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Abstract

Arsenic related toxicity contributes heavily to the disease burden globally,
resulting in a dire need to discover new and more sensitive means of both; detecting
and measuring it. Subsequently, integrating the concepts of nanotechnology and liquid
crystalline materials, a new breed of sensors is being suggested. Herein, based on the
already reported adsorption affinity cobalt ferrite nanoparticles display for arsenate, the
perturbation sensitive and optically anisotropic liquid crystals (LCs) were suggested as
a means of detection, transducing and amplifying the said interaction. To test this
hypothesis, cobalt ferrite nanoparticles were foremost synthesized and characterized
using XRD and SEM. This was followed by establishing optimal concentrations of
surfactant and nanoparticles in order to achieve stabilized LC sensing platform. Finally,
upon testing varying concentrations of sodium arsenate (1000ppm, 500ppm, 100ppm,
1ppm), optically distinguishable results were observed when viewed under polarized
optical microscope, suggesting this sensing platform to exhibit the feature of sensitivity
for varying range of arsenate.

Key Words: Liquid crystals, sensing, arsenic, heavy metal, detection, cobalt ferrite,

nanoparticles
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Chapter 1. Introduction

Arsenic (As) related toxicity has presented itself as a problem of catastrophic
proportions affecting an estimated 150 million people worldwide, of which 110 million
live within the 10 countries of South and South East Asia, Pakistan being one of them
[1].Currently, the biggest source of arsenic toxicity, both due to natural and
anthropogenic activities, is the contaminated groundwater. Prolonged exposure and
usage of such water poses threat to sustainable agriculture along with human health,
adding severely to the disease burden.

Resultantly, with arsenic being non-biodegradable and staying indefinitely
within the environment, there is a need for its effective monitoring, measurement and
remediation in soil and groundwater. Arsenic toxicity is largely governed by its
speciation and it’s most important toxicity causative forms in drinking water are the
inorganic variants. These include both; arsenite (As'"") (H2AsOs, H2AsO3") and arsenate
(As") HaAsO4 —, HAsO4 2. Resultantly, arsenate, arsenate anions, along with the
neutral arsenite have been the focal targets for field analytical assays [2].

Laboratory assays for arsenic measurement exist and require certain pre-
processing wherein all of the arsenic in collected sample is transferred to an acidic
solution. Subsequently, this sample is then analyzed by one of the many accepted assays
[3]. Although these analytical assessment methods have resulted in sensitive detection
of heavy metal ions yet they exhibit several inadequacies such as the need for complex,
expensive and elaborate equipment along with laborious and sophisticated sample
preparation steps. This markedly limits their utility as on-site arsenic detection
platforms that otherwise require portable, cheap, convenient, sensitive and rapid means
of detection.

In this context, liquid crystals (LC) that are lately being studied as intelligent
sensing materials, have emerged as a potential candidates that can be explored in order
to replace conventional analytical means for on-site detection. LCs are largely organic
materials showing both; an intermediate state of matter along with properties, existing
between solid (crystalline) and liquid (isotropic) phases. They are known for exhibiting
anisotropic physical properties like that of a solid while displaying flow-like properties
of liquid matter. From an application point of view, the already well exploited useful
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properties of the liquid crystalline phase are: anisotropy, selective absorption of plane
polarized light along with the property of being influenced by electric and magnetic
fields. Furthermore, these materials show sensitivity towards any minor changes in
surface energy or in the surrounding environment [4]. This change could be
consequence of presence of foreign species, occurrence of binding events or any other
physical, chemical perturbation. Furthermore, LCs show potential to amplify and
transform otherwise negligible molecular occurrences within their vicinity into
macroscopic measurable signals [5]. This responsive nature combined with the optical
anisotropic behavior, wherein when observed under cross polarizers, LCs may appear
dark or bright based on their orientation [6], forms the basis of using LCs for optical
sensing.

