such as real samples.
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Figure 4.9. Polarized microscopy images of the HBA doped LCs in contact with mixture
of 0.1 uM human hemoglobin, 5 mM glucose, 0.08 mM L-ascorbic acid and 0.04 mg ml™
creatinine deiminase in the presence of 1 mM creatinine at (a) 0 min (b) 11 min. Polarized
microscopy images of the HBA doped LCs in contact with a mixture of 0.1 pM human
hemoglobin, 5 mM glucose, 0.08 mM L-ascorbic acid and 0.04 mg ml™ creatinine

deiminase in the presence of 0 mM creatinine at (¢) 0 min and (d) 3 hrs. Scale bar = 200

pm.
4.3.3 Reversible ordering transition of LC biosensor by HCI

To establish that deprotonation of HBA molecules is responsible for the orientational
transitions of LC molecules, we sought to observe the effect of the addition of exogenous
acid on LC anchoring after enzymatic hydrolysis of creatinine at the aqueous-LC
interface. We introduced different concentrations of HCI in the LC filled grid (doped with
HBA) after enzymatic hydrolysis with 1 mM creatinine. Figure 4.10 shows the effect of
the addition of different concentration of exogenous HCI on the orientational ordering
transition of the LC. We observed that the addition of 1 mM HCI leads to the rapid
change in the optical appearance of the LC from dark to bright which remained stable
over several hours (Figure 4.10a, b). This concludes that 1 mM HCI is able to neutralize
the entire ammonium ions produced from the hydrolysis of 1 mM creatinine. When we
introduced 0.5 mM HCI, it was found that an immediate ordering transition of the LC to
the bright optical appearance within 30 s followed by dark image as it was in original
(Figure 4.10c, d). This suggests that 0.5 mM HCI is able to neutralize the effect of only
0.5 mM of the ammonium ions which could protonate the dissociated HBA molecules
leading to the transient planar orientation of the LC molecules followed by original dark
appearance within 25 minutes. When 0.1 mM HCI is added to the system, the sudden
bright appearance turned to dark in 4 minutes suggesting that the effect of HCI was
compensated by the bulk water (Figure 4.10e, f). Further decrease in the concentration of

HCI leads to similar interfacial events as expected (Figure 4.10). Considering the amount
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of HBA molecules at the LC-aqueous interface, the concentration of HCI was reduced to
0.01 nM which does not have any effect to the dissociated HBA molecules at the interface
(Figure 4.10k, I).

1mM HCI 0.5 mM HCI 0.1 mM HCI
30s
4 min
0.01 nM HCI
30s 30s
1 min 60 min

Figure 4.10. Reversible ordering transition on introduction of different concentration of
HCI after enzymatic hydrolysis of 1 mM creatinine: (a,b) 1 mM HCI; (c,d) 0.5 mM HCI;
(e,f) 0.1 mM HCI; (g,h) 0.13 nM HCI; (i,j) 0.04 nM HCI; (k,1) 0.01 nM HCI. Scale bar =
200 pm.

4.4 Conclusions

We have been successful in developing a liquid crystal based label-free biosensor for
creatinine which exploits the optical properties of the LC and shows the change in visual

appearances from bright to dark during enzymatic hydrolysis. As the ammonia is released
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during the hydrolysis, the LC molecules change their orientation from planar to
homeotropic. This transition can be attributed to the deprotonation of HBA molecules at
the LC-aqueous interface. The LC-based creatinine biosensor being able to detect the
creatinine levels as low as that of a healthy adult can be a promising system for
differentiating between the creatinine level of a healthy adult and a person with renal
dysfunction. Along with this, the sensor is simple, specific, fast and can be made easily

available to the patient.
4.5 Experimental Section

4.5.1 Materials

Creatinine deiminase microbial, creatinine, human hemoglobin, a-D-glucose, 4-Cyano-4-
pentylbiphenyl (5CB), N,N-dimethyl-N-octadecyl-3-aminopropyltrimethoxysilyl chloride
(DMOAP), hydrochloric acid, sodium hydroxide were purchased from Sigma-Aldrich (St.
Louis, MO). 4'-n-Hexylbiphenyl-4-carboxylic acid, 99% was purchased from Alfa Aesar
(Heysham, England). L-Ascorbic acid was obtained from HiMedia (Mumbai, India).
Sulfuric acid, chloroform and hydrogen peroxide (30% wi/v) were purchased from Merck
(Mumbai, India). Ethanol was obtained from Jebsen & Jenssen GmbH and Co., Germany
(S D Fine-Chem, Ltd.). Deionization of a distilled water (DI water) source was performed
using a Milli-Q-system (Millipore, Bedford, MA). Fisher’s Finest Premium grade glass
microscopic slides and cover glass were obtained from Fischer Scientific (Pittsburgh,
PA). Gold specimen grids (20 um thickness, 50 um wide bars, 283 pm grid spacing) were

obtained from Electron Microscopy Sciences (Fort Washington, PA).
4.5.2 Treatment of glass microscope slides with DMOAP

Glass microscope slides were cleaned with piranha solution (70:30 (% v/v) H,SO4:H,0,)
for 1 h at 100 °C according to the published procedure.'® They were then rinsed with
water, ethanol and methanol and dried under a stream of gaseous N, followed by heating
to 120 °C overnight. The “piranha-cleaned” glass slides were immersed into 0.1% (v/v)
DMOAP solution in DI water for 30 minutes at room temperature. The slides were then
rinsed with DI water to remove the unreacted DMOAP from the surface. The DMOAP

coated slides were dried under a stream of N, and kept at 100 °C.
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4.5.3 Preparation of optical cells

Cleaned gold TEM specimen grids were placed on DMOAP-coated glass slides. The
grids were filled with approximately 0.2 pL. of 0.3% HBA doped 5CB, and the excess LC
was removed with the help of a syringe to produce a planar interface. Subsequently, the
grid was immersed in 2.5 mL optical cell containing creatinine solution of a known
concentration in DI water at room temperature. After a few minutes, the required aqueous
solution of creatinine deiminase from the stock solution of 1 mg ml™ was introduced into
the optical well to make the final concentration of 0.04 mg ml™* enzyme as and when
needed.

4.5.4 Optical characterization of LC films

The orientational ordering of the LC was determined using a Zeiss polarizing microscope
Scope. Al with cross polars (X50). For the investigation of the grayscale intensity of the
images, images were processed using Image J free access software (developed by U. S.
National Institutes of Health, Bethesda, Maryland, USA).

133



References

1.

© 0o N o g bk~ wDN

el e o e
g A W N B O

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

Levey, A. S; Perrone, R. D; Madias, N. E. Annu. Rev. Med. 1988, 39, 465-490.
Narayanan, S.; Appleton, H. D. Clin. Chem. 1980, 26, 1119-1126.

Stark, J. L. Nursing 1994, 24, 58-61.

Sena, F. S.; Syed, D.; McComb, R. B. Clin. Chem. 1988, 34, 594-595.

Jaffe, M. Z. Z. Physiol. Chem. 1886, 10, 391-400.

Fossati, P.; Prencipe, L.; Berti, G. Clin. Chem. 1983, 29, 1494-1496.

Lo, S. C.; Tsai, K. S. Clin. Chem. 1994, 40, 2326-2327.

Weber, J. A.; van Zanten, A. P. Clin. Chem. 1991, 37, 695-700.

Skurup, A.; Kristensen, T.; Wennecke, G. Clin. Chem. Lab. Med. 2008, 46, 3-8.

. Meyerhoff, M.; Rechnitz, G. A. Anal. Chim. Acta. 1976, 85, 277-285.

. Killard, A. J.; Malcolm, S. R. Trends in Biotechnol. 2000, 28, 433-437.

. Lad, U.; Khokhar, S.; Kale, G. M. Anal. Chem. 2008, 80, 7910-7917.

. Tsuchida, T.; Yoda, K. Clin. Chem. 1983, 29, 51-55.

. Shepherd, M. D. S. Clin. Biochem. Rev. 2011, 32, 109-114.

. Zinellu, A.; Caria, M. A.; Tavera, C.; Sotgia, S.; Chessa, R.; Deiana, L.; Carru, C.

Anal. Biochem. 2005, 342, 186-193.

Brake, J. M.; Daschner, M. K.; Luk, Y-Y.; Abbott, N. L. Science 2003, 302,
2094-2097.

Lin, I. H.; Miller, D. S.; Bertics, P. J.; Murphy, C. J.; de Pablo, J. J.; Abbott, N. L.
Science 2011, 332, 1297-1300.

Brake, J. M.; Abbott, N. L. Langmuir 2002, 18, 6101-6109.

Brake, J. M.; Mezera, A. D.; Abbott, N. L. Langmuir 2003, 19, 6436—6442.
Lockwood, N. A.; de Pablo, J. J.; Abbott, N. L. Langmuir 2005, 21, 6805-6814.
Price, A. D.; Schwartz, D. K. J. Am. Chem. Soc. 2008, 130, 8188—8194.

Brake, J. M.; Daschner, M. K.; Abbott, N. L. Langmuir 2005, 21, 2218-2228.
Lockwood, N. A.; Mohr, J. C.; Ji, L.; Murphy, C. J.; Palecek, S. P.; de Pablo, J. J.;
Abbott, N. L. Adv. Funct. Mater. 2006, 16, 618-824.

Agarwal, A.; Sidiq, S.; Setia, S.; Bukusoglu, E.; de Pablo, J. J.; Pal, S. K.; Abbott
N. L. Small 2013, 9, 2785-2792.

Sivakumar, S.; Wark, K. L.; Gupta, J. K.; Abbott, N. L.; Caruso, F. Adv. Funct.
Mater. 2009, 19, 2260—2265.

Sidiq, S.; Das, D.; Pal, S. K. RSC Adv. 2014, 4, 18889—18893.

134



217.

28.

29.
30.
31.
32.
33.
34.

Gupta, J. K.; Zimmerman, J. S.; de Pablo, J. J.; Caruso, F.; Abbott, N. L.
Langmuir 2009, 25, 9016—9024.

Kinsinger, M. L.; Sun, B.; Abbott, N. L.; Lynn, D. M. Adv. Mater. 2007, 19, 4208-
4212.

Lee, D. Y.; Seo, J. M.; Khan, W. Soft Matter 2010, 6, 1964-1970.

Seo, J. M.; Khan, W.; Park, S. Y. Soft Matter 2012, 8, 198-203.

Khan, M.; Park, S. Y. Anal. Chem. 2014, 86, 1493-1501.

Bi, X.; Hartono, D.; Yang, K. L. Adv. Funct. Mater. 2009, 19, 3760-3765.

Wei, Y.; Jang, C. H. J. Mater. Sci. 2015, 50, 4741-4748.

Hu, Q. Z.; Jang, C. H. J. Mater. Sci. 2012, 47, 969-975.

135



136



Chapter 5

Application of Poly-L-lysine Coated Liquid Crystal

Droplets in Detection of Proteins

Part A

Liquid crystal (LC) droplets
offer an interesting and
sensitive platform for label-
free imaging of adsorbates.
However, the high mobility
of LC droplets makes their
characterization difficult. In
this part, we demonstrate the
utility of poly-L-lysine (PLL) coated LC-droplets for real-time monitoring of protein
adsorption. The study established the role of electrostatic interactions in tuning the
director transition in PLL-LC droplets. The study will strengthen the principles to tailor
LC droplets for recognizing biomolecular interactions.

Poly (L-lysine)
coated LC droplet

Part B

Fibronectin Fibronectin'Ca?* ~ The work reports the first example of
A LC droplet-based system to study the
conformational changes in fibronectin
(FibN), an extracellular matrix (ECM)
protein, at interfaces and provides
considerable insights about mode of
interaction between PLL and FibN.
The work not only strengthens the
understanding  of  protein-polymer
mteractlons but will also help to develop principles to comprehend the fibrillation
process within complex ECM assembly.

I|qU|d crystal micro-
droplets

Part A: Reproduced with permission from Taylor and Francis (Verma, I.; Sidig, S.; Pal, S. K. Lig. Cryst. 2019, 46, 1318-1326)
Part B: Reprinted (Adapted)/Reproduced with permission from (Verma, I.; Pani, I.; Sharma, D.; Maity, S.; Pal, S. K. J. Phys. Chem. C
2019, 123, 13642-13650). Copyright (2019) American Chemical Society.
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5.1. Part A: Protein Triggered Ordering Transitions in Poly-L-lysine Coated Liquid

Crystal Emulsion Droplets

5.1.1 Introduction

The understanding of protein interactions with surfaces (majorly driven by non-covalent
forces) forms a basis to develop the fundamental principles of biological processes inside
the cells and for various biomedical applications. Considering the basic importance of
cooperative electrostatic interactions between proteins and other
biomolecules/membranes in the biological system, it becomes crucial to design stimuli-
responsive interfaces for protein adsorption and principles to identify such interactions
between proteins and the modified surfaces. Currently, there are numerous
physicochemical methods available to detect and study protein interactions such as
affinity chromatography, protein arrays, surface plasmon resonance, quartz crystal micro
balance, FTIR spectroscopy, NMR spectroscopy, and X-ray diffraction but the costly

instrumentation and complexity involved limit their widespread use in daily life.°

Nematic liquid crystal (LC) confined within micrometer-sized droplets in aqueous media
has been considered as the new class of functional materials for the broad range of
sensing and interfacial applications.”?* Due to their tunable optical properties, large
surface areas and rich phases, LC droplets have shown tremendous potential as the optical
biosensors. The detection principle lies within the change in director configurations of the
LCs inside the droplets that can be optically observed with the naked eye, eliminating the
need for expensive and complex detection systems for signal transduction. For instance,
LC microdroplets have been applied as a sensing tool for developing immunoassays™, to
detect glucose’®, bacteria, and viruses', bacterial endotoxin at pgmL™ concentration®
and many more®"'*? Recently, we reported that adsorption of poly-L-lysine (PLL)
(cationic peptide) could induce homeotropic orientational ordering of LCs at LC-aqueous
interface.”® The homeotropic ordering is mainly due to the intermolecular hydrogen
bonding between PLL and the 5CB LC. Also, the LC droplets prepared by alternate
multilayer assembly of PLL and polystyrene sulphonate (PSS) (an anionic
polyelectrolyte) with outermost being PLL showed radial director configuration of the
LC. We had also observed that adsorption of Annexin V (an anionic protein) on (PLL-
PSS) coated LC droplets could trigger the radial to bipolar configuration transition of LC.

The change in the configuration was proposed to be caused due to the perturbation of
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intermolecular interactions between PLL and the LC in the presence of Annexin V. In this
context, PLL functionalized LC-aqueous interfaces can be of great utility as the director
configuration of the LCs can allow the optical investigation of non specific protein
adsorption at those interfaces. Literature survey reveals few reports wherein LC confined
within planar interfaces has been employed for detection of bovine serum albumin (BSA)
at aqueous interfaces.*** Recently, adsorption of BSA on polyelectrolyte modified radial
LC droplets was demonstrated to trigger the director configuration transitions to bipolar
with a detection limit of 10 ug/mL of BSA.** However, the study lacks to offer the real-
time monitoring of protein detection along with the higher observation time (30 min)
limiting their application in biosensing. On the other hand, there is only one report
concerning the detection of concanavalin A (ConA) utilizing LC-aqueous planar interface
where specific binding of ConA with saccharide leads to the reorientation of LCs at the
interface.® Although their LC system is capable of detecting ConA up to 0.01 pg/mL, the
longer response time (~ 2 hours) and the ambiguous optical appearance of LCs at a lower
concentration of ConA imply the difficulty in its quantification and detection at those
interfaces. As far as cathepsin D (CathD) is concerned, no effort has been made yet to
understand the adsorption of CathD on the orientational behaviour of decorated LC

interfaces.
5.1.2 Objective

In this work, first, we aimed to study how PLL coated LC droplets can optically respond
to the various anionic proteins (with varying electronegativities). Second, we sought to
determine how their respective binding with PLL would affect the detection limits for
those proteins at the interfaces. Therefore, we extend this tool to probe, in detail, the
adsorption of different anionic proteins at PLL functionalized LC-aqueous interfaces by
monitoring director configuration transitions in LC droplets. To elucidate the protein-
induced director configuration transition in PLL modified LC droplets, three proteins:
BSA, ConA, and CathD were studied which not only differ significantly in their
respective electronegativities at physiological pH but also, span a broad range of
functions in biological systems.”>! We have chosen these three proteins because of their
inherent anionic nature and hypothesized that possible formation of electrostatic
complexes between PLL and those proteins might lead to an ordering transition of the LC
at aqueous-LC interfaces. In this regard, the physiochemical properties such as isoelectric

point (pl) of these proteins are relevant to predict the net charge on them at a particular
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pH (Table 5.1). For example, at physiological pH (7.4) all proteins are negatively charged
with BSA being most anionic followed by ConA and CathD, respectively, as confirmed
by zeta potential measurements (Table 5.1). Thus, the zeta potential values at pH 7.4 are
in good agreement with their respective pls.”>*** As PLL being positively charged, we,
therefore, sought to understand the fundamental insight into the formation of charged
complexes in the presence of these anionic proteins and how they couple to the ordering
of the LC at those interfaces. In addition, keeping in mind the wide ranges of functions
these proteins serve, it becomes essential to understand the mechanism of protein

adsorption at polymeric surfaces for various biomedical applications.