As a result of such stimuli sensitive and optically anisotropic nature of LCs,

they have been extensively employed for myriad of sensing applications including both;
chemical as well as biological sensing [7, 8, 9, and 10]. Detection of heavy metals such
as Hg?" and Cu?* by means of various detecting molecules such as biomolecules (like
oligonucleotides) along with other complementary chemical moieties, within LC
system has already been reported [11, 12]. And although these investigations report
good sensitivity, they also indicate of a need to find cheaper, easier to produce/process
alternatives offering improved sensitivity, selectivity along with accuracy to already
suggested detecting molecules. This research effort aims to tackle detection of heavy
metal, i.e. sodium arsenate, within LC based sensing system by offering such an
alternative.
Subsequently, in our study, principles of LC are fused with that of nanotechnology. The
aim was to harness the size/surface area resultant enhanced properties of nanoparticles
along with the multiple advantages and potential they are reported to extend to the LC
system [13]. As a result, in this investigation the already well reported adsorption
affinity of arsenate for cobalt ferrite nanoparticles has been manipulated [14, 15].

So stringing it all up, we hypothesize that based on the disturbance caused by
already reported arsenate adsorption onto cobalt ferrite nanoparticles, perturbation
sensitive and optically anisotropic LC, are to change orientation which in turn effects
the amount of light leakage when viewed under polarized microscope. This specific
interaction, similar to previously reported LC based sensing studies for other

interactions [16, 17, 18, 19, 20], was forecasted to cause perpendicularly aligned LC
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(dark image/complete light blockage) to transition ultimately to a parallel alignment
(bright image/complete light leakage), with series of intermediate angles of tilt shown
by LC in between, displaying varying degree of luminosity and resultantly forming the
basis of our LC based optical sensing.

In order to test this hypothesis we laid down a series of sequential objectives
which are given below:

» Synthesis & Characterization of cobalt ferrite nanoparticles
» Successful embedding of nanoparticles in the LC based sensing platforms

* Detection of sodium arsenate within nanoparticle stabilized LC sensing

platforms
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2.1 Heavy Metal Toxicity

Metals ions having atomic weights in the range of 63.5 to 200.6 along with
specific gravity of less than 5.0 g/cm? [21] are categorized as heavy metal ions. Heavy
metals are non-biodegradable and as a result exist in the ecological systems indefinitely,
exposing all species to increased amounts of contamination. These metals exhibit an
ability to form complexes, with ligands of various biological matter comprising oxygen,
sulphur and nitrogen. Resultantly, changes in the molecular arrangement of proteins,
denaturation of enzymes or breaking of hydrogen bonds can occur. Such molecular
changes can in turn lead to myriad of toxicological and carcinogenic effects [22].

Subsequently, safe limits have been defined for drinking water by different
organizations world over, chiefly; World Health Organization (WHO) and
Environmental Protection Agency (EPA), based on the toxicity data and scientific
studies [23].

2.1.1Arsenic Toxicity

Arsenic- Forms and Occurrence

Arsenic (As) is naturally present in the environment and appears highly toxic to
all life forms. It is a crystalline metalloid with features laying between that of metals
and non-metals. It is the 20" most occurring trace element in the earth's crust while
ranks 12" most common element in the human body [24]. Arsenic exists largely in four
oxidation states — arsenate (As"), arsenite (As'"), arsenic (As°), and arsine (As™") and
its solubility is dependent on the ionic environment along with pH. Among the various
arsenic species, the As" is reported to be thermodynamically stable state in aerobic
water, while As'"" is predominant in redox environments. Furthermore, arsenic can be
present in the environment in various chemical forms [25]. The principal source of as
in the environment is its release from As-enriched minerals. The sources of As
contamination includes natural (dissolution of As compounds into the water by
geochemical factor) as well as anthropogenic activities (mining and smelting, industrial

processes etc.). Subsequently, existence of As in fresh waters, marine waters, ground

4
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and drinking water along with soil and food stuffs is frequently reported. Exposure to
contaminated drinking water is the key source of As toxicity within human population
while those not exposed directly to raised levels of As in drinking water can still be a
victim of this toxicity i.e. by usage of food grown in As-contaminated soil. So all such

exposures result in health-threatening problems for millions [26].

Health Hazards

The numerous debilitating effects of As poisoning on human health include
melanosis, keratosis, edema, gangrene along with skin cancer. Keratosis and melanosis
are the most common skin related pathological presentations to be reported.

Furthermore, prolonged exposure to inorganic As causes plethora of disorders,
adversely affecting body throughout i.e. digestive, respiratory, cardiovascular,

hematopoietic, endocrine, renal, neurological as well as reproductive system/s [27].

2.1.2 Current Technologies and Research Trends for Arsenic Detection

Existing standard techniques for detection of trace amounts of heavy-metals
require sophisticated techniques such as but not limited to atomic absorption
spectroscopy (AAS), inductively coupled plasma-mass spectrometry (ICPMS), mass
spectroscopy (MS), X-ray fluorescence spectroscopy (R-FS) and potentiometric
methods [22]. Advances in a variety of analytical instruments have shown varying
success. However, the fundamental goal of developing on-site assays that consistently
and accurately detect and measure arsenic has yet not been achieved .Field assays,
though are relatively inexpensive and can produce a large number of screening results
in a short period of time as of yet lack the desired sensitivities to accurately measure
low amounts of heavy metal ions [3].

Resultantly, new avenues are being explored to achieve enhanced sensitivities
with researchers identifying and stringing concepts from various fields. An area
generating a lot of interest is the field of nanotechnology. Nanoparticles, with particle
sizes of less than 100nm, present with plethora of interesting and uniquely attractive
features making them very lucrative for various technologically advanced applications
[28].
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For sensing, nanoparticles have been gathering a lot of attention, primarily due
to the improved properties they display as a consequence of small size and enhanced
surface area. The introduction of nanostructured materials, including but not limited to
quantum dots (QDs), magnetic nanoparticles along with noble metal nanoparticles,
which improve sensibility, selectivity as well as reproducibility, has contributed greatly
to improve the existing detection limits achieved while allowing the possibility for
miniaturization of devices.

Nanostructured materials have been widely reported both for recognition as well
as remediation of heavy metals. Adsorption of both; As(lll) and As(V) by
nanocrystalline TiO> particles has been reported on numerous occasions [29, 30].
Furthermore, iron based nanoparticles such as zero valent iron, maghematite [31] and
various ferrites [32] have also been investigated for the adsorption affinity displayed by

them for various arsenic forms.

2.2 Liquid Crystal Based Sensing

2.2.1 Liquid Crystals

Matter exists broadly in four chief states i.e.; solid, liquid, gaseous, and plasma.
Each of these states differ in terms of distribution of atoms and degrees of freedom
exhibited by molecules. However, an interesting class of materials exists that possesses
properties that overlaps this otherwise discrete grouping. Liquid Crystals (LC) are one
such category of materials

As the name suggests, LC refers to crystals that are liquid in nature, displaying
properties between that of solid and isotropic liquid phases. These are primarily organic
materials comprising of molecules exhibiting solid-like anisotropic and liquid-like
flowing properties. This exquisite feature gives them unique set of properties and has

made them appropriate for numerous applications [33].

2.2.2Type of Liquid Crystals

The liquid crystal (LC) phases are fundamentally categorized depending on the

temperature or on the concentration of the molecules within a solution, as well as on
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the shape of the constituting molecules. LCs can be largely subdivided into two broad

categories i.e. thermotropic and lyotropic LCs.

Thermotropic Liquid Crystal

Thermotropic liquid crystal phases are formed between the crystalline and the
isotropic phase by changing the temperature. This phase of LC is dependent on the
chemical composition of the various discrete components within the mixture.
Thermotropic LCs display different phases when heated above a specific temperature
at which the crystalline arrangement of the crystal is disturbed. Heating it above its
liquid crystalline range results in further disruption of molecular organization, before
eventually transitioning to normal isotropic liquid. Thermotropic liquid crystalline
materials exhibit characteristics associated to their molecular structure, which consist
of two parts, namely the core and side chain. The core is a rigid body which is attributed
with shape anisotropy of the molecule, while the side chain is a flexible segment, giving
the molecule feature of mobility. Most of the existing commercial electro-optic devices
such as displays (LCDs) and digital watches are reported to use thermotropic LCs [34,
35].

As stated previously, thermotropic LCs displays different phases upon
temperature change. These sub-phases are arranged according to the degree of order
they exhibit between solid (most ordered) and the isotropic liquid phase. Thermotropic

LC sub phases include, Nematic Phase, Smectic Phase and Cholesteric Phase.