Table 5.1. Isoelectric points and zeta potential values of BSA, ConA, and CathD.

Protein | Isoelectric Point | Zeta Potential at pH 7.4 (mV)
BSA 4.5 -11.7+£15

ConA 5.0-5.5 -71.7+£0.7

CathD 6.8 -6.8+0.9

Herein we observed that radial director configuration of PLL-LC could be triggered to
bipolar/pre-radial due to the presence of these anionic proteins for up to 100 ng/mL of
concentration and showed varying detection limits for the three studied proteins. The
difference in detection limits and response times of these proteins can be attributed to the
varying response of director configuration transition of LC due to the different
electrostatic binding affinity of a particular protein with PLL which is largely determined
by anionic charges present on that particular protein. Overall, the results would aid in
understanding the interfacial electrostatic binding conduct of proteins at decorated LC-
aqueous interfaces, which would lead to the development of principles for various

interfacial and biosensing applications.
5.1.3. Results and Discussion
5.1.3.1 Addition of protein on PLL-LC emulsion

It should be noted that images in work were captured after several attempts to show the
transition in the same droplets by using the following method. The protein solution was
added very carefully from the side at an angle avoiding the contact of pipette tip with

emulsion so as to not disturb the focused frame hastily (shown in Schematic 5.1 below).
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Aqueous solution of

PLL coated LC biomolecule of interest

droplet emulsion .
P LC emulsion

L = e = s

Clean glass slide

Schematic 5.1. Sequential addition of PLL-LC emulsion on a glass slide followed by

addition of protein solution.

5.1.3.2 Optical imaging of PLL- LC droplets in the presence of BSA, ConA, and
CathD

The adsorption of PLL on 5CB droplets stabilized the droplets in agueous media and all
the poly-dispersed PLL-5CB droplets exhibit radial director configuration under polarized
microscope (POM) (Figure 5.1a) and show a point defect in centre when observed under
bright field (BF), which is a result of homeotropic surface anchoring of 5CB at LC-
aqueous interface.?® It is important to note here that PLL-5CB droplets tend to settle down
on the glass substrate and can have weaker non-covalent interactions with glass.
However, this interaction does not affect the radial director configuration at least within
the observation period (15 min). Next, we sought to observe the orientational response of
PLL-5CB droplets towards the BSA at physiological pH 7.4. Interestingly, when PLL-
5CB droplets were exposed to 1 mg/mL BSA solution (as shown in Figure 5.1b,c), the
initial radial configuration of the droplets starts turning into bipolar/pre-radial in < 2s.
However, it took approximately 5s for all the droplets to change their director
configuration from radial to bipolar/pre-radial. The radial to bipolar/pre-radial
configuration transition can mainly be attributed to the adsorption of BSA at LC droplets
surface due to ionic interactions between PLL and BSA. Figure 5.1d illustrates the
schematic corresponding to the change in the director profile of PLL-coated LC droplets
due to the interaction of BSA with PLL. To elucidate the BSA triggered director
configuration transition in PLL-5CB droplets, fluorescence microscopy was carried out

using FITC labeled BSA. Epifluorescence microscopy image in Figure 5.2a shows the
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presence of strong fluorescence on the surface of the 5CB droplets which confirms the
preferential adsorption of FITC-BSA on PLL-5CB droplet while the corresponding BF
image (Figure 5.2b) confirms the bipolar director configuration in the particular 5CB

droplet.

A
PLL coated

LC-droplet =58 ~ =pPu =BSA

Figure 5.1. (a-c) Polarized optical (top) and corresponding bright-field (bottom)
micrographs of PLL coated LC droplets: (a) suspended in TBS and after (b) 2s and (c) 5s
of subsequent exposure to 1 mg/mL BSA. The LC droplets were in radial states (a) before
but started radial to pre-radial transition in 2 s (b) while becoming bipolar in 5 s after
addition of 1 mg/mL BSA (c). (d) Cartoon representation of director profile in 5CB
droplets upon adsorption of BSA on PLL-5CB droplets.

In our previous report, we showed by PMIRRAS measurements that PLL could induce
the homeotropic ordering in LC due to intermolecular hydrogen bonding between NH3"
of PLL’s side chains and CN of 5CB LC.% In the present case, we decorated LC droplets
with a single layer of PLL which imparts radial director configuration of LC and can be

attributed to the intermolecular interactions between PLL and LC as suggested earlier.?
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Here, we propose that the adsorption of anionic protein likely perturbs the intermolecular
interactions between PLL and LC due to strong ionic interactions between protein and
PLL and thus reorients the LCs in a bipolar/pre-radial configuration (as earlier shown in
Figure 5.1d).

Figure 5.2. Epi-fluorescence (a) and corresponding bright-field (b) images of PLL-coated
LC droplet suspended in 5mM TBS at pH 7.4 after incubation with 1 mg/mL FITC-
labelled BSA. Green fluorescence at the droplet surface confirms the adsorption of BSA
on PLL modified 5CB droplet and bright-field microscopy confirms the bipolar
configuration of PLL-LC droplet in the presence of BSA.

Another plausible and least feasible mechanism could be that protein-PLL interaction can
displace the PLL away from the droplets surface giving rise to the configurational
transition. In that case, the LC droplets will be not stable and will coalesce within a few
hours.” However, BSA adsorbed PLL-LC droplets have been visually found to be stable
against coalescence in aqueous solutions for a minimum of 3 days (Figure 5.3), therefore
minimizing the possibility of this mechanism.

Figure 5.3. Polarized optical (a) and corresponding bright-field (b) micrographs of BSA
modified PLL coated LC droplets after 3 days of the addition of 1 mg/mL BSA. Scale bar
=50 pm.
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Next, we sought to observe the real-time examination of the PLL-5CB droplets while
varying the concentration of BSA (Cgsa), keeping the volume of PLL-5CB droplets and
observation time constant ¢ SpuL and 15 min respectively). We find that upon decreasing
the concentration of BSA, the number of PLL-5CB droplets showing director
configuration transition from radial to bipolar/pre-radial also decreases. For eg., upon
subsequent exposure to Cgsa of 40 pg/mL, all the PLL-5CB droplets changed their
director configuration to bipolar/predial (Figure 5.4a,b) whereas when Cgsa Was reduced
to 20 and 10 pg/mL simultaneously, approximately 65 % and 40% of the PLL-LC
droplets changed to bipolar/pre-radial (Figure 5.4c-f). In the presence of Cgsa ranging
from 10 pg/mL to 1 pg/mL, a mixture of radial/pre-radial/bipolar exists with a decreasing
number of pre-radial/bipolar droplets as the concentration decreases. Moreover, when
PLL-5CB droplets were exposed to 0.5 ug/mL of BSA, PLL-5CB droplets did not show
the director configuration transition from radial to bipolar or pre-radial within 15 min
(Figure 5.4g,h).

40 pg/mL

10 pg/mL

Figure 5.4. (a-h) Polarized optical (top) and corresponding bright-field micrographs
(bottom) of PLL coated LC droplets before (a,c,e,g) and after 15 min of simultaneous
addition of (b) 40 (d) 20 (f) 10 and (h) 0.5 ug/mL BSA on 5 pL PLL-coated LC droplets
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at pH 7.4. The insets within (a-h) illustrate the higher magnification version of the arrow

marked LC droplet, which represents the changed configuration in the particular droplet.

Next, we modulated the sensitivity of PLL-5CB droplets towards BSA by decreasing the
volume of PLL-5CB emulsion from 5 pL to 1 puL (Figure 5.5). It was observed that only
20 pg/mL of BSA is required now to induce the configuration transition in all the PLL-
5CB droplets. Similarly, 10, 1, and 0.1 pg/mL of BSA are able to change approximately
70 %, 55 %, and 35 % of the total LC droplets to pre-radial/bipolar, respectively. For a
concentration of BSA ranging from 0.1 to 0.01 pg/mL of BSA, LC droplets could still
change the director configuration to bipolar/pre-radial but in a very small fraction of the
droplets which are difficult to report. Below 0.01 pg/mL BSA, all the PLL-LC droplets

remain radial.

BEFORE AFTER BEFORE AFTER

Ty

Y=

20 pg/mL

1pg/mL

Figure 5.5. (a-h) Polarized optical (top) and corresponding bright-field (bottom)
micrographs of PLL coated LC droplets before (a,c,e,g) and after 15 min in contact with
(b) 20 (d) 10 (f)1 (h) 5 ng/mL BSA on 1 pL PLL-coated LC droplets at pH 7.4. The insets
within (a-p) illustrate the higher magnified version of the arrow marked LC droplet. Scale
bar =100 pm.
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Therefore, the sensitivity of PLL-5CB droplets for the detection of BSA was found
extremely modulated by reducing the volume of the emulsion. The difference in the
detection limit of BSA upon varying emulsion volume can be contributed to the two
factors here. First is the reduced volume of PLL-LC emulsion which results in the lesser
number of droplets, therefore the amount of BSA required to trigger the configurational
transitions of PLL-5CB droplets is consequently decreased; second is that the reduced
volume of emulsion itself decreases the dilution of BSA thus ultimately raises the
available amount of BSA to adsorb at the PLL-LC droplets.

Motivated by the high sensitivity of director configuration in PLL-5CB droplets towards
adsorption of BSA, next we sought to exploit the PLL-5CB droplets for detection of
ConA. Since ConA possesses overall a negative charge at physiological pH, it can be
predicted that ConA can also interact electrostatically with interfacial cationic PLL to
trigger a configuration transition in LC droplets. As observed from POM and BF images
in Figure 5.6a,b, the introduction of 1 mg/mL ConA on PLL-5CB droplets could also
cause the LC director to move to the bipolar/pre-radial configuration in PLL-5CB
droplets in ~ 5s. However, it takes~20 s after addition of 1mg/mL of Con A to induce the
bipolar/pre-radial configuration in all the droplets which is slightly higher than the

response time required by 1 mg/mL Cgsa ¢55).

Figure 5.6. Polarized optical (top) and corresponding bright-field (bottom) micrographs
images of PLL coated LC droplets in contact with: (a,c) 0, (b)1 mg/ml (d) 0.75 mg/ml
Con A. The LC droplets were in radial states (a,c) before but transitioned to bipolar/pre-
radial state (b,d) after exposure to Con A. The insets within (a-d) illustrate the higher
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magnification version of the arrow marked LC droplet which represents the changed

configuration in the particular droplet.

BEFORE AFTER

Sdal 9. ke ° - mO P o .

Figure 5.7. Polarized optical (a,b) and corresponding bright-field (c,d) micrographs of
PLL coated LC droplets before (a,c) and 15 min after addition of (b,d) 0.05 mg/mL Con
A on 5 pL of PLL-coated LC droplets at pH 7.4. The LC droplets were in radial states
before and remained radial. The insets within (a-d) illustrate the higher magnification

version of the arrow marked LC droplet. Scale bar = 100 pum.

Next, we monitored the director configuration of PLL-5CB droplets upon decreasing the
concentration of ConA while keeping the emulsion volume 5 pL. The number of LC
droplets exhibiting director configuration transition to bipolar/pre-radial droplets also
decreases with a decrease in Ccona and radial, bipolar/pre-radial droplets coexist. For
example, in the presence of 0.75 mg/mL ConA, approximately 70% of the LC droplets
showed the director configuration transition to pre-radial or bipolar while remaining
droplets retained radial (Figure 5.6¢,d). Similarly, 0.5 mg/mL ConA could change the
director configuration in only 45-50 % of the droplets. For the concentration of ConA

ranging from 0.5 mg/mL to 0.1 mg/mL, only a small fraction of droplets (40 to 20 %)
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showed bipolar/pre-radial configuration. Below 0.1 mg/mL of ConA, the PLL-LC
droplets remained radial (Figure 5.7). This configuration transition in the presence of
ConA can also be attributed to the non-specific adsorption of ConA on PLL-LC droplets
via ionic interactions, which is also evident through the fluorescence microscopy study
(Figure 5.8).

Figure 5.8. Epifluorescence (a) and corresponding bright-field (b) images of PLL-coated
5CB droplet suspended in 5mM Tris buffer at pH 7.4 after incubation with 1 mg/mL
FITC-labelled ConA. Green fluorescence at the droplet surface confirms the adsorption of
ConA on PLL modified 5CB droplet.

The detection limit of PLL-LC droplets towards ConA was manipulated by decreasing
volume of PLL-LC emulsion from 5 to 1 uL. It was realized that PLL-5CB droplets now
can respond to lesser Ccona Via director configurational transitions (Figure 5. 9). Now, 0.5
mg/mL of ConA could induce the transition in more than 95 % of the total LC droplets.
Upon varying the concentration of ConA to 0.1 mg/mL and 0.05 mg/mL could trigger the
director configuration transitions to bipolar/pre-radial in approximately 70 and 55 % of
the droplets, respectively. Up to 0.01 mg/mL, there was some small fraction of
bipolar/pre-radial droplets observed; however, it becomes difficult to analyze the droplets
with less transition percentage. Moreover, the PLL-5CB droplets could not respond to 0.5
pg/mL of ConA and remained radial even after 15 minutes of addition. Overall, it is
evident that when emulsion volume is 5 pL, at least 0.500 mg/mL of ConA was necessary
to trigger the radial to the bipolar/pre-radial configuration in approximately 50 % of PLL-
5CB droplets while this value reduces to 0.05 mg/mL when emulsion volume is reduced
to 1 pL. These results show that similar to BSA, the detection limit of ConA can also be
amended by varying the volume of LC emulsion.

Inspired the exceptional ability of PLL modified LC droplets to report the non-specific
binding to anionic proteins BSA and ConA, we sought to explore the possible interfacial

interactions between PLL and CathD via orientational transitions of PLL-5CB droplets.
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Zeta potential measurements reveal that CathD carries overall a negative charge at pH

7.4, yet small as compared to the other two studied proteins.

BEFORE AFTER BEFORE

0.5 mg/mL

0.05 mg/mL

Figure 5.9. (a-h) Polarized optical (top) and corresponding bright-field (bottom)
micrographs of PLL coated LC droplets before (a,c,e,g) and after 15 min of subsequent
addition of b) 0.5 mg/mL d) 0.1 mg/mL f) 0.05 mg/mL h) 0.5 pg/mL Con A on 1 pL
PLL-coated LC droplets at pH 7.4 . The LC droplets were in radial states before but
transitioned to the bipolar state after addition of ConA. The insets within (a-h) illustrate

the higher magnification version of the arrow marked LC droplets. Scale bar = 100 pm.

Figure 5.10 shows the POM and corresponding BF images of PLL-5CB emulsion (5uL)
after exposure to different concentration of CathD. Interestingly, CathD also induces
radial to bipolar/pre-radial configuration transition of PLL-5CB droplets; however it takes
10s to initiate the configuration transition and requires a higher concentration of CathD
(of 1.5 mg/mL) as compared to BSA and ConA to induce the configuration transition in
all droplets. Careful observations reveal that it required at least 1.2 mg/mL of CathD to

induce radial to bipolar/pre-radial transition in 100 % of the droplets. Further decreasing
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the Ccamp to 1 mg/mL and 0.5 mg/mL leads to the change in LC droplets from radial to
bipolar in approximately only 90 % and 50 % of the total LC droplets, respectively. Upon
reducing the volume of LC emulsion to 1 pL, the detection limit of CathD was found to

be reduced to 0.25 mg/mL with a transition in approximately 50 % of the LC droplets.

Figure 5.10. Polarized optical images (a,c) and corresponding bright-field images (b,d) of
PLL-5CB droplets in contact with different concentration of CathD: (a,b) 1.5 and (c,d) 1
mg/mL (LC emulsion = 5 pL). Adsorption of CathD on PLL-LC droplets can also result
in configuration transition of PLL-5CB droplets from radial to bipolar/pre-radial. Scale

bar =50 um.
5.1.3.3 Zeta potential of PLL-LC droplets

Since orientational transitions in PLL-5CB droplets are prominently taking place through
non-specific binding of anionic proteins and interfacial PLL residues, we carried out a
series of experiments to realize the zeta potential measurements of PLL-5CB droplets and
protein adsorbed PLL-5CB droplets (Figure 5.11). It is not surprising that zeta potential
of PLL-5CB droplets is positive (+42 mV), mainly due to the adsorbed cationic lysine
units of PLL at LC-aqueous interface. However, upon adsorption of BSA, ConA or
CathD at PLL-5CB droplets, the zeta potential values become negative and drop to -17.5,
-9.4 and -3.2 mV respectively confirming the adsorption of anionic proteins over cationic
PLL-5CB droplets. We propose that more the anionic charge density offered by protein
elevated the possibility of ionic interactions between protein and cationic PLL residues
and faster and significant the response of LC director configuration in LC droplets. We

corroborated the trend between electronegativities of proteins and response of PLL-LC

151



droplets by using other protein: human hemoglobin (pl is 6.87) possess overall negative
charge at pH 7.4. It was found that 250 pug/mL of hemoglobin could trigger ordering
transition in approximately 40-50 % of the total PLL-LC droplets (volume of emulsion =
1uL) while droplets remain radial when 100 ug/mL hemoglobin was added (Figure 5.12).
The zeta potential of hemoglobin coated PLL-LC droplets was -2.6 mV. The zeta
potential value and the percentage transitions for hemoglobin are in good accordance with
that of CathD.