Nematic Liquid Crystals

Nematic liquid crystals are LCs that display orientational ordering but lack long-
range positional ordering. The nematic phase is the least ordered liquid crystalline phase
among various LC thermotropic phases. Herein the molecules have freedom to flow
though these molecules yet maintain long-range directional order. Nematic LCs mostly
have a single, slightly longer preferred axis, known as the principal axis, along with
two perpendicular axes which are equivalent and mutually perpendicular. The nematic
liquid crystals are the most widely used liquid crystalline materials and are known

particularly for their usage for device applications including LCDs [36].
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Smectic Liquid Crystal

Smectic liquid crystalline phase is the phase closest to the solid (crystalline)
state of matter. It comprises of stratified layers with two-dimensional (2 D) ordering
between the layers. The molecules within each layer display both; orientational as well
as positional order between them. However, the inter-layer forces within smectic liquid
crystals are relatively weak in nature. This is why the liquid crystal is fluid in smectic
phase. Furthermore, there are various phases in this family such as SA, SB, SC, SG,
SH, SJ, and SK where S represents the smectic phase and the suffix denotes the type
[37].

Cholesteric /Chiral Nematic Liquid Crystals

Cholesteric /Chiral Nematic Liquid Crystals are nematic LCs the addition of
constituting optically active molecules as well [1]. This is achieved by adding a slight
amount of chiral dyes to a normal nematic Because of presence of optically active
molecules, the director experiences a twist about the axis normal to the preferred

molecular directions.

Lyotropic Liquid Crystal

The second major type of LC includes Lyotropic liquid crystal phases, which
can be obtained by changing the concentration of the organic solutes in the solution.
Lyotropic liquid-crystalline materials do not necessarily exhibit shape anisotropy, but
rather show the feature of self-assembly which in turn depends on the solute
concentration in a solvent. Lyotropics characteristically form micelle arrangements,

and usually find application in cosmetic, beauty and in detergent industries [37]

Anisotropic Physical Properties

An important consequence of the anisotropic shape of liquid crystal molecules
is their anisotropic physical properties. Resultantly in nematics each of the measured
physical property tends to have two different values depending on the direction of

measurement i.e. parallel or perpendicular to the principal axis given by the director.
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Dielectric Anisotropy

The anisotropic nature of the liquid crystalline material affects their response to
an applied electric field. The nematic LCs possess two different values of dielectric
constants i.e. one for a field oscillating parallel to the optical axis while the other for a
field perpendicular to it. Furthermore, the sign of the dielectric anisotropy will define
whether the nematic molecule will lie along the direction of the applied electric field or

perpendicular to it [36].

Optical Anisotropy

The optical properties of anisotropic liquid crystalline materials also vary with
direction. In the case of nematic LCs two refractive indices are observed. One of the
refractive index is measured in parallel while other is measured in perpendicular
direction. The birefringence (i.e. optical anisotropy) of LCs represents the difference

between the two refractive indices [36].

2.3 Liquid Crystals as sensing materials

2.3.1 Sensing Properties

Liquid crystalline molecules have been termed as smart materials as a result of
their stimuli sensitive nature. These optically anisotropic molecules are reported to
show response to slightest of disturbances in their vicinity brought about by any
physical or chemical change. Furthermore, amplifying and transducing a signal are also

capabilities demonstrated by LCs [34].

2.3.2 Types of Liquid Crystal Sensors

Applicability of liquid crystal as sensing material may be broad since they can
be coated onto various transduction platforms. Example include optical platforms such
as; optical waveguides surface plasmon resonance, interferometers; electrical
platforms including capacitive transducers; mechanical platforms like atomic force

microscopy (AFM) cantilevers and quartz crystal microbalances (QCM) [38].
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2.4 Optical Liquid Crystal Sensing

2.4.1 Sensing Principle

The basic principle behind LC based sensing is simply based on both the ability
of LC to be sensitive to any slightest of changes in its surrounding chemical
environment as well its ability to influence absorption of plane polarized light resulting
in varying degree of light leakage. Resultantly, slightest disruption of aligned LC
brought about by the specific interaction of analyte and detecting molecule/receptor
causes the LC to change orientation which in turn effects the amount of light leakage
which causes optically different visuals being captured under polarized optical
microscope. Figure 1 below presents a simple schematic explaining the sensing

principle sequentially.
=\ I A e
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Figure 1: Schematic diagram explaining the LC based sensing principle: a) originally
partially aligned LC, b) Addition of detection molecules and surfactant resulting in
perpendicular alignment, ¢) addition of analyte results in disruption of LC