60
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T T T T
PLL-droplets BSA coated Con A coated Cath D coated

Figure 5.11. Zeta potential values of 5CB-droplets: PLL coated 5CB droplets, 1 mg/mL
BSA, ConA and CathD adsorbed PLL-5CB droplets.

5.1.3.4. Selectivity of PLL-LC droplets for anionic proteins

Having established that PLL modified LC droplets offers a stimuli-responsive interface
that allows the adsorption of anionic proteins via non-specific binding to PLL, we sought
to realize the relevance of ionic interactions between the two binding moieties and thus
proposed that a cationic protein at pH 7.4 would not trigger the director configuration
transition in PLL-5CB. As a proof of concept, we chose lysozyme, a single chain
polypeptide of 129 amino acids, as its isoelectric point is quite high ¢11.3) and therefore
lysozyme possesses a net positive charge at physiological pH.*” Figure 5.13 shows the
POM images of PLL-5CB droplets before and after exposure to 1 mg/mL lysozyme. The
presence of lysozyme did not affect the director configuration of LC droplets suggesting

that cationic PLL restricts the adsorption of cationic lysozyme at PLL-5CB droplets

152



surface and thus retains the radial configuration in PLL-5CB droplets. Although
additional non-covalent interactions between proteins and PLL residues cannot be ruled
out, it is evident that ordering of LC droplets is largely influenced by attractive ionic
interactions between anionic protein and cationic PLL. Therefore, we note that director
configuration of PLL-5CB droplets is triggered selectively by the adsorption of anionic
proteins and hence can be exploited to as an optical, label-free, fast and sensitive platform

for the selective detection of anionic proteins over cationic proteins at physiological pH.

Figure 5.12. Polarized optical microscopy images of PLL droplets at 0 min (a,c) and 10
min (b,d) after addition of 250 pug/mL (b) and 100 pg/mL (d) of aqueous solution of
hemoglobin. Scale bar = 100 um.

From the above results, it is clear that the ordering transition in PLL-LC droplets is not
only predominantly triggered by negatively charged proteins only but also differ
significantly for the three studied proteins in terms of their low detection limits and

response time. Such a difference in sensitivity of LC droplets towards various proteins
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could be attributed to the anionic density possessed by a protein molecule in aqueous
solution as suggested from zeta potential measurements. Table 5.2 summarizes various
sensitivity aspects associated with the PLL-5CB droplets for the detection of BSA, ConA
and CathD.

Figure 5.13. Polarized optical images of PLL coated LC droplets: (a) suspended in tris
buffer and (b) in contact with 1 mg/mL lysozyme. PLL-LC droplets retained the radial
configuration after addition of lysozyme suggesting the absence of adsorption of the

cationic protein at the cationic PLL-LC droplet’s surface. Scale bar = 50 pm.

Table 5.2. Sensitivity of PLL-5CB droplets towards BSA, ConA and CathD

Detection LimitP
Protein Zeta Response | Response
Potential2 SuL lplL timec (s) | timed (s)
emulsion | emulsion
BSA |-175+05 10 0.1 2 5
ConA | -94+04 500 50 5 20
CathD | -3.2+0.2 500 250 10 30

2 of protein adsorbed PLL-LC droplets (mV); ° of protein for > 35 % transition (ug/mL); ¢ of LC to initiate
the transition (radial to bipolar/pre-radial) ; ¢ of LC for 100% transition (radial to pre-radial/bipolar) (1
mg/mL protein)

5.1.4 Conclusions

We have demonstrated the implication of director configurations of LC droplets to report
the real-time adsorption of anionic proteins such as BSA in few seconds, primarily driven
by electrostatic interactions between protein and cationic PLL, as confirmed by POM,
bright field and fluorescence microscopy. Additionally, it is demonstrated that director
configuration in PLL-LC droplets can respond to ConA, a lectin protein, and CathD, a
tumor marker, within 1 min of response time and these proteins can be quantified with
detection limits of 0.1, 50 and 250 pug/mL for BSA, ConA, and CathD respectively.
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Overall, we found that sensitivity and response time of PLL-5CB droplets differ for the
three proteins and follow the similar order as the anionic charge density possessed by
these proteins after adsorption on PLL-LC droplets as confirmed by zeta potential
measurements. Director configuration transitions in PLL-5CB droplets are found more
fast and responsive to BSA, the most anionic protein among three, followed by ConA and
CathD (slightly lesser anionic than BSA). Overall, PLL-5CB droplets provide a
responsive LC interface that enables a fast, label-free, quantitative platform to optically
and selectively detect real-time adsorption of negatively charged proteins and hence can

find promising application in biosensing and interfacial applications.
5.1.5 Experimental section
5.1.5.1 Materials

Bovine serum albumin (BSA), concanavalin A from Canavalia ensiformis (Jack bean)
(Con A), cathepsin D from bovine spleen (CathD), lysozyme from chicken egg white
(Lyz), human haemoglobin, fluorescein conjugated BSA (FITC-BSA), FITC labelled
ConA (FITC-ConA), poly-L-lysine (PLL) solution 0.1 % (w/v) in H,O, 4-Cyano-4-
pentylbiphenyl (5CB LC) and 5mM tris buffered saline (TBS) (pH 7.4) was obtained
from Sigma-Aldrich (St. Louis,MO). Deionization of a distilled water (DI water) source
was performed using a Milli-Q-system (Millipore, bedford, MA). Fisher’s Finest
Premium grade glass microscopic slides were obtained from Fischer Scientific
(Pittsburgh, PA).

5.1.5.2 Preparation of PLL modified LC droplets

Sumyra et al. reported the preparation of PLL modified LC droplets using polyelectrolyte
multilayer technique.?® Here, we have prepared the LC droplets with single coating layer
of PLL using the below described method. 10 puL of 5CB in 1mL DI water was vortexed
for 10 s and sonicated for 10 min. The resultant white emulsion was centrifuged at 5000
rpm for 5 min and the supernatant was replaced by 1 mg/mL PLL aqueous solution. The
PLL-5CB droplets were kept for 15 min at room temperature for the adsorption of PLL
on the 5CB droplets. The PLL-5CB droplets were then washed with DI water through
centrifugation in order to remove the excess PLL and then the PLL-5CB droplets were re-
suspended in TBS for further experiments. Size of the polydispersed PLL coated 5CB
droplets ranges from 5 um to 40 um as observed by polarized optical microscopy (POM).
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To estimate the number of droplets in the emulsion, 1 pL of the PLL-5CB droplet
solution was placed on a clean glass slide and multiple POM images were captured to
illustrate the large sample area. From the POM images, the total number of droplets was
counted to be ~ 2 x 10% droplets per uL. Aqueous solutions of BSA, ConA, CathD and
Lyz were prepared in TBS. In a typical experiment, a certain volume of emulsion was
placed on the glass slide and 5 pl of the protein solution of required concentration was
added on that. The droplets were imaged after certain time under polarized optical and
bright field microscope.

5.1.5.3 Optical characterization of PLL-LC droplets

The orientational ordering of the LC was determined using a Zeiss polarizing microscope
Scope. Al with cross polars (X200 and X1000). All the images were captured using a
AxioCam Camera. It should be noted that images in this work were captured after several
attempts to show the transition in same droplets by using the following method. The
protein solution was added very carefully from the side at an angle avoiding the contact
of pipette tip with emulsion so as to not disturb the focused frame hastily. Also the
subsequent protein/water addition on focused PLL-LC droplets causes more disturbances
on the upper droplets as compared to the bottom droplets. The small droplets (1-5 pm)
(even if at the bottom) were found more dislocated; however the larger droplets were
found very stable and more or less at the same location after addition of proteins.

Figure 5.14. POM images of PLL-LC droplets before (A) and just after (B) abrupt
addition of 2 mg/mL BSA. Few droplets are on the same position (indicated by circles),
however, majority of the droplets are moved to a different location and also out of the

focused frame. The droplets cannot be considered adsorbed on surfaces.
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If the protein solution is added abruptly (Figure 5.14), the majority of LC droplets
abruptly moves out of the frame and settles at a different place. Therefore, adsorption of

LC droplets on the glass surface can be ruled out.

Figure 5.15. POM images of PLL-LC droplets after incubating with 2 mg/mL BSA: (A)
mobile droplets in the upper plane and (B) less mobile droplets in bottom plane showing

bipolar configuration. Insets show the magnified yellow marked area.

Next, we demonstrate that protein adsorbed PLL-LC droplets show bipolar configuration
regardless of their location (diffusing or on the surface) on the glass slide. PLL-LC
droplets (50 uL) were incubated with 2 mg/mL BSA (50 pL) for 15 min in a small tube.
Upon transferring on a glass slide, again, the droplets were found in different planes
(Figure 5.15). However, the configuration was bipolar in the diffusing droplets as well as
in droplets on the bottom plane also confirming that the radial to bipolar transition is due

to the adsorption of protein on PLL-LC droplets and not due to glass surface.
5.1.5.4 Epifluorescence imaging of PLL-LC droplets

Fluorescence imaging was performed with a Zeiss (Scope. Al) fluorescence microscope.
The samples were viewed using a fluorescence filter cube with a 460 nm excitation filter

and a 534 nm emission filter. Images were obtained with an AxioCam camera.
5.1.5.5 Zeta potential measurements

Zeta potential measurements of the PLL coated 5CB droplets were carried out using
Zetasizer Nano ZS90 (Malvern Instruments Inc.) at room temperature under a cell-driven
voltage of 30 V, in which 40 pL of PLL-5CB droplets were diluted with TBS to make
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total 800 puL solution before adding into the zeta potential cuvets and the average of 5
scans was taken for each measurement. For experiments with proteins, 10 uL of 1 mg/mL

BSA or Con A or CathD was added to the 40 puL droplets solution and incubated for 15
minutes before diluting to 800 uL with TBS.
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5.2 Part B: Label-free Imaging of Fibronectin Adsorption at Poly-L-lysine
Decorated Liquid Crystal Droplets

5.2.1 Introduction

Liquid crystal (LC) droplets suspended in aqueous media belong to a new class of facile
functional systems that can perform a broad array of biosensing and interfacial
applications.”?**® The detection principle behind LC-based sensors is based on the
change in the director configurations of the LC molecules inside the droplets that can be
easily perturbed by biomolecular events occurring at the interface. The anisotropic optical
property of nematic LC allows the label-free characterization of distinct director
configurations of the LC by the naked eye under polarized light. Thus, LC-based sensing
technology eradicates the requirement of costly and complicated detection systems for
signal transduction. Previously, LC micro-droplets have been applied as an optical
sensing tool for developing immunoassays®?, detecting bacterial endotoxin at pg/mL
concentration™®, bacteria and viruses', cells?®%, DNA%, proteins'®*® and many more.
Recently, we found that the adsorption of poly-L-lysine (PLL, cationic peptide) can
trigger a homeotropic ordering of LCs imparting the dark optical appearances of the LC
under the crossed polars at LC-aqueous interface.”® Moreover, the PLL decorated LC
droplets demonstrated potential applications in the detection of cells®®, DNA?* and
anionic proteins® due to a transition in LC director triggered by interfacial intermolecular
interactions between PLL and the anionic biomolecules. In this study, we extend this tool
to understand the adsorption and conformational behavior of a protein, fibronectin
(FibN), at PLL coated LC droplets to provide detailed insights about the intermolecular
interactions that influence the ordering of the LC occurring at the interface of the LC
droplets.

FibN is a multifunctional glycoprotein that exists ubiquitously as two isoforms in body
fluids as well as in the extracellular matrix (ECM) and connective tissues.*® In blood
plasma, it circulates as a soluble and compact form in significant quantities (250-400
pg/ml). However, FibN plasma concentration deviates greatly from the normal range in
various diseased states such as disseminated intravascular coagulation (DIC), primary
biliary cirrhosis, pancreatic carcinoma and cryofibrinogenaemia.*® On the other hand, it is
assembled in an insoluble bioactive fibrillar state in the ECM where it is known to
mediate an assortment of biological functions including tissue repair, cellular migration

during wound healing, inflammation, embryogenesis, and tumorigenesis.*** Since
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several pathological conditions involve altered conformational states of FibN, it becomes
very important to understand its adsorption properties at chemically modified surfaces
and interfaces in light of structural changes and aggregation of the protein.**** Fibrillar
assembly formation of FibN can be induced via several cell-free routes using force
mediated assembly by imparting mechanical tension or shear forces, chemical agents
(denaturants, oxidizing agents, reducing agents, cationic or anionic compounds), peptidic

FibN fragments, and surface-initiated assembly.**°

5.2.2 Objective

Owing to the enormous biological importance of FibN, understanding of conformations
of FibN molecules upon adsorption on polymeric surfaces is of great interest. Therefore,
the aim of the study reported in this work is mainly two-fold. First, we visually sought to
investigate the ability of PLL-LC droplets for label-free imaging of FibN in aqueous
phase by exploiting the change in the director configurations of the LC. Second, we
sought to provide additional insight into the structural changes and morphology of FibN
molecules in contact with PLL coated aqueous-LC interfaces using circular dichroism,

fluorescence studies and atomic force microscopy.

5.2.3 Results and Discussion

5.2.3.1 Adsorption of FibN at multilayer modified PLL-LC droplets

Our initial experiments were carried out to determine the orientational behaviour of PLL
coated LC droplets in the vicinity of FibN. As shown in polarized optical micrographs
(POM) and bright-field (BF) images (Figure 5.16a,b), PLL-LC droplets when dispersed in
water (pH 7.0-7.2), exhibited radial director configuration of LC. Radial configuration of
LC droplets is defined by the homeotropic orientation of LC molecules at the LC-aqueous
interface giving rise to a topological defect at the center (Figure 5.16b). PLL chains can
adsorb at LC-aqueous interface mainly through H-bonding between lysine residues and
the C=N group of 5CB (4-Cyano-4'-pentylbiphenyl) LC leading to homeotropic/radial
orientation of LC inside droplets as reported earlier.”>?*® Interestingly, within 1 min of
exposure to the aqueous solution of FibN (1 mg/mL), the central topological defect in
5CB droplets moved towards the poles of the droplets to adopt a so-called bipolar or pre-
radial LC director configuration (Figure 5.16¢,d). All the LC droplets changed to
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bipolar/pre-radial in 10 min as can be seen under POM and BF with the disappearance of

defect from the center (Figure 5.16).

PLL-5CB droplets After addition of FibN

Figure 5.16. Polarized optical micrographs (a,c) and corresponding bright-field images
(b,d) of PLL-LC droplets before (a,b) and after (c,d) 10 min of subsequent addition of 1
mg/mL FibN solution, respectively. Inset at the right of the image represents the
magnified version of LC droplet indicated by yellow arrows. PLL-LC droplets adopt
radial configuration (evident with a central topological defect in the bright-field) which
changes to bipolar/pre-radial configuration (disappearance of the central defect) in the

presence of FibN. Scale bar =50 um.

This observation is consistent with our recent report in which we showed that adsorption
of anionic proteins (selectively over cationic proteins) could trigger an ordering transition
in PLL-LC droplets.®® At pH 7.0-7.2 (pH of aqueous media used), FibN acquires an
overall anionic charge and hence, the radial-to-bipolar configuration transition of the LC
droplets may be due to the non-specific adsorption of FibN molecules at PLL-LC-

aqueous interface. This is driven by attractive ionic interactions between interfacial
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cationic PLL residues and FibN. In order to confirm adsorption of FibN molecules, zeta
potential measurements were carried out on PLL-LC droplets (Figure 5.17). The positive
zeta potential value of PLL-LC droplets, which is approximately + 40 mV, signifies the
coating of cationic PLL residues on the surface of LC droplets.?****® On the other hand,
it drops to negative (— 12 mV) in case of FibN coated PLL-LC droplets which

significantly confirms the adsorption of anionic FibN molecules at PLL-LC droplets.
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Figure 5.17. Zeta potential measurements of multilayered PLL-LC droplets before and
after incubation with 1 mg/mL FibN. A drop in magnitude of zeta potential of LC
droplets suggests the adsorption of anionic FibN at LC-aqueous interface.