2.4.2 LC Surface Alignment- Methods and Factors Involved

Liquid crystals (LCs) have gravitated interest of researchers due to their
anisotropic physical properties and easy control of their orientation by external fields
including electric, magnetic and light. Subsequently, in order to make use of this
anisotropic behavior of nematic LCs they need to be foremost aligned uniformly along
a preferred direction. Such uniform alignment of the LCs can be achieved by means of
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applying of an external field; electric, magnetic or light, as well as by the interaction of
the LC with a solid surface and interaction with other molecule/s. [36]

Liquid crystal alignment is essential in almost all liquid crystal based devices.
Generally, LCs can be aligned at solid substrate surfaces. The interaction between
molecules of LC is dictated by long-range interactions. Resultantly, the alignment of
these molecules at the surface’s monolayers can be easily conveyed to the bulk resulting
in uniform alignment. Additional forces that impart alignment comprise of dipole
interactions with the surface, elastic forces because to surface morphology along with
chemical interactions with the chemical groups on surface. Of these, chemical
interactions are known to play the dominant role in surface alignment [37].

Furthermore, the balance between the surface tension of LC (yL ) and the surface
tension of solid (yS), when LC is dropped on a solid surface, will determine the direction
LC molecules will prefer to align with. These elongated molecules tend to order
themselves perpendicular to the surface, when y L > S, in order to minimize surface
energy (in this case intermolecular forces between LCs dominate).While wheny L <
S, the LC molecules chose to align themselves parallel to the surface of substrate [5].

A third case exits wherein when L ~ S the LC molecules adopt tilted alignment.

Moreover, LC alignment is classified according to the orientation they display
i.e. either homeotropic (vertical), planar (parallel) or tilted alignment. In homeotropic
alignment LC molecules are aligned perpendicular to the surface, in planar alignment
these molecules are parallel to the surface while in the tilted alignment, LC molecules

lie between 0 and 90°.

2.4.3 Components Involved in LC Based Sensing

Liquid crystal (LC) based optical sensor comprises of certain basic components
which include the substrate used, bottom aligning layer, liquid crystalline material,
aqueous-air interface aligning surfactant along with polarized optical microscope. In

the sections to follow, each component is discussed.
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Liquid Crystalline Material

Liquid crystals (LCs) as already stated are broadly of two types i.e.
thermotropic and lyotropic. Recent literature survey shows that most research efforts
have employed thermotropic liquid crystal p-n pentyl-p-cyanobiphenyl (5CB) as signal
amplifier. 5CB presents with handful of advantages such as convenient room
temperature nematic range along with high chemical stability even in the presence of
molecules of water vapor and oxygen, making it a preferred choice. Moreover, this
nematic LC has a large positive refractive index anisotropy which makes it appropriate

for amplification because of a phase transition into the isotropic phase [38].

Figure 2: Structure of p-n pentyl-p-cyanobiphenyl (5CB)

Substrate

Substrates are a chief component of LCs based sensing platform, especially
from a technological and device fabrication point of view. As of yet, most of the
research efforts have been carried out by using of microscopic glass (borosilicate) slides
as bottom substrate. However, reports have stated the use of polymer based bottom
substrates. Basically a substrate can be made from any suitable material that shows
compatibility with the alignment layer along with the physical property that is being
measured. For cases where physical property to be measured is optical or is measured
by optical means, the substrate may be a transparent material such as glass [38].