As a deviation from the normal concentration of FibN in blood serum is associated with
several diseases®, our next goal was to investigate the sensitivity of the LC droplets
towards various concentrations of FibN. Figure 5.18 illustrates POM images of PLL 5CB
droplets after subsequent exposure to different concentrations of FibN solutions keeping
the exposure time (10 min) and LC emulsion volume (1 puL) constant. It was found that up
to 300 pg/mL of FibN led to configuration transition in all the LC droplets. However, a
subsequent decrease in concentration led to the co-existence of bipolar, pre-radial and
radial droplets as observed at concentrations of 50 and 10 pg/mL FibN. In addition, LC
droplets did not show significant changes at a concentration of FibN below 10 pg/mL.
Although a concentration of FibN can be qualitatively depicted using PLL-LC droplets, it
is still not sufficient to differentiate between several disorders associated with higher or

lower ranges of FibN in blood plasma. In this context, we sought to modulate the optical
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response of LC droplets and the detection range of FibN by optimizing LC interfacial

features through tailoring the LC core.

Figure 5.18. Polarized optical micrographs of PLL-LC droplets after 10 min of exposure
to a) 300, b) 50 and c) 10 pg/mL FibN solution. Scale bar = 50 um.

Previously, Abbott et al. demonstrated that polyelectrolyte multilayer films formed at
interfaces of LC droplets can modulate the interaction of analytes with LC and
significantly tune the sensing behaviour of LCs.” Inspired by their finding, the surface of
LC droplets was modified with polyelectrolyte multilayer films (PEM) composed of
alternate layers of polystyrene sulphonate (PSS), a negatively charged polymer, and PLL
on LC droplets with the outermost layer being PLL as previously described.?® By this
method, two different LC cores were prepared with one and two PSS/PLL bilayers with
PLL layer as the outermost layer. Here onwards, PLL-LC (single PLL layer), (PLL-PSS)
LC (one bilayer of PLL and PSS) and (PLL-PSS), LC (two bilayers of PLL and PSS)
droplets will be indicated by 0-PSS, 1-PSS and 2-PSS LC droplets respectively, where the
prefix number denotes the total number of alternate PSS layers on the droplets. Figure
5.19a and 5.19c illustrate 1-PSS and 2-PSS LC droplets, respectively, clearly adopting
radial configuration inside the droplets consistent with our previous report.?®
Interestingly, upon addition of 1 mg/mL FibN, the director configuration of LC inside 1-
PSS and 2-PSS LC droplets consequently changed to bipolar/pre-radial from radial which
suggested the applicability of the designed LC cores to detect FibN (Figure 5.19b and
5.19d). The change in configuration transition of LC in these cores can be attributed to
the adsorption of FibN molecules on PEM modified LC droplets. The observations are
consistent with the results from zeta potential measurements (Figure 5.17). However,
upon lowering the concentration of FibN, the number of LC droplets showing the
transition from radial to bipolar/pre-radial differs significantly for a particular
concentration of FibN (Figure 5.20).
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Figure 5.19. Polarized optical micrographs (top) and corresponding bright-field (bottom)
micrographs of (a,b) 1-PSS LC droplets and (c,d) 2-PSS LC droplets: (a,c) before and
(b,d) after subsequent addition of 1 mg/mL FibN solution. Scale bar = 50 pm.
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Figure 5.20. Polarized optical micrographs of (1-PSS) and (2-PSS) PLL coated LC
droplets after addition of different concentration of FibN solution. Numbers indicated top
and below the particular image indicate the concentration of FibN (ug/mL) on (1-PSS)
and (2-PSS) PLL coated LC droplets, respectively. Scale bar = 50 um.
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To elaborate clearly, we plotted the percentage of the LC droplets that changed from
radial to bipolar/pre-radial as a function of FibN concentrations in case of the three types
of PEM decorated LC cores studied (Figure 5.21a). We note two key observations from
here: (a) the number of PLL-coated 5CB droplets (irrespective of the LC core used)
exhibiting director configuration change from radial to bipolar/pre-radial decreases as the
concentration of FibN decreases, and (b) concentration of FibN required to trigger the
configuration transition in PLL-coated LC droplets depends considerably on the number
of PEM of PSS/PLL on LC droplets. When the number of PSS/PLL layer on LC droplets
is increased sequentially from 0 to 2, the percent transition curve shifts towards right
suggesting the reduced sensitivity of PLL-coated 5CB droplets towards FibN prominently
due to the intrusion of PSS layers in-between 5CB and FibN. For simplicity, we have
compared the concentrations of FibN considering the particular fraction of LC droplets
(30-40% and 90-100%) showing a transition in director configuration (Figure 5.21b). For
example, the concentration of FibN required to achieve 90-100 percent transition in LC
droplets is increased from 300 pug/mL (0-PSS) to 500 pg/mL (1-PSS) and then to 1000
pug/mL (2-PSS) depending upon the number of PSS/PLL layers on the LC core. Similarly,
the concentration of FibN required to trigger the configuration transition in droplets in
approximately 30-40% of the droplets is also increased as PSS layers go from 0 to 2
(from 10 pg/mL (0-PSS) to 100 ug/mL (1-PSS) and then to 300 ug/mL (2-PSS).
Therefore, by controlling the number of PSS layers embedded in PEM on PLL-5CB
droplets, it is possible to modulate the lower concentration limit of FibN and generate
distinct sensing behaviour of LC towards an agueous solution of FibN. Table 5.3
illustrates the likely association between percent transitions of PLL-5CB droplets in the
presence of physiologically important concentration levels of FibN associated with
various physical disorders. Although the polymer-coated LC droplet-based design
operates on non-specific adsorption of proteins, the strategy provides new insightful
approaches for the development of LC-based biosensors with improved interfacial

features for desired sensitivity towards analyte.

Recently, we found that ordering transitions in PLL-LC droplets caused by anionic
proteins are principally influenced by anionic charge density possessed by protein
molecules.®® Here, we went beyond that and seek to experimentally demonstrate the
plausible interacting sites in biomolecules responsible for this director configuration

transition in LC droplets. Structurally, a FibN molecule encloses several divalent-cation
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binding sites (carboxylate ions) and hence shows strong affinity towards Ca®* as
compared to monovalent ions such as Na*".*"*® To explore the possible binding sites in
FibN to PLL, we performed a series of experiments where PLL-5CB droplets were
exposed to the same concentration of FibN solution (0.5 mg/mL) pre-incubated with

different concentration of Ca* ions (Figure 5.22).
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Figure 5.21. (a) Percentage transition of PLL-modified radial LC droplets to pre-
radial/bipolar as a function of FibN concentration and PEM modified LC droplets. (b)
Plot showing FibN concentration versus layers of PSS with approximately 30-40% and

90-100% transition in LC droplets from radial to bipolar/pre-radial.

Table 5.3. Estimated response of PLL-LC droplets to physiologically important
concentration of FibN*°

Estimated percent transition in
Concentration PLL-LC droplets (%)
Physical Disorder | of Fibronectin Number of PSS layers
(ng/mL)
0 1 2
Breastand colon 500-800 100 | 90-100 60-100
cancer
Primary biliary 500-700 100 90-100 >60
cirrhosis
Healthy 250-400 >90 >75 < 40
ODIC 100 65 42 0
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We chose 0.5 mg/mL FibN because it is sufficient to trigger the configuration transition
in all PLL-5CB droplets within the observation time of 10 min. It was observed that at
100 1M of Ca** or above, PLL-5CB droplets do not change their director configuration
after exposure to FibN solutions and hence exhibit radial configuration; however, below
that concentration, a mixture of radial or bipolar droplets (10 uM) or only bipolar (1 uM)
droplets were observed. Interestingly, when the experiments were repeated with a similar
concentration range of monovalent cation such as Na*, we observed that PLL-LC droplets
demonstrate only bipolar configuration. These results indicate that in the presence of
sufficient amount of Ca®*, FibN may not be able to trigger the configuration transition
within PLL-5CB droplets primarily due to the unavailability of the anionic sites in FibN
molecules to bind with PLL. Therefore, it can be inferred that the configuration transition
in PLL-LC droplets is mainly associated with the electrostatic interactions between PLL

and FibN, which can be effectively curtailed by Ca**.

10 uM

Ca?t

Na*

Figure 5.22. Polarized optical microscopy images of PLL-LC droplets followed by an
introduction of a pre-incubated mixture of 0.5 mg/mL FibN and Ca?*/Na’. Values above
images indicate the concentration of ions (depicted on the left). Scale bar = 50 pm.

To visualize the adsorption of FibN on PLL-LC droplets, we performed ThT binding
assay as it provides a convenient means to substantiate the aggregation of proteins, due to

its selectivity for amyloid fibrils and B-sheet rich structures. ThT exhibits a low
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fluorescence emission in the vicinity of native proteins encompassing different secondary
structure; however, upon binding with B-sheet rich motifs, it displays an intense
fluorescence emission at 482 nm.*® Figure 5.23a shows the epifluorescence and
corresponding bright-field images of ThT loaded PLL-5CB droplets when coated with
different proteins. Bright-field images confirmed the radial and bipolar director
configuration of PLL-5CB droplets (control) and proteins coated PLL-5CB droplets,
respectively. Interestingly, it was found that ThT fluorescence was low on PLL-5CB
droplets; whereas, strong fluorescence was seen at the surface of FibN coated PLL-LC
droplets. These results suggest the presence of B-sheet rich FibN molecules on the PLL-
LC droplets. As a control; we repeated the experiment with an a-helix rich protein, i.e.,
BSA, and all B-sheet rich protein, i.e., ConA. As reported by us recently, BSA and ConA
can effectively adsorb on PLL-LC droplets and trigger an ordering transition in those
droplets.®® On BSA-coated LC droplets, ThT fluorescence is not strongly observed at the
LC droplets suggesting the absence of aggregating structures at the droplets. In the case
of ConA, a strong ThT fluorescence was seen on the droplets, which could be due to the

presence of B-sheet rich structures of ConA.
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Figure 5.23. (a) Bright-field (top) and corresponding epifluorescence images (bottom) of
ThT fluorescence after incubation of PLL-5CB droplets with no protein, FibN and BSA.
Plot (b) represents the fluorescence intensity of ThT on PLL-5CB droplets emulsion
incubated with BSA and FibN. Scale bar is 10 um.

We further quantitatively analyzed the fluorescence of ThT when PLL-LC droplets were
incubated with FibN and BSA. Enhancement of fluorescence intensity of ThT was
observed in the presence of FibN coated PLL-LC droplets as compared to that of BSA
coated PLL-LC droplets. The difference in ThT intensity of the two proteins (BSA and
FibN) in contact with PLL-LC droplets can be explained by the difference in the -sheet
content of native BSA and FibN proteins as latter is rich in B-sheet motifs (Figure 5.23Db).
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As a control, we compared the ThT fluorescence of native FibN as well as in the presence
of PLL. As expected, we observed comparable fluorescence intensities for ThT and FibN-

ThT in solution.

Fluorescence Intensity (cps)

ThT ThT-FibN ThT-FibN-PLL

Figure 5.24. Fluorescence intensity of ThT, ThT-FibN and ThT-FibN-PLL in solution.
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Figure 5.25. Atomic force microscopy images (top) and their respective height profiles
(bottom) showing the topography of FibN in the presence of (a) PLL coated LC droplets
and (b) LC droplets. Scale bar in (a) and (b) = 640 nm.
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In addition, it was found that the fluorescence intensity of FibN-PLL-ThT was ~ 2.5 times
higher than that of only FibN-ThT (Figure 5.24). This subtle increment in ThT intensity
of FibN-PLL could be due to easily accessible binding sites in the presence of PLL which
were earlier buried inside the hydrophobic core of native FibN. Since, ThT intensity
enhancement during amyloid formation is thousands of times,® we can rule out the
formation of amyloid fibrils of FibN in the presence of PLL. To further elucidate that
PLL-FibN interactions do not lead to the formation of amyloid fibrils, we performed
AFM imaging of FibN-PLL-LC droplets. The compact morphology of FibN observed in
the presence of LC droplets transformed into filamentous structures in the presence of
PLL-LC droplets (Figure 5.25). These thin filaments were often crossing each other. As

reported earlier,”>*

the heights observed here (in absence and presence of PLL) are
typical for FibN molecules in closed (4-5 nm) and open/extended conformations (less

than 3 nm), respectively.
5.2.3.2 Structural changes in FibN induced by PLL

Cell response to FibN not only depends on the surface density of protein but on its
conformational state as well. In order to validate further that FibN adopts an extended
conformation in contact with PLL-LC droplets, we monitored the conformational changes
of FibN in the presence of PLL (in solution) and PLL coated LC droplets. It is well
known that the secondary structure of FibN is mainly constituted of compact B-sheets
which are effectively stabilized in the presence of Ca** or Na* ions.*’*® Figure 5.26 shows
the CD spectra of FibN in the absence and in the presence of monovalent and divalent
cations. The CD spectra of pure FibN shows a negative band at 212 nm, an indicative of
compact B conformation in aqueous solution, and a positive band at 228 nm which is in
excellent agreement with the earlier report.>* The strong positive band in the 228 nm
region of the CD spectrum of FibN is an unusual and distinct feature that it shares with
only a small number of other proteins and is generally assigned to the contribution from
most commonly occurring peptide side-chain conformations of L-tyrosine, L-
phenylalanine, L-tryptophan and disulfide-bonded domains of the protein. CD spectra of
FibN in the presence of Ca** and Na' ions show the intact peaks at 212 and 228 nm

suggesting that the ions do not alter the secondary structure of the protein significantly.

Interestingly, we found that in either case (i.e., presence of bulk PLL or with PLL coated
LC droplets), CD spectra of FibN shows a plummet in the magnitude of ellipticity of the
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negative band at 212 nm and complete elimination of positive band at 228 nm (Figure
5.27a). This positive peak at 228 nm is considered to be associated with the disulphide
bonds at the C terminus of each subunit of the dimeric protein which stabilize the
secondary structure of the protein.> In addition, FibN consists of a number of intrachain
disulphide bonds that may also contribute to this positive peak in CD.* The change in
positive band implies that in presence of PLL, FibN suffers conformational changes
around its disulphide bonds which may induce a transformation of the native and compact
state of FibN into a more extended/elongated structure as proposed by Hormann et al.*
The origin of the positive band at 228 nm can also be attributed to the aromatic residues
of FibN such as L-tyrosine, L-phenylalanine and L-tryptophan.>* Thus, these residues

might also be participating during interaction of FibN with PLL.

-2 T T T T T
200 210 220 230 240 250 260

Wavelength (nm)

Figure 5.26. Ellipticity graph of 1 mg/mL FibN in aqueous solution without and with

ions.

In order to confirm that the conformational changes in FibN are indeed induced by PLL,
we sought to restrict interactions between PLL and FibN by Ca** and compare CD spectra
of ion bound and unbound FibN in the presence of PLL. As expected, FibN pre-loaded
with Ca?* retains its compact B-conformation in the presence of PLL and does not show
attenuation in both the peaks (Figure 5.27b). However, FibN pre-incubated with Na',
demonstrate the significant conformational changes in the presence of PLL. These
findings strongly complement our initial results that FibN suffers secondary structural
changes in the presence of PLL that can effectively be inhibited by Ca®. It is reported

earlier that Ca®* binds significantly to gelatin binding fragments of FibN (that consists of
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l6111217. modules).>”*® Vlierberghe et al. suggested that the nature of interactions between
gelatin (cationic) and FibN (anionic) is both electrostatic and hydrophobic.>® Addition of
polyamines to FibN inhibits the binding of this complex with gelatin affinity columns.®
Thus, these results strongly indicate that PLL may mainly interact with FibN through its
gelatin binding domains which may disturb the intramolecular interactions in the compact

form of FibN to generate an extended filamentous form (as confirmed by AFM).

44 = Native FibN 44
= FibN in PLL solution

= Ca” and PLL

== FibN coated PLL-5CB droplets Na”and PLL

Ellipticity (mdeg)
N

200 210 220 230 200 210 220 230
Wavelength (nm) Wavelength (nm)

Figure 5.27. Ellipticity graphs of 1 mg/mL FibN (a) in aqueous media, in PLL solution
and presence of PLL coated LC droplets and (b) incubated with Ca** and Na* ions in the

presence of PLL.

Further, we monitored the intrinsic fluorescence of tryptophan (Trp) residues of FibN in
order to investigate the nature of changes surrounding their environment in the presence
of PLL. FibN encloses a large number of Trp residues (approx. 80) which are effectively
localized and arranged inside the different modules of the molecule in a homogeneous
way along the chains. Thus, it is suggested that Trp residues in a homologous sequence
may have similar local environments.®* Figure 5.28 represents intrinsic fluorescence
spectra of native FibN in solution which shows emission maxima at 357 nm confirming
that Trp residues are buried inside a hydrophobic core consistent with prior reports.®%®® It
is evident that fluorescence of Trp is significantly quenched in the presence of PLL. It is
also observed that quenching of fluorescence of Trp is directly dependent on the
concentration of PLL. Such decrease in Trp fluorescence clearly indicates that Trp
residues, which were earlier buried inside the hydrophobic core, are exposed to the

aqueous environment in the presence of PLL; thus, quenching the initial fluorescence.
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The exposure of Trp residues to the aqueous phase indicates the unfolded/open state of

FibN molecules.

It is well known that FibN opening and unfolding is promoted by chemical factors and
FibN conformations are modulated by electrostatic changes.”**%*® We believe that
similar mechanism may be responsible here where compact FibN transforms into
monomeric filamentous form after interactions with PLL in PLL-LC emulsion or bulk
solution. Further literature survey reveals that the compact conformation of FibN is
preserved by intramolecular ionic interactions between Illo3 and 111214 modules.®’
Modules of FibN Ill,.; are negatively charged whereas that of FibN 1111514 are positively
charged.® It was proposed earlier that negatively charged surfaces open the FibN
molecules via interacting with Ill12.14 module. The negatively charged silica surface
(hydrophilic) may interfere with the electrostatic intramolecular interactions of FibN thus
destabilizing the forces (hydrophobic in nature) that maintain the compact form of
FibN.*? Conversely, on methylated silica surface (hydrophobic and no charge), there is no
destabilization of intramolecular FibN interactions that keep it in compact conformation
upon surface adsorption. Herein, it is likely that PLL interacts with negatively charged
domains/modules of FibN at the PLL coated LC droplets, for instance, 1ll,.3, which may
disturb the intramolecular interactions of FibN and promotes the unfolding of molecules

or leading to an open-state of FibN.

7000 _
—PLL FibN
——— FibN+0.05 mg/mL PL|]
6000~ = FibN+0.1 mg/mL PLL
FibN+0.26 mg/mL PL|
5000 -+

FibN+0.5 mg/mL PLL

4000 -

3000 -

2000 4

Fluorescence Intensity (cps)

A ——

10004/ —_~

300 320 340 360 380 400 420 440
Wavelength (nm)

Figure 5.28. Intrinsic fluorescence of tryptophan residues: Fluorescence emission spectra
of FibN (0.01 mg/mL), PLL (0.5 mg/mL) and mixtures of PLL-FibN at varying

concentration of PLL.
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Earlier, Nelea et al. reported FibN filament formation on the negatively charged PSS
surfaces whereas large spherical FibN particles (with heights ranging from 10 to 50 nm)
were observed on positively charged surfaces such as PLL, PAA (Poly(allylamine
hydrochloride)), APTES (3-aminopropyl-triethoxysilane) and so on.>? They observed that
negatively charged surfaces promote extension and assembly of FibN into filaments while
positively charged surfaces result compact form of FibN. In our case, we observed
network of thin filaments of FibN (of height lesser than 3 nm) in the presence of cationic
PLL. The observation of filamentous structures of FibN in the presence of cationic PLL is
new but not peculiar. To account for the differences between our findings and those
reported earlier,>* we have analyzed the two systems employed in both studies. First, we
would like to state that the PLL systems used in studies by us and Nelea et al. differ
significantly in the degree of polymerization. Nelea et al.>®> have employed PLL of low
molecular weight (~30 kDa) in their study, whereas we used high molecular weight of
PLL (~225 kDa). Needless to say, only high molecular weight of PLL (~225 kDa) can
induce an ordering transition of the LC from bipolar to radial. Therefore, both the PLL
systems (as indicated above) strongly vary with respect to their degree of charge,
hydrophilicity/hydrophobicity, and number of functional groups and so on. We believe
that the above differences in properties (of PLL systems) could play a significant role
which might affect the magnitude of interactions between PLL and FibN in both studies.

This hypothesis is supported by studies carried out by Rico et al.*° .59

and Gugutkov et a
where they have shown that minute variations in the polymer chemistry can influence the
FibN conformations on polymeric surfaces. For instance, adsorption of FibN on
poly(methyl acrylate) and poly(ethyl acrylate) solid surfaces [despite the same nature of
charged surfaces (anionic)] resulted in the formation of globular and fibrillar networks,
respectively. Their study also demonstrated that with an increase in the number of methyl
groups in the side chain, the molecular mobility of the interacting polymer at the surface
is enhanced which, in turn, increases the self-association of FibN. Second, we would like
to comment on the geometry of surfaces used for FibN adsorption on PLL surfaces in
both studies. Nelea et al. have used PLL functionalized solid surfaces (covalently bound)
to image the conformations of adsorbed FibN.%? This is in striking contrast to the LC-
aqueous interfaces (fluid-fluid) used in our study which is primarily driven by
supramolecular interactions and the competitive binding among LC, PLL and FibN at the
LC-aqueous interface. We hypothesized that the geometry of LC-aqueous interface might

allow the FibN to access the binding groups in PLL with greater ease. The observed
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change in the director configuration within PLL-coated LC droplets (from radial to
bipolar configuration) is also indicative of stronger interactions between FibN-PLL and
subsequent weakening of PLL-LC interactions at those interfaces. In addition, all the
complementary biophysical techniques, i.e. CD and fluorescence provide conclusive
evidence of FibN unfolding upon interaction with PLL in our study. Hence, the extended

filamentous form observed in AFM in contradiction to Nelea et al.>

might be due to
enhanced interactions between PLL-FibN rendered by greater conformational flexibility
of PLL on LC droplets (and in bulk solution) in comparison with solid surfaces. All these
factors as indicated above might be responsible for the observed differences between our

findings and those reported by Nelea et al.>

However, a conclusive remark regarding the
exact biomolecular phenomena at the interface requires further investigation which is

beyond the scope of this work.
5.2.4 Conclusions

This work mainly explores the insights about the adsorption phenomenon of FibN protein
at PLL coated LC droplets by monitoring director configuration of LC droplets.
Adsorption of anionic FibN molecules at PLL-coated LC droplets switches director
configuration of LC from radial to bipolar/pre-radial within a few seconds. The response
of LC towards FibN was considerably modulated by the introduction of multiple
polyelectrolyte layers within the PLL coated LC droplets. Droplets with the different
number of PSS layers (varied from 0 to 2) showed different responses to the same
concentration of FibN, i.e., the droplets with more PSS layers being less responsive to
FibN. Overall, differently modified PLL-LC droplets can chart and differentiate between
ranges of physiologically important concentrations of FibN through the percent transition
in the LC droplets. It was further seen that Ca** when bound with FibN (which consists
anionic Ca* -binding sites) inhibits structural changes in FibN in the presence of PLL and
does not affect the ordering of PLL-LC droplets. This suggests the dominance of
electrostatic interactions between PLL and FibN molecules directing the ordering
transition in LC droplets. From the CD studies, complete elimination of positive peak at
228 nm of FibN was observed. This led us to the conclusion that the otherwise compact
structure of the FibN suffered significant conformational changes, mainly around
disulfide bonds of molecules, in bulk solution of PLL as well as on the PLL coated LC
droplets. The unfolding of FibN molecules induced by PLL on LC droplets was

confirmed using AFM. Formation of monomeric filaments was observed in the presence
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of PLL that was not observed otherwise in the compact form of FibN. Recently, another
group and we reported the amphiphile decorated LC-aqueous interfaces (planar geometry)
that monitor protein aggregation at nanomolar concentrations.”®” However, our study
demonstrates the first example of LC droplet-based system to study the conformational
changes in proteins at interfaces and provides considerable insights about the mode of
interaction between PLL and FibN. The work will not only strengthen the understanding
of various interfacial phenomena but will also help to develop principles to comprehend
the fibrillation process within complex ECM assembly.

5.2.5 Experimental Section
5.2.5.1 Materials

Fibronectin from bovine plasma (FibN), bovine serum albumin (BSA), concanavalin A
(ConA), poly-L-lysine (PLL) solution 0.1 % (w/v) in H,O (Molecular weight-225kDa), 4-
Cyano-4’-pentylbiphenyl (5CB) LC, poly(4-styrenesulfonic acid) sodium salt (PSS),
thioflavin T (ThT), calcium chloride (CaCl,) and sodium chloride (NaCl) were obtained
from Sigma-Aldrich (St. Louis, MO). Deionization of a distilled water (DI water) source
was done using a Milli-Q-system (Millipore, bedford, MA). Fisher’s Finest Premium
grade glass microscopic slides were obtained from Fischer Scientific (Pittsburgh, PA) as

also mentioned in our earlier reports.
5.2.5.2 Fabrication of PLL-LC droplets

PLL-5CB droplets were prepared as described in the first part of this chapter and

elsewhere.?%?*

Briefly, 10 pL of 5CB in ImL DI water was vortexed for 10 s followed by
sonication for 10 min. The resultant LC emulsion was subsequently centrifuged and the
supernatant was replaced by 1 mg/mL PLL aqueous solution. After 15 min of incubation,
the PLL-5CB droplets were then re-suspended in DI water after centrifugation for further
experiments. Size of the polydispersed PLL coated 5CB droplets was found in the range
between 5 pm to 40 pum as observed by polarized optical microscopy (POM).%?438 |n the
radial to bipolar transition curves, percentage transition was approximated from 300-400
droplets in each experiment and the average percentage transition from three set of
experiments was plotted in the transition curves. Polyelectrolyte multilayers (PEM) of
PLL and PSS on LC droplets were prepared by adsorption of PSS and PLL on LC

droplets via layer by layer technique as described previously.?® Briefly, 10 pL of 5CB in
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1mL of PSS solution (1mg/mL) was vortexed for 10 s followed by sonication for 10 min.
The resultant PSS-LC emulsion was subsequently centrifuged and washed with water
once. Finally, the supernatant was replaced by 1 mg/mL PLL aqueous solution. After 15
min of incubation, the PLL-PSS 5CB droplets were then centrifuged and supernatant was
replaced by 1 mL of water. Similarly, PEM films composed of two and three PSS/PLL
bilayers on LC droplets were fabricated with outermost layer being PLL. Stock solution
of FibN (2-3 mg/mL) was freshly prepared by dissolving solid FibN in DI water at 37 °C

for 30 min.

5.2.5.3 Optical characterization of PLL-LC droplets

The characterization of PLL-LC droplets has been done as per previous reports.?** In a

typical experiment, 1 uL of PLL-5CB emulsion was placed on the glass slide and 8 pl of
the protein solution of required concentration was added carefully on that. Note that the
LC droplets may stay at their parent location if the protein solution is introduced
carefully.®® After 10 min, the LC droplets were imaged under polarized optical and bright
field microscope. The director configuration of LCs in emulsion was determined using a
Zeiss polarizing microscope Scope. Al with crossed polars (X200). All the images were

captured using an AxioCam Camera.
5.2.5.4 Epifluorescence imaging of PLL-LC droplets via ThT assay

A certain volume of PLL-5CB droplets emulsion (100 uL) was incubated with 50 uL of
water (control), 1 mg/mL of FibN or BSA for 20 min followed by addition of stock
solution of ThT to give a final concentration of 120 uM. Fluorescence imaging was
performed with a Zeiss (Scope. Al) fluorescence microscope. The samples were viewed
after 4 hours of incubation time using a fluorescence filter cube with a 460 nm excitation
filter and a 534 nm emission filter. Images were obtained with an AxioCam camera at
constant exposure time (800 ms). For each protein, triplicates were performed and 4 to 10

droplets were analysed each time.
5.2.5.5 Steady-state fluorescence of ThT on PLL-LC droplets

The steady state fluorescence measurements were performed on a FluoroMax-4
spectrofluorometer from Horiba Jobin Yvon at ~25 °C. Samples were prepared by the
incubation of 1 mg/mL protein (50 uL) (FibN or BSA) with PLL-5CB emulsion for 20
min followed by addition of stock ThT. Final concentration of ThT used for all of the
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fluorescence studies was kept 100 uM. After 1 hour incubation time, the fluorescence
intensity of ThT (three measurements) was collected at the following parameters: Aex =
440 nm, Aem = 485 nm, excitation slit width = 2 nm, emission slit width = 2 nm,
integration time = 2 seconds. All the fluorescence data were acquired using the
FluorEssence software (provided with the instrument) which were later re-plotted using
Origin Pro version 9 software. For recording intrinsic fluorescence of tryptophan residues
of FibN, the samples were excited at 280 nm with excitation slit width = 2.5 nm and
emission slit width = 5 nm. Samples of FibN, PLL and their mixtures were freshly

prepared before recording spectra.
5.2.5.6 Circular dichroism measurements

The far-UV CD spectra were obtained on a Chirascan spectrophotometer (Applied
Photophysics, U.K.). The samples were filled in a 1 mm path length quartz cell and
recorded spectra with a scan range of 200—260 nm and step size of 1 nm. Bulk samples
were prepared by mixing aqueous solution of FibN with PLL. For experiments with ions,
FibN was pre-incubated with aqueous solution of CaCl, or NaCl (5 mM) for 1 hour
before mixing with PLL solution. Final concentrations of FibN and PLL were kept 1
mg/mL and 0.05 mg/mL for all of the experiments. CD spectra of mixture of Fib and PLL
were recorded after 10 min of preparation. Sample preparation of LC droplets is as
follows: 250 uL of PLL-LC droplets were incubated with 100 pL of 3 mg/mL FibN for 2
hours of enough adsorption time. The FibN coated PLL-LC droplets were then
centrifuged at 5000 rpm for 5 min to remove the excess FibN from bulk and were
subsequently re-suspended in 300 uL of DI water. For each sample, the spectra were
averaged over 10 scans and were corrected against the buffer using the ProData software
provided with the CD instrument. The spectra were re-plotted using OriginPro 9.0

software.
5.2.5.7 Atomic force microscopy

AFM images of FibN were acquired on an Innova atomic force microscope (Bruker). The
AFM was operated in the tapping mode. For imaging, the silicon nitride cantilever probe
with radius ~8 nm was used. PLL-LC droplets or LC droplets were incubated with 1
mg/mL FibN for 4 hours before AFM imaging. The droplets were centrifuged and re-
suspended in DI water before imaging. The samples (3 plL) was loaded on a freshly

cleaved, water-washed muscovite mica (Grade V-4 mica from SPI, PA) and allowed to
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air dry for 15-20 min. The images were collected in NanoDrive (v8.03) software. The
collected AFM images were further processed and analyzed using WSxM version 4 beta
8.1 software.” The AFM images (and height profile of compact and filamentous FibN)
reported in the work are typical.

5.2.5.8 Zeta potential measurements

Zeta potential measurements of the PLL-5CB droplets and PEM coated 5CB droplets has

been done as reported earlier®**®

using Zetasizer Nano ZS90 (Malvern Instruments Inc.)
at room temperature under a cell-driven voltage of 30 V. Samples were prepared as
follows: 50 pL of stock PLL-5CB droplets were diluted with DI water to make total 800
uL solution before adding into the zeta potential cuvette. For experiments with proteins,
50 puL of 1 mg/mL FibN was added to the 50 puL droplets emulsion and incubated for 15

minutes before diluting to 800 puL with DI water. The average of at least 3 scans was

taken for each measurement.
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CHAPTER 6

Poly-L-lysine Coated Liquid Crystal Droplets for
Sensitive Detection of DNA and its Applications in
Controlled Release of Drug Molecules
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Interactions between DNA and adsorbed poly-L-lysine (PLL) on liquid crystal (LC)
droplets were investigated using polarizing optical microscopy and epifluorescence
microscopy. Adsorption of DNA (single-stranded DNA/double-stranded DNA) at PLL
coated LC droplets was found to trigger an LC reorientation within the droplets leading
to pre-radial/bipolar configuration of those droplets. In addition, dSDNA adsorbed PLL
droplets have been found to be effectively used to displace (controlled release) propidium
iodide (a model drug) encapsulated within dsDNA over time. These observations suggest
the potential for a label-free droplet-based LC detection system that can respond to DNA
and may provide a simple method to develop DNA-based drug nano-carriers.

Source: Verma, |.; Sidig, S.; Pal, S. K. ACS Omega 2017, 2, 7936-7945 (<https://pubs.acs.org/doi/full/10.1021/acsomega.7b01175)).
Further permissions related to the material excerpted should be directed to the ACS.
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6.1 Introduction

Recently, micrometer-sized liquid crystal (LC) droplets dispersed in aqueous media have
been exploited to the development of functional materials for the realization of a new
class of sensitive communicators of targeted species.’*” Due to having a large surface
area with high spatial resolution and very high sensitivity, they offer routes towards the
advancement of new passive biosensors. The detection principle is based on the change in
configurational transition of the LC within the droplets that can be easily visualized with
the naked eye under an optical microscope. For example, droplet-based LCs have been
reported as a sensing platform for developing immunoassays®, to detect glucose®,
bacterial endotoxin at pgmL™ concentration®, bacteria and viruses’, KB cancer cells®,
cholic acid™, and many more.™™* Recently, we have shown that layer-by-layer coating of
poly-L-lysine (PLL) on LC droplets can provide a simple design for cell-based sensors.!”
% In addition, these PLL-coated droplets were shown to be useful for the detection of
healthy and apoptosis cells that are difficult to achieve via other analytical techniques. In
this work, we have exploited the behavior of PLL coated LC droplets which could be
particularly useful for sensitive detection of DNA and can find applications in controlled

release of drug molecules from DNA functionalized LC droplets.

DNA has been widely offering numerous applications in sensing, diagnostics and gene
therapy”®? and more recently, self-assembled DNA nanostructures have emerged as the
promising candidates to serve as nanocarriers for drug delivery, primarily due to their
biocompatibility and the natural ability of DNA to associate with several anti-cancer
agents, for e.g., Doxorubicin®. Efforts are being made on developing relevant designs to
predict and study drug release behavior as well as release mechanisms applicable to a
wide range of nano-sized dosage forms.?**> As DNA-based drug delivery systems start to
advance toward clinical use; we wanted to further explore LC-aqueous interface of PLL-
LC droplets to develop the new principles for understanding and to study the real time-
controlled release profile of anti-cancer drugs encapsulated in DNA molecules. Literature
survey reveals a wide range of approaches to detect DNA using LCs.?** For example,
Schwartz and co-workers showed that interactions between ssSDNA and a cationic
surfactant led to changes of surfactant coverage at LC/aqueous interface and triggered an
orientational ordering transition of the LC from homeotropic to a planar state.?*%

Subsequent hybridization with complementary ssDNA governed a reorientation of the LC
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at those interfaces. The same group also demonstrated that conformational change of the
adenosine aptamer upon binding with adenosine led to LC reorientation at LC/aqueous
interface.”® Yang and co-workers developed a new strategy of detecting DNA targets
using self-assembled cholesterol-labeled DNA probes at LC/aqueous interface in a planar
geometry.”® Tan et al. demonstrated that the conformational changes of the DNA probe
mediated by various metal ions cause the reorientation of the LCs.*® Wu and coworkers
described the detection of a target gene in high sensitivity through changes in the optical
response of the LC caused by the formation of self-assembly of DNA dendrimers from
hairpin DNA probes by hybridization chain reaction at surfactant doped LC-aqueous
interface.® Park et al. demonstrated use of LC-based DNA biosensor for the detection of
traces of myricetin that propitiate the cleavage of DNA and thus results in an ordering
transition of the LC.* Recently, Yang and coworkers reported that assembly of DNA-
lipid amphiphiles could not trigger the orientational ordering of LCs at LC/aqueous
interface. However, in the presence of lipids, the DNA-lipids preferred to form net-like
structures which disappeared after hybridization with the complementary DNA.**
However, no efforts have been made previously that can exploit the speed and sensitivity
of LC droplets to detect DNA. In this work, we first demonstrated that PLL coated LC
droplets can be used to detect DNA which is mediated by topological defects leading to
configurational transitions of those droplets. In addition, responsive DNA functionalized
PLL droplets have been found useful to displace propidium iodide (PI), a model drug,

encapsulated in DNA over time, thereby providing a template for controlled drug release.
6.2 Objective

The study was motivated by two goals. First, we sought to develop a simple design for the
detection of DNA using a droplet-based LC sensor that can be observed as changes in the
optical appearance of the LC using optical microscopy. The design builds from our prior

reports*’™°

that demonstrated a simple layer-by-layer (LbL) method to prepare PLL-
coated droplets in which PLL strongly interacts with the LC and triggers a configurational
transition of the LC from bipolar to radial. We hypothesized that negatively charged DNA
could strongly adsorb on positively charged PLL coated LC droplets leading to LC
reorientation of those droplets. Second, we sought to demonstrate a simple template that
can displace a model drug encapsulated in DNA over time from these LbL nano-films and

can be a promising approach to develop a new and alternative way for drug delivery. We
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have been successful to show that under physiological conditions, the DNA adsorbed

PLL droplets exhibit release of Pl encapsulated in DNA molecules over time.
6.3 Results and Discussion
6.3.1 Director configuration of LC droplets in the presence of sSSDNA

First, we aimed to fabricate single PLL layer coated LC (5CB/E7) droplets and sought to
determine the ordering of the LC within those droplets. In the presence of PLL, LC
emulsion droplets undergo an ordering transition from bipolar to radial confirming
adsorption of PLL at LC-aqueous interfaces. The stabilization of radial droplets is
primarily due to the intermolecular hydrogen bonding between 5CB LC and PLL, as
reported earlier.!” Under cross polarizers, they exhibited radial configuration having a
crosslike appearance (Figure 6.1a). This was further supported by bright-field micrograph
that shows a single point defect at the center of the droplets (indicated by the blue arrow
in Figure 6.1c). Our next experiment was to determine whether these PLL-coated LC
micro-droplets would respond to the presence of anionic DNA. Interestingly, the addition
of 30 uM ssDNA on 5 pL ¢10* droplets) of PLL-5CB droplet emulsion resulted in a rapid
change (< 10s) in the director configuration of the LC molecules from radial to
bipolar/pre-radial when observed under crossed polars (as shown in Figure 6.1b). Bright-
field microscopy confirms the bipolar/pre-radial configuration exhibiting two point
defects at the poles of the droplets (indicated by blue arrows in Figure 6.1d). This
experiment suggests that DNA is likely adsorbed on PLL coated LC droplets and the
rapid ordering transition is likely due to strong electrostatic interaction between
negatively charged DNA and positively charged PLL (vide infra). Adsorption of ssSDNA
on the PLL modified 5CB droplets was investigated by the fluorescence and bright field
microscopy of PLL-5CB droplets. The strong fluorescence on the surface of the 5CB
droplet (Figure 6.2a) confirmed the presence and adsorption of FAM-ssDNA at PLL-5CB
droplets and the bright field microscopy image of the same droplet (Figure 6.2b) reveals
bipolar configuration of the PLL modified 5CB droplets which further supports the
adsorption of negatively charged ssDNA on positively charged PLL-5CB droplets. These
observations established that the configuration transition mediated by topological defects
of the PLL-5CB droplets could be monitored to provide a fast and real-time optical

detection of ssDNA. This is primarily driven due to strong electrostatic interactions
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between negatively charged oligonucleotides and positively charged PLL moieties at the

interface.

PLL-5CB droplets After ssDNA adsorption

Figure 6.1. Polarized optical and corresponding bright-field micrographs images of PLL
coated LC droplets in contact with: (a,c) 0 uM ssDNA and (b, d) 30 uM ssDNA. The LC
droplets were in radial states (a,c) before but transitioned to bipolar/pre-radial state (b,d)
10 s after addition of ssDNA. The insets within (a-d) indicate the higher magnification
version of the red arrow marked LC droplet. Blue arrows in (c,d) indicate the point defect
in the center of a radial droplet and two defects at the poles of a bipolar droplet,

respectively. Scale bar = 50 pm.

In the next experiment, we determined the effect of varying concentration of ssSDNA on
the orientational ordering of the LC with PLL-5CB droplets. Figure 6.3a,e and 6.3b,f
correspond to the POM images of the PLL-LC droplets before and after 10s of the
addition of 10 uM and 5 pM ssDNA, respectively. The corresponding bright field
micrographs are shown in Figure 6.3c,g and 6.3d,h, respectively. A change in the
configuration of the droplets from radial to bipolar/pre-radial was observed in both cases.

After careful investigation of these images it was found that when the concentration of
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SSDNA is 10 uM (Csspna = 10 uM), most of the PLL-5CB droplets are able to induce the
configurational transition of the LC within those droplets. In contrast, introduction of 5
uM ssDNA (Cspna = 5 uM) revealed co-existence of both bipolar and radial LC droplets.
Therefore, in the next set of experiments, we sought to draw an analogy between the
number of droplets demonstrating radial-to-bipolar/pre-radial transition upon adsorption
of varying concentration of ssDNA. From the transition plot (Figure 6.4a), we observed
that the number of PLL-5CB droplets demonstrating radial-to-bipolar/pre-radial transition
decreases with the decrease in the concentration of ssSDNA added. More precisely, we
note three key findings. First, for Cspna > 10uM, all the droplets (100 %) change their
configuration from radial to pre-radial/bipolar. Second, for 0.2 uM < Cspna < 10 UM,
only fraction of the droplets (10-90 %) shows the radial to pre-radial/bipolar transition
which decreases with the decrease in the concentration of ssDNA (upto 0.2 uM). Third,
there is no configuration transition of the PLL-5CB droplets observed when the

concentration of Csspna < 0.2 UM.

Figure 6.2. Epi-fluorescence microscopic image (a) and corresponding bright-field image
(b) of a PLL-coated 5CB droplet following 60 min incubation with 30 uM FAM tagged
fluorescent ssDNA. Green fluorescence present on the surface of the droplet supports the
adsorption of ssDNA while bright-field image confirms the bipolar configuration of the

droplet. Scale bar =10 um.

In Figure 6.4b, Zeta potential (¢-) measurements reveal that PLL-5CB droplets have
cationic charge density with ¢- value of +49.6 mV particularly due to the cationic amino
groups of the PLL chains adsorbed at the LC/aqueous interface. This value decreases in
magnitude with increasing concentration of sSDNA attaining a saturation value of approx

-15.6 mV at Cspna=10 UM. The negative ¢- values can be attributed to the anionic
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phosphate groups of ssDNA backbone adsorbed at the surface of PLL-5CB droplets.
From the percent transition plot and the ¢- measurements, we found that 10 uM ssDNA is
the minimum concentration of SSDNA required to show the configurational transition of
all the radial 5CB droplets to bipolar/pre-radial. Below this concentration, some PLL-
5CB droplets show the bipolar/pre-radial configuration while others remain in radial

configuration likely due to not enough adsorption of sSDNA on PLL-5CB droplets.

PLL-LC droplets 10 M ssDNA PLL-LC droplets 5 uM ssDNA

Lo

. E

Figure 6.3. Polarized optical (a,b,e,f) and bright-field (c,d,g,h) images of the PLL-LC
droplets before (a,c,e,g) and after 10s of addition of 10 uM (b,d) and 5 uM (f;h) ssDNA
respectively. The insets within (a-h) illustrate the higher magnification version of the

arrow marked LC droplet. Scale bar = 70 um.

It may be hypothesized that the sensitivity of the PLL-5CB droplets towards ssDNA can
be increased by modulating the volume of PLL-5CB emulsion. To verify this, the volume
of PLL-5CB droplets emulsion is reduced from 5 pL to 1 pL following by addition of the
constant volume (5 pL) of different concentrations of ssDNA. Interestingly, as shown in
Figure 6.4c, the concentration of ssDNA required to trigger the configurational transition
(radial to bipolar/pre-radial for all the droplets) of the LC within the droplets is reduced to
1uM. We found that when the concentration of ssDNA is in between 1 and 0.05 pM
(1M < Cspna > 0.05 uM), co-existence of the radial, pre-radial and bipolar droplets
were observed. The number of bipolar droplets decreases with decreasing concentration
of ssDNA. However, below 0.05 pM of sSDNA (Csspna < 0.05 pM), no change in the
director configuration was observed in the PLL-5CB droplets. Therefore, we infer that the

sensitivity of the PLL-5CB droplets towards ssDNA can be increased to 50 nM by
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decreasing the volume of the emulsion of PLL-5CB droplets to 1 pL. The huge decrease
in the detection limit of ssSDNA from 200 nM to 50 nM by decreasing the volume of
emulsion from 5 pL to 1 pL can be attributed to the following two factors. First, the
reduced number of droplets in the sample, which reduces the requirement of the amount
of the anionic sSDNA needed to trigger a transition in PLL-5CB droplets. Second, the
reduced volume of the emulsion results in the less dilution of the ssDNA sample, thus

ultimately raising the amount of sSDNA available for adsorption at PLL-5CB droplets.
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Figure 6.4. Graph (a) shows % conversion of PLL-LC droplets configuration from radial
to bipolar/pre-radial on the addition of varying concentration of ssSDNA with a fixed
amount of PLL-5CB droplets (5 pL). Inset in (a) shows the enlarged view of the plot
representing the concentration of ssDNA less than 1 uM. (b) Zeta Potential of PLL coated
LC droplets with varying concentrations of sSSDNA. (c) Graph showing % transition of
PLL-LC droplets configuration from radial to bipolar/pre-radial on the addition of
varying concentration of sSDNA with a fixed volume of PLL-5CB droplets (1 pL) (with
limit of detection = 50 nM ssDNA with a change in approximately 20% of the droplets).
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6.3.2 Characterization of polyplex formation

Next, we sought to monitor the hybridization of ssDNA at PLL-5CB droplets with its
complementary ssDNA sequence (c-ssSDNA) on those droplets. To our surprise, the
addition of c-ssDNA onto ssDNA coated PLL-5CB droplets does not trigger the
reordering in the orientational transition of LC molecules; these droplets remain bipolar

or pre-radial as before (Figure 6.5).

a

Figure 6.5. LC’s response to ssDNA adsorption and hybridization with c-ssDNA:
Polarized microscopy images (a,c,e) and bright-field images (b,d,f) of the PLL coated
5CB droplets before (a,b), after subsequent adsorption of 10 uM ssDNA (c,d) and after
addition of 10 uM complementary ssDNA target (e,f). Scale bar = 50 um.

This observation is in contrary to the earlier findings by Schwartz and co-workers which
demonstrated that sSDNA and dsDNA impose different orientational ordering of LC
molecular axis at surfactant laden LC-aqueous interface.?**’ They proposed that the ionic
interaction between anionic phosphate backbone of ssSDNA and cationic surfactant along
with the hydrophobic interaction between nucleobases and LC are likely responsible for

homeotropic to planar orientational ordering of the LCs, while upon hybridization, the
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nucleobases no longer remain exposed to interact with the LC thereby, allowing more
surfactant molecules to self-assemble at LC-aqueous interface leading to the reorientation
of the LCs to homeotropic alignment. In our case, the reordering of the LC does not take
place in the presence of c-ssDNA. We propose a plausible event taking place in the
SSDNA-PLL-5CB system. First, ssSDNA forms a very strong ionic complex with PLL
(i.e., polyplex) at LC/aqueous interface, thereby causing an orientational transition of
PLL-LC droplets from radial to bipolar/pre-radial. Being a high molecular weight cationic
polymer, PLL can be expected to effectively neutralize the repulsion between ssDNA and
c-ssDNA and allow the hybridization to occur between nucleobases of the two strands
without disturbing the PLL-ssDNA interaction at the droplet interface. Second, the
hybridized dSDNA remains adsorbed at the surface of PLL-LC droplets and maintains the
anionic charge density on PLL-LC droplets required to retain the bipolar/pre-radial
configuration of those droplets. Therefore, we add that perhaps hydrophobic interactions
between nucleobases and LCs do not play any significant role in determining the internal
configuration of the director of LCs inside the PLL-LC droplets. In addition,
hybridization could also be restricted due to the formation of polyplexes between ssSDNA

and PLL at LC/aqueous interface.

Figure 6.6. Epi-fluorescence microscopic image (a) and corresponding bright-field image
(b) of an ssDNA adsorbed PLL-5CB droplet after incubation with 30 uM FAM tagged
fluorescent c-ssDNA. Little fluorescence at the surface of droplets shows the presence of
c-sSDNA while the bright field image confirms the bipolar configuration of PLL-LC
droplet. Scale bar = 10 um.

In order to prove the above hypothesis, we carried out a series of experiments. First, we
intend to visually locate the c-ssDNA upon addition to sSDNA-PLL-5CB droplets. When
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FAM-c-ssDNA-(ssDNA-PLL-5CB) droplets were imaged under fluorescence and bright
field microscopy, green fluorescence was spotted around the surface of the bipolar 5CB
droplets confirming the presence of c-sSDNA on the sSDNA-PLL-5CB droplets (Figure
6.6). Here, we would like to state that the fluorescence observed on FAM-c-ssSDNA-
(ssDNA-PLL-5CB droplets) was less intense than that of the FAM-ssDNA-PLL-5CB
droplets (keeping the exposure time constant). This can be explained by the restricted
adsorption of FAM-c-ssDNA molecules on the sSDNA-PLL-5CB droplets, primarily due
to the less exposed nucleobases of the sSDNA for H-bonding with c-ssDNA (after sSDNA
forms polyplex with PLL), (vide infra) at LC-aqueous interface. Next, we aimed to
determine the formation of polyplex between ssDNA and PLL at LC/aqueous interface.
For that, 30 uM FAM-ssDNA was incubated with PLL-5CB droplets in the presence of
excess PLL. Fluorescence microscopic and bright-field investigations in Figure 6.7 reveal
the intense fluorescent structures present at the bipolar droplets’ surface and in the
surrounding solution. The observed fluorescent structures are proposed as a result of
complex formation between ssDNA and PLL, i.e., polyplexes resulting probably due to
the attractive electrostatic interaction between negatively charged phosphate backbone of

ssDNA and positively charged PLL.

™

\J

Figure 6.7. Bright-field (a) and corresponding epi-fluorescence microscopic image (b) of
a PLL-5CB droplet after adsorption of 30 uM FAM tagged fluorescent ssDNA in the
presence of excess PLL. Epi-fluorescence microscopic image (c) corresponds to another
PLL-5CB droplet after adsorption of 30 uM FAM fluorescent ssDNA clearly showing the

presence of fluorescent polyplexes at the surface of the droplet.
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We further employed atomic force microscopy (AFM) to characterize the morphology of
polyplex formed. In Figure 6.8a, AFM image of polyplexes shows the spherical-shaped
structures with their sizes ranging from ~60 nm to ~400 nm in diameter, consistent with
the previous reports.*** When ssDNA or PLL alone were observed by AFM (Figure 6.8b
or c), no such structures were observed which confirms the formation of compact nano

complexes between PLL and ssDNA as shown in Figure 6.8a.
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Figure 6.8. AFM topography of the (a) polyplex (complexes of PLL and ssDNA), (b)
ssSDNA and (c) PLL onto hydrophilic mica substrate. The respective height profiles

corresponding to the lines drawn on the images are shown below each image.

Further, to understand the strength of the polyplex along with its ability to release sSDNA
from polyplex, the effect of polyplex on the orientational configuration of PLL-5CB
droplets was monitored. 5 pL of the pre-incubated mixture of 0.5 mg/mL PLL and 50 uM
sSDNA was added to 5 uL PLL-5CB droplets already placed on a glass slide. It was
observed that the radial configuration of the PLL-5CB droplets remains unchanged upon
introduction of polyplex, suggesting the unavailability of ssDNA to cause the
configurational transition of the PLL-5CB droplets (Figure 6.9a,b). Moreover, when 30
uM of free ssSDNA was added on the same PLL-5CB droplets, the LC droplets changed
their configuration from radial to bipolar/pre-radial in less than 10s (Figure 6.9c). These
observations strengthen our proposition that ssDNA forms a very stable and strong

polyplex with PLL. As a result, sSDNA is not freely released from the polyplex. Thus, it
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is unable to interact with PLL at the surface of PLL-5CB droplets, ultimately failing to

trigger the configurational transition of the LC droplets.

Figure 6.9. Polarized microscopy images of PLL-5CB droplets (a) before (b) after
addition of pre-incubated mixture of 0.5 mg/mL PLL and 50 uM ssDNA and (c) after 30s
of subsequent addition of free ssDNA. Scale bar = 50 um.

a b

Figure 6.10. Epi-fluorescence microscopic image (a) and corresponding bright-field
image (b) of PLL-coated 5CB droplets suspended in tris buffer after the pre-incubated
mixture of PLL and 50 uM FAM tagged fluorescent ssSDNA. Scale bar = 10 um.

To further visually locate the ssDNA in the polyplex on PLL coated 5CB droplets,
fluorescent polyplex was prepared by adding 50 uM FAM-ssDNA with 0.5 mg/mL PLL
and then subsequently incubated with PLL-5CB droplets for 30 minutes in the dark. As
expected, PLL-LC droplets were seen to retain radial configuration with a single defect at

the center of the droplets as observed under bright-field microscopy. In fluorescence
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microscopy, little fluorescence around the droplet was observed and intensely fluorescent
polyplex structures (highlighted in Figure 6.10a) were observed near the 5CB droplet
suggesting that very small amount of ssDNA from polyplex is adsorbed at the surface of
PLL-5CB droplet. Besides, this amount of anionic charge density of ssDNA cannot
induce bipolar/pre-radial configuration in PLL-coated 5CB droplets (Figure 6.10b). In
addition, the literature survey reveals how the PLL’s high affinity for DNA has been the
limiting factor in successful transfection during gene delivery. High molecular weight
PLL-based polyplexes have shown a reduced capacity for dissociation than their low
molecular weight counterparts which dissociate readily and are more efficient in
transfection.®® Our experiments add further insight in understanding how the orientational
ordering of LC inside the PLL-coated 5CB droplets is triggered by anionic charge density
of DNA at the LC/aqueous interface provided by either polyplex formation after
adsorption of ssDNA or c-ssDNA after hybridization at LC/aqueous interface.

Figure 6.11. Polarized optical and corresponding bright-field micrographs images of
PLL-5CB droplets (a,c) before and (b,d) in contact with 30 uM dsDNA. The LC droplets
were in radial states (a,c) before but transitioned to bipolar/pre-radial state (b,d) after
addition of dsDNA. The insets within (a-d) indicate the higher magnification version of
the red arrow marked LC droplet. Scale bar = 50 um. Bright-field microscopic (e) and
corresponding epi-fluorescence image (f) of a PLL-coated 5CB droplet following 60 min

incubation with 30 uM FAM tagged fluorescent dsSDNA. Green fluorescence present on
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the surface of the droplets supports the adsorption of FAM tagged dsDNA. Scale bar = 10

pm.

Next, we sought to verify the role of interactions of nucleobases with 5CB LC or PLL in
decoding the orientational transitions of PLL-5CB droplets. As a proof of concept, we
chose dsDNA which offers anionic phosphate backbone and unexposed nucleobases and
further hypothesized that dSDNA would provide a similar orientational response of PLL-
5CB droplets as was seen with ssDNA. When 5 pL of 30 uM dsDNA was introduced on
5 pL PLL-5CB emulsion droplets, initial radial droplets started changing their
configuration to bipolar/pre-radial within seconds of addition and 100 % droplets changed
to bipolar/pre-radial within 10 min as observed under POM and bright field microscopy
(Figure 6.11a-d). When fluorescently labeled dsDNA was used, dsDNA was
preferentially located at the surface of the droplets confirming the adsorption of dsDNA
at the surface of PLL-5CB droplets (Figure 6.11e,f). The configuration transition of PLL-
LC droplets upon adsorption of dsDNA reveals the importance of electrostatic forces
between DNA (ssDNA/dsDNA) and PLL over hydrophobic interactions between
nucleobases and 5CB molecules. This proves that hydrophobic interactions between
sSDNA and LC are unlikely responsible for configuration transition from radial to

bipolar/pre-radial in PLL-LC droplets.
6.3.3 Application of DNA modified PLL-LC droplets in controlled drug delivery

After establishing the principles that trigger DNA-induced configurational transition in
PLL coated LC droplets, we plan to exploit stronger affinity of those PLL-LC droplets for
DNA and sought to demonstrate if our novel PLL coated LC droplets could provide a
platform to understand and study the controlled drug release profile from dsDNA based
drug delivery systems. For this, we propose that anti-cancer drug molecules intercalated
in dsDNA can be released over time when dsDNA-drug complex comes in contact with
PLL-LC droplets as a result of competitive interaction between dsDNA and PLL-5CB
droplets. As a proof of concept, propidium iodide (PI) displacement assay was used as
this along with ethidium bromide displacement fluorescence assay is the most common
method to investigate the binding of polyammonium cations to DNA.*"*° This assay was
employed due to the two important functions that PI fulfills. First, Pl binds to dsDNA
only (not ssDNA) enhancing fluorescence emission of Pl (20-30 times more than that of

the isolated PI) providing a straightforward quantification of the Pl encapsulated in
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dsDNA (as confirmed in Figure 6.12). This fluorescence assay rules out the contribution
of fluorescence intensity from the released PI present in the solution. Second, it (PI)
intercalates in between the dsDNA strands via non-covalent interactions such as H-
bonding and pi-pi stacking interactions with its nucleobases, similar to the mechanism by
which various anti-tumor drugs such as doxorubicin bind to the DNA bases.** Therefore,

Pl presents itself as the best drug substitute.

. .
Figure 6.12. Epifluorescence image of the pre-incubated solution of propidium iodine

bound FAM tagged (a) dsDNA showing red fluorescence (b) ssDNA showing no
fluorescence at same exposure time.

| . -
Figure 6.13. Bright-field image (a) showing the bipolar configuration and epi-
fluorescence microscopic images (b) under 460 nm excitation filter and a 534 nm
emission filter showing green fluorescence of FAM-dsDNA and (c) red fluorescence of

Pl on a PLL-5CB droplet following 30 min incubation with PI intercalated FAM tagged
dsDNA. Scale bar = 10 pm.

Motivated by this, next, we designed experiments to observe the effect of the dSDNA-PI
complex on the configuration of the PLL-LC droplets. Herein, Pl encapsulated FAM
labeled dsDNA was incubated with PLL-LC droplets for 30 min before the observation.
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In Figure 6.13, bright field microscopy reveals the bipolar droplets confirming the
configurational transition of the PLL-LC droplets. Fluorescence microscopy reveals the
direct correspondence between the location of Pl (red) and dsDNA (green) fluorescence
at the surface of the droplets confirming the adsorption of dSDNA-PI complex at PLL-LC
droplets. In particular, the fluorescent Pl was favorably confined at the LC/aqueous

interface of the droplet where the green fluorescent dsSDNA was present.
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Figure 6.14. (a) Fluorescence intensity vs. time plot showing fluorescence intensity of
propidium iodide in the presence of TBS buffer (red curve), an aqueous solution of PLL
(blue curve) and PLL-LC droplets (black curve) at pH 7.4. Decay in fluorescence of Pl in
the presence of PLL-LC droplets and PLL indicates the controlled and fast release of Pl

from DNA-PI complex, respectively. (b) Schematic illustration demonstrating the
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preservation of the orientational configuration of the LC droplets during PI release from

its complex with DNA induced by PLL-5CB droplets over time.

Next, we studied the behaviour of PI release profile from DNA at room temperature upon
the interaction of the dsDNA-PI complex with PLL-5CB droplets with time using steady-
state fluorescence. Herein, we used non-fluorescent dsSDNA and incubated it with Pl as to
avoid the complexity in the system. The detected fluorescence intensity of the Pl was
plotted against the droplets incubation time (Figure 6.14a). In presence of PLL solution, it
can be seen that fluorescence intensity of Pl upon addition of PLL decreased to almost
half within 30 min and to minimum in 2 hours reflecting that PLL effectively and swiftly
displaces the Pl from dsDNA-PI complex whereas, in absence of PLL, the fluorescence
intensity of Pl remains approximately same over a period of 6 days suggesting the stable
intercalation of Pl in dsDNA strands over this period of time. This observation is in
agreement with the previous studies where binding of the various PLLs to plasmid DNA
has been studied using a fluorescence quenching assay involving ethidium bromide.***
However, when the dsDNA-PI complex was incubated with PLL-5CB droplets, the red
fluorescence intensity of Pl started decreasing gradually, dipping to approx. its one-third
value in 144 hours (demonstrated by black plot in Figure 6.14a). These data show that PI
binding sites in DNA become gradually unavailable with increasing PLL-DNA binding at
LC-aqueous interface. The gradual decrease in the fluorescence intensity can be explained
by the limited effectiveness of the PLL bound on 5CB droplets than the free PLL which
rapidly displaces the Pl from DNA. Figure 6.14b shows the cartoon representation of the
orientational configurations of the PLL-LC droplets upon adsorption of DNA-PI complex

and after the release of Pl from the complex induced by PLL-5CB droplets over time.

a b

Figure 6.15. Bright-field (a) and corresponding epi-fluorescence microscopic image (b)

460 nm excitation filter and a 534 nm emission filter of PLL-LC droplets after incubation

with PI-(FAM-DNA) complex after six days confirming the bipolar configuration of LC
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droplets along with the presence of FAM-DNA at the surface of LC droplets. Scale bar =
20 pm.

Even after six days, (DNA-PI)-PLL-5CB droplets were found to retain their bipolar
configuration confirming the sustained and stable adsorption of FAM tagged dsDNA at
PLL-LC droplets (Figure 6.15). Hence, the PLL-5CB droplets have been shown as a
novel prototype where LC (5CB) droplet interface slowly induces drug release from DNA
while maintaining the adsorption of DNA at the interface which can be monitored by the

internal configuration of the LC droplets.
6.4 Conclusions

In summary, our study describes that PLL-coated LC droplets provide a simple method to
detect ssDNA/dsDNA at LC-aqueous interfaces. Our approach is able to detect
oligonucleotides through changes in the configurational transition of the droplets from
radial to bipolar or pre-radial. The method is highly sensitive, and we believe electrostatic
interactions between PLL and DNA (and not hydrophobic interaction of nucleobases)
plays a major role in the ordering transition. We also show that DNA functionalized PLL-
coated droplets can be used as a simple measure to study the controlled drug (model)
release from DNA-drug complex utilizing the stronger competitive interaction of DNA
with PLL that weaken the interaction between DNA and drug. These findings
demonstrated the use of PLL coated LC droplets to study other biological interactions and
also open a new venture in further development to study controlled drug release from

DNA based drug delivery systems.
6.5 Experimental Section
6.5.1 Materials

Oligonucleotides sequences TGG TGA AGT AGA TGT GTA (ssDNA), TAC ACATCT
ACT TCA CCA (C-ssDNA), TTT CGC AAT GAC TGT ACT (NC-ssDNA), 5°6-
Fluorescein tagged -TGG TGA AGT AGA TGT GTA (FAM-ssDNA) were purchased
from IDT Technologies. 4-Cyano-4-pentylbiphenyl (5CB), propidium iodide (PI), tris
buffered saline (TBS) and poly-L-lysine (PLL) solution 0.1 % (w/v) in H,O (Mol. Wt.
250 kDa) were obtained from Sigma-Aldrich (St. Louis, MO). The E7 LC was obtained

from Merck (Mumbai, India). Deionization of a distilled water (DI water) source was
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performed using a Milli-Q-system (Millipore, bedford, MA). Fisher’s Finest Premium

grade glass microscopic slides were obtained from Fischer Scientific (Pittsburgh, PA).
6.5.2 Preparation of PLL modified LC droplets

Recently, Sumyra and coworkers reported the fabrication of polyelectrolyte modified
PLL-LC droplets.*” In this work, we have coated the LC droplets with single layer by
modifying their method. PLL-LC (5CB or E7) droplets were formed as follows. First,
5CB droplets were prepared by vortexing 10 pL of LC in ImL DI water, followed by
sonication for 5 minutes. The resultant emulsion was centrifuged at 5000 rpm for 5 min
and the supernatant was replaced by 1 mg/mL PLL solution. The PLL-LC droplets were
kept for 30 min at room temperature for the adsorption of PLL on the LC droplets.
Adsorption of PLL on the surface of the LC droplets leads to the radial configuration of
the director of LC molecules inside the droplet. The PLL-modified LC droplets were then
washed with DI water through centrifugation in order to remove the excess PLL and were

re-suspended in DI water or TBS at different pH for further experiments.

Figure 6.16. Polarized (a) and corresponding bright field (b) microscopy images of PLL
modified 5CB droplets suspended in DI water after 82 days. Scale bar = 50 pum.

To estimate the number of droplets in the emulsion, 1 pL of the PLL-5CB droplet
solution was placed on a clean glass slide and multiple POM images were captured to
illustrate the whole sample areca. From the POM images, the total number of droplets was

counted to be ~2 x 10% droplets per pL. Size of the polydispersed PLL coated LC droplets

205



ranges from 5 um to 40 um as conceived from the POM images. These PLL coated LC
droplets were observed to be stable in radial configuration for atleast a month or so (as
shown in Figure 6.16) and the zeta potential measurement has been measured as + 25.0
mV suggesting the coating of cationic PLL residues.

6.5.3 Optical characterization of PLL-LC droplets

The orientational ordering of the LC was determined using a Zeiss polarizing microscope
(Scope. Al with cross polars with magnifications X200 and X1000). All the images were
captured using a AxioCam Camera.

6.5.4 Adsorption of ssDNA

In experiments associated with the adsorption of sSDNA on PLL coated 5CB droplets, 5
ML of the aqueous solution of sSDNA of different concentrations was added on 5 pL of
5CB emulsion (if not stated otherwise) already placed on a clean glass slide. The droplets
were real time imaged under polarized optical and bright field microscope. For the
transition curve of adsorption of ssSDNA, fixed volume of PLL-LC emulsion droplets (5
pL or 1 pL) was exposed to different concentrations of sSSDNA with a constant adsorption
time (20 min) and the percent transition of the droplets from radial to pre-radial/bipolar
upon addition of ssDNA (calculated from three sets of experiments) was plotted against
the concentration of sSDNA. Excess PLL containing PLL-5CB droplets were prepared by
sonicating 10 pL 5CB in 1 mL aqueous solution of PLL and used as such, without
removing the unbound PLL by centrifugation. These experiments were also reproduced
using PLL modified E7 droplets.

6.5.5 Zeta potential measurements

Zeta potential measurements of the PLL coated 5CB droplets were carried out using
Zetasizer Nano ZS90 (Malvern Instruments Inc.) at room temperature under a cell-driven
voltage of 30 V. In a typical experiment, 40 puL. of PLL-5CB droplets was diluted with
water to make total 800 pL solution before transferring into the zeta potential cuvette and
the average of 5 scans was taken for each measurement. For experiments with sSSDNA, 10
uL of stock solution of ssDNA was added to the 40 u. PLL-5CB droplet emulsion to
make the final required concentration of ssSDNA and incubated for 15 minutes before

diluting to 800 puL aqueous solutions.
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6.5.6 Epifluorescence imaging of PLL-LC droplets

50 uL of PLL coated SCB droplets were incubated with 30 uL of 30 uM FAM-ssDNA
(final concentration of ssDNA becomes 11.25 uM) for 60 minutes and washed thrice with
buffer prior to fluorescence imaging performed with a Zeiss (Scope. Al) fluorescence
microscope. For experiments with complementary ssDNA on ssDNA-PLL modified 5CB
droplets, 30 uL of 30 uM FAM tagged c-ssDNA was introduced in 11.25 pM ssDNA
coated PLL-5CB emulsion (80 uL) and incubated for 30 minutes prior to fluorescence
investigation. The samples were viewed using a fluorescence filter cube with a 460 nm
excitation filter and a 534 nm emission filter. Images were obtained with an AxioCam

camera attached to the microscope.
6.5.7 Steady-state fluorescence of PLL-LC droplets

All the steady state fluorescence measurements were carried out on a FluoroMax-4
spectrofluorometer from Horiba Jobin Yvon at ~25°C. dsDNA was prepared by mixing
equal volumes of ssDNA and c-ssDNA of same molar concentration for 12 hours at RT.
Hybridization of the sSDNA and c-ssDNA has been confirmed by the gel electrophoresis
(Figure 6.17). Encapsulation of Pl with dSDNA was carried out by mixing together 150
UM dsDNA and 375 uM PI and incubated for 48 hours in dark with occasional mild
stirring. 6 L of the stock mixture containing 150 uM dsDNA and 375 uM Pl was added
in 200 uL TBS (pH 7.4) or 200 pL 0.5 mg/mL PLL or 200 pL PLL coated 5CB droplets
emulsion suspended in TBS (pH 7.4) and kept for incubation for 10 minutes in dark at
room temperature. Aliquots from the samples were withdrawn at different time intervals
and the fluorescence intensity of Pl (three measurements) was collected at the following
parameters: Aex = 540 nm, Aem = 617 Nm, excitation slit width = 1 nm, emission slit width
= 4 nm, integration time = 2 seconds. All the fluorescence data were acquired using the
FluorEssence software (provided with the instrument) which were later re-plotted using

Origin Pro version 9 software.
6.5.8 Atomic force microscopy

Samples of PLL or ssDNA were prepared by diluting 10 times the aqueous solution of 0.5
mg/mL PLL or 50 uM ssDNA. 5 uL of the diluted sample was loaded on a freshly
cleaved, water-washed muscovite mica (Grade V-4 mica from SPI, PA), allowed to air

dry for 15-20 minutes. Polyplexes were prepared by mixing together the aqueous

207



solutions of ssDNA and PLL yielding final concentrations of 50 uM ssDNA and 0.5
mg/mL PLL, respectively, which was further diluted 10 times before proceeding for AFM
as described above.

Figure 6.17. Gel electrophoresis (DNA and ethidium bromide assay): Well 1 contains
single strand DNA sequence and its complementary ssDNA. Well 2 contains only ssDNA

and well 3 contains sSDNA with its non complementary ssDNA sequence.
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Conclusions and Future Outlook

The work in this thesis mainly addresses the fundamental challenges towards the
development of stimuli-responsive interfaces formed between liquid crystals (LCs) and
aqueous phase for potential applications in bio-sensing and diagnostics. In particular,
interfacial events occurring at those interfaces involving biomolecules can lead to
surface-driven ordering transitions of the LCs (providing an optical output), which can be
performed under ambient light without the need of electrical power. The 1% chaper of this
thesis briefly introduces the potential of aqueous-LC interface as a sensing platform for
the detection of biomolecules and small molecules. In the 2" chapter of the thesis, we
have shown ordering transition of the LC in contact with cyclic lipopeptides at LC-water
interfaces for application in label-free detection of toxic amyloids at nanomolar
concentrations. The results certainly motivate the community to explore more sustainable
lipopeptide-based LC materials for the expansion of multifunctional detection assays. The
scope of this approach can also be extended for monitoring other biomolecular
interactions (such as an enzymatic activity) as well. Not only this, we believe that self-
assembly of these lipopeptides at LC-aqueous interface in curved geometry (such as LC
droplets) will reveal a set of rich information about their molecular organization at those
interfaces. In the 3™ chapter of this thesis, we report a new strategy for label-free
detection of lead (lI) ions in aqueous media based on aptamer-metal ion binding events.
Herein, we overcome the challenge of detection of small ions at LC-aqueous interfaces
with remarkable sensitivity and selectivity. This approach opens a wide array of
opportunities for sensing of other toxic metal ions and small molecules/biomolecules
(such as ochratoxin and thrombin) based on their specific binding with the aptamers. In
the 4™ chapter of this thesis, we demonstrate a simple design for label-free and selective
detection of an important biomarker, creatinine. In the near future, we believe that the
model can be customized and commercialized with industrial support, thus may enable
the clinical diagnosis of creatinine handy and more simpler. It can also be predicted that a
similar approach using LC emulsions may lead to enhanced sensitivity of the target
biomarker. In the 5™ and 6" chapters of this thesis, we show the utility of poly-L-lysine
(PLL) coated LC emulsion droplets in real-time imaging of proteins and DNA. We
further believe that these PLL-LC droplets can also be useful and employed to detect (in
real-time) specific biomolecular interactions such as thrombin-heparin and DNA-protein

binding events, to name a few. The PLL coated droplets show stability in terms of
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mobility/motion and orientational ordering of LCs even in contact with glass substrate.
Since the recognition of LC droplets as potential and sensitive optical sensor material, it
had been challenging for researchers to characterize the mobile LC droplets without
interfering with the ordering of the droplets. Thus, the work reported in the last two
chapters itself is path-breaking as it eliminates one of the significant technological
limitations associated with LC droplets (i.e. mobility) and will encourage researchers to

develop novel LC droplet-based sensors.
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APPENDICES

Appendix A
A.1 Zeta potential of proteins

Zeta potential of proteins were measured using Zetasizer Nano ZS90 (Malvern
Instruments Inc.) with a cell-driven voltage of 30 V. Protein solution (final concentration
= 5 uM) were freshly prepared in 20 mM TBS (pH 7.4). The aqueous solution (800 uL)
of a certain protein was added into the zeta potential cuvette and the average of three

scans was taken for each measurement.

Table A.1 Isoelectric points'™and experimentally determined zeta potential values of
proteins (5 pM)

) Isoelectric )
Protein ) Zeta Potential (mV)
Point

BSA 4.5 -17.8+£2.6

Hb 6.87 -1.7+0.1

Cyto 10-10.5 +5.4+0.2

ConA 4.8-55 -9.7+0.8

FibN 5.0-5.5 -3.1+ 0.7

A.2 Circular dichroism spectra of ConA and FibN

The far-UV CD experiments were performed on a Chirascan spectrophotometer (Applied
Photophysics, U.K.) with a scan range of 200—260 nm and step size of 1 nm. A quartz
cell (1 mm path length) was used to hold the solution of interest. Aqueous solutions of 5
puM Fib and 1 uM ConA were freshly prepared in 20 mM TBS (pH 7.4). For each sample,
the spectra were averaged over 5 scans and were corrected against the buffer signal using

the ProData software provided with the CD instrument.
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Figure A.2. Circular dichroism spectra of FibN and ConA in 20 mM TBS (pH 7.4).
Appendix B

B.1 Deposition of monolayers of Surfactin (SFN) onto LC film by Langmuir-

Schaefer method

Monolayers of SFN were made using KSV NIMA Langmuir Blodgett instrument. A
Langmuir film balance with a paper Wilhelmy plate is used to measure surface pressure
(m). The trough area was cleaned several times using DI water and acetone prior to use.
Water was used as the subphase to fill the trough. 60 pL of stock SFN solution (0.2
mg/mL) in chloroform was carefully spread onto the subphase using a microsyringe and
left for 15 minutes at room temperature for the solvent to evaporate. The m-mean
molecular area (Am) isotherm was obtained using KSV NIMA software by compressing
the barriers at a constant rate of 2 mm/min. To deposit SFN monolayers at the aqueous-
LC interface, the Langmuir-Schaefer method was used as reported earlier.®’ Briefly, at
required surface pressure, glass slide holding LC within TEM grid was horizontally
lowered in contact with the monolayers at the air-aqueous interface and immediately
immersed into optical wells containing buffer of interest for analysis under polarized

optical microscope. All the observations were done at room temperature.

Figure B.1-A shows that surface pressure-area isotherm of SFN (n—A isotherm)
monolayer consists of three different parts (denoted as I, Il and Il on the figure) at the
air/water interface consistent with the previous report®. At the beginning of the

compression, SFN molecule occupied large molecular area (part 1) suggesting the
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existence of monolayer in liquid-expanded (LE) state. On further compression, surface
pressure increased progressively (part 1) which indicates the formation of monolayer in a
liquid-condensed (LC) state. Further compression of monolayer leads to a “pseudo
plateau” region (part III) which appears at a collapse pressure () of about 35 mN/m and
can be regarded as a transition from monolayer to multilayer. We found that liquid-
expanded monolayers of SFN (at 10 mN/m), after transfer onto the LC film, resulted in
planar alignment of the LC (Figure B1-B), indicating the low areal density is insufficient
to orient LC at this phase. However, when liquid condensed (22 mN/m) monolayer and
multilayer state (37 mN/m) monolayer was transferred to the LC-film, a homeotropic
orientation of LC was observed at pH 7.2 (Figure B.1-C,D). These observations indicate
that presence of a monolayer of SFN with sufficient areal density is able to orient the LC
homeotropically. This observation is in agreement with previous studies®’ reporting
Langmuir-Schaefer transfer of various lipids which concluded that molecular density of
amphiphiles at the interface strongly regulates the orientation of LC they are in contact
with.
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Figure B.1. (A) Surface pressure (m)-area per molecule (An) isotherm of SFN on water
subphase at room temperature. Polarized optical images of E7 films confined in a grid
placed on DMOAP functionalized glass when layer of SFN is transferred at surface
pressure of (B) 10 mN/m, (C) 22 mN/m and (D) 37 mN/m and immersed in TBS buffer
(pH 7.2).

B.2 Interactions between proteins and SFN in bulk solution: A fluorescence study

The fluorescence emission spectra have been recorded on a Perkin Elmer LS 55

fluorescence spectrometer using a 10 mm path length quartz cuvette. Fluorescence spectra
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have been measured from 315 to 500 nm with excitation wavelength fixed at 295 nm.
Excitation and emission slit widths were fixed at 5 and 10 nm respectively for recording
Hb and BSA solution. For Cyto, the excitation and emission slit widths were kept 10 and
20 nm respectively. Aqueous solutions of proteins and mixture of protein-SFN were
freshly prepared (10 min prior to spectra collection) in 1 mM TBS (pH 7.2). The final
concentrations of Hb, BSA, Cyto and SFN in recorded samples were 5, 5, 15 and 100 uM,
respectively. Proteins exhibit intrinsic fluorescence due to hydrophobic amino acids (for
eg. tryptophan (Trp) residue) which are preferentially located in the hydrophobic domain
of protein. Therefore, variations in fluorescence intensity/wavelength shifts of Trp
emission can be monitored to extract information regarding protein conformation in

presence of ligands.

Hb and SFN: The fluorescence emission of Trp in Hb, centred at 336 nm, is quenched
significantly in water due to the efficient energy transfer from Trp to heme group of Hb.’
However, in the presence of SFN, fluorescence intensity of Hb is increased suggesting
that the penetration of hydrophobic chains of SFN molecule inside hydrophobic cavity
and subsequent inhibition of fluorescence quenching of Trp with heme (Figure B.2-a).
Thus, hydrophobic interaction between SFN monomer and Hb complex becomes evident,
besides electrostatic interaction between negative residues of SFN and positive residues
of Hb.

SFN and Cyto: The fluorescence spectrum of Cyto in TBS shows peaks at 392 nm and
430 nm (Figure B.2-b). The emission maximum at 392 nm arises due to the tryptophan
residue which is present in the protein while the peak at 430 nm is attributed to the self-
absorption of the fluorescence light by the porphyrin system of the protein.’° Addition of
SFN caused a huge blue shift in the peak from 392 to 352 nm with a slight increase in the
fluorescence intensity. These changes when combined together signify the SFN binding
with the protein molecules and causing the changes around hydrophobic environment of

proteins.™

SFN and BSA: The fluorescence spectrum of native BSA was centred at 345 nm in TBS
buffer which is primarily due to two tryptophan residues in protein. In the presence of
SFN, we observed a blue shift of the emission maxima from 345 to 330 nm which is
consistent with the changes in the environment of the tryptophan residues and an increase

of hydrophobicity in the vicinity of this residue (Figure B.2-c).*? Thus, overall the results
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support the binding of SFN and BSA in bulk aqueous phase prominently due to

hydrophobic interactions besides the prospective electrostatic or hydrogen bonding.
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Figure B.2. Fluorescence spectra of a) Hb, b) Cyto and ¢) BSA in absence and in the
presence of SFN at pH 7.2.

B.3 Circular dichroism measurements

A Chirascan spectrophotometer (Applied Photophysics, U.K.) was employed to record
the CD spectra. Samples were taken in a 1 mm path length quartz cell and scanned from
200 to 260 nm with 1 nm step size. The mixtures of proteins and SFN were prepared in 1
mM TBS (pH 7.4) and 10 min prior to the spectra collection. The final concentration of
Hb, Cyto, BSA and ConA in mixture was 1 uM each, of FibN was 2 mg/mL and of SFN
was 5 uM. For each sample, the spectra were averaged over 5 scans and the buffer signal

was corrected using the ProData software available with the CD instrument.
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Figure B.3. CD spectra of proteins in the absence and presence of SFN in aqueous

solution (pH 7.4). (a-c) CD peaks in spectra of Hb, Cyto and BSA confirms the a-helical
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nature of these proteins. (d,e) CD spectra of FibN and ConA confirm the B-sheet rich

secondary structure of these two proteins. In presence of SFN, the peak bands of each

protein remain significantly unchanged. Thus, it is substantiated that the presence of SFN

did not influence the protein’s secondary structure.
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10.

Conferences/Workshops

Poster presentation titled “ Liquid Crystal Based Simple System to Detect Secondary
Structure of Proteins” at 25" National Conference on Liquid Crystals (NCLC) held in
October, 2019 at Chitkara University, Punjab.

Poster presentation titled “Poly-L-lysine coated liquid crystal droplets for sensitive
detection of DNA and their applications in controlled release of drug molecules” at
International Liquid Crystal Conference held in July, 2018 at Kyoto, Japan.

Poster Presentation entitled “Design of a novel strategy based on liquid crystal to
detect biologically important events” at International Conference on Frontiers in
Chemical Sciences held at I1T-Guwahati in December, 2018.

Poster presentation titled “Poly-L-lysine coated liquid crystal droplets for sensitive
detection of DNA and their applications in controlled release of drug molecules” at
ACS on Campus India Roadshow held in February, 2018 at IISER Mohali, Mohali.
Poster presentation titled “Poly-L-lysine coated liquid crystal droplets for detection
and quantification of bovine serum albumin, concanavalin A and cathepsin D” in 24
NCLC held in October, 2017 at IISER Mohali, Mohali.

Oral presentation on “Biocompatible liquid crystal droplets inducing slow drug
release from DNA” in 23 NCLC held in December, 2016 at ISM-I1T Dhanbad.
Poster presentation titled “Detection of creatinine using surface-driven ordering
transitions of liquid crystals” in 3rd International Conference of Young Researchers
on Advanced Materials (IUMRS-ICYRAM) held at Indian Institute of Science,
Bangalore in December, 2016.

Poster presentation titled “pH responsive liquid crystal-based sensor for monitoring
of enzymatic catalysis of creatinine” in 21 NCLC held at VSSD College, Kanpur in
November 2014.

Attended “Science of Synthesis” workshop (Thieme) held at IISER Mohali on
September 7, 2019.

Attended a workshop on “Academic Publishing for Quality Research: How to Get
Published & Avoid Pitfalls” organized by Wiley at IISER Mohali on December 7,
2019.
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Honors, awards and recognitions

1. The Dewan Jawahar Lal Nayar Memorial prize for best poster at 21 National
Conference on Liquid Crystals (NCLC-21) in Nov, 2014 held at VSSD College, Kanpur.

2. Liquid crystal picture selected as the featured artwork of June 2018 at International

Liquid Crystal Society’s website.
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Featured Artwork

Link: https://www.ilcsoc.org/art-contest/gallery/page-24/#june.

Description: Organization of a well ordered protein at nematic liquid crystal (LC)-
aqueous interface led to the perturbation of pre-adsorbed monolayer of amphiphilic
molecules at the interface in a patterned and systematic fashion. The colorful regions
(tilted alignment of LC at interface) correspond to protein rich areas while the dark
domains (homeotropic alignment of LC) correspond to amphiphile rich areas. The LC
was confined within a transmission electron microscopy grid of 20 pum thickness. The
images were captured using a Zeiss polarising microscope Scope.Al with cross polars
(x50 and x100)

Jury comment: A collage of liquid crystal “smilies” is nicely composed and surprises

with a rich variety of forms.
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