Because of observations that the cleanliness of the substrate is essential for the
study of surface alignment, there is a need to employ cleaning protocol which
repeatedly results in reproducible and uniform chemical surface, especially one which
results in a surface clear of organic contamination. Subsequently, the effectivity of
cleaning procedures ought to be constantly monitored by an appropriate technique and
by carrying relevant controls throughout experimentation. Previously conducted
studies reported that solvents, detergents and non-oxidative heat treatments are

substantially ineffective in clearing high energy surfaces from organic contaminants.
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Instead it has been suggested that strongly oxidizing conditions are essential to fully

clear organic residue [39]

Surface coupling agent

Another significant component within LC sensing platforms is the substrate
alignment/surface coupling agent. Basically in order to fully align the LC with bottom
substrate an alignment agent is needed. It is desirable to find materials that not only
have an orienting action on LC molecules but also bond permanently to the substrates.
Surface coupling agents have these properties. Coupling agent molecules (CAM's) for
aligning LCs with substrate should ideally possess at least two different kinds of
functional groups. One of these group should display chemical reactivity with the
substrate while the other ought to be the aligning group which results in such an
interaction with LC molecules that brings about the preferred orientation [40].

Furthermore, surface coupling agents most widely used include organosilanes,
because of their ability to provide stable bonding between dissimilar surfaces.
Alkoxysilane monomers have a general formula RSiXz and are a well-known class of
CAMs. In this general formula, R is an organofunctional group attached to the silicon
atom in a stable manner, having an orienting effect on LCs while X denotes
hydrolyzable groups centered upon silicon. Furthermore, the strength of the substrate-
silane bonding depends on the chemical nature of the substrate, that of silane as well as
the deposition conditions used to deposit silane.

Surfaces coated with organosilane are reported to be remarkably stable in the
presence of moisture [22], making it desirable for LC based devices. Moreover, the
chemical bonding between the surfaces and organosilane also prevents adsorption of
other molecules.

N,  N-Dimethyl-N-octadecyl-3-  aminopropyltrimethoxysilyl ~ chloride
(DMOAP) is a very widely used surface coupling agent. It is known to be stable in the
presence of moisture and they provide the constant value of critical surface tension
desired for liquid crystal device structures, LC colloidal applications and meta material

application [40].
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Surfactant

Surface active agents, commonly known as surfactants, are chemicals that
display a tendency to physically adsorb at an interface or surface, resultantly altering
the energy dynamics at that surface. A LC in contact with a substrate having surfactant
coating is expected to align differently than if it was to, to a substrate without coating
Subsequently, with such an essential role in LC alignment, research attempt to better
understand the effect and dynamics of surfactants on LC alignment were initiated by
the findings of Haas et al. wherein thin layers of the liquid-crystalline MBBA was
reported to display homeotropic orientation when doped with trace amounts of
polyamide resin (Versamid 100). This study concluded that the surfactant properties of
the resin molecules aided in the homeotropic alignment of LC.

However, it is important to note that a given surfactant will not necessarily
display the same aligning action for all liquid crystalline materials or for all given
substrates. The orienting action is reported to depend on the specific chemical structure
of the substrate, surfactant as well as that of LC [39].

The most widely used surfactants for aqueous-air interface alignment of LCs
have been the lipids. However other surfactants such as TritonX-100 and Tween80 have

also been reported.

2.5 Optical Liquid Crystal Sensing Applications

Liquid crystals have been reported for sensing of wide variety of molecules.
These anisotropic materials have gained quite popularity in the field of biosensing due
to their properties of amplifying molecular events to macroscopically detectable
signals. Various biological molecules such as enzymes, glucose, lipids along with
proteins etc. have been sensed using liquid crystalline materials. Viruses and bacterial
detection has also been investigated in this context [5, 41, 42, 43]

Furthermore, chemical agents such as xylene, naphthalene, glutaraldehyde,
butylamine etc. are reported to be sensed with LC as medium of detection. These studies
have met with varying success in terms of sensitivity and selectivity, showing

encouraging results for future exploration [44, 45 46, 47]
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Finally, heavy metal detection has also been an area that has been researched
using stimuli responsive LCs. Largely heavy metals explored so far include Hg?*, Co?*
along with Cu?*. LC based sensor for the detection of Cu+2 ions has been reported by
Hu et al., wherein surface immobilized urease was responsible for detection. Herein
upon treatment with UV, 5CB immersed in a solution of urea showed an optical
response from bright to dark transition upon interacting with surface immobilized
urease. In the presence of Cu*? ions, urease activity was blocked and so a transition
from homeotropic-to planar i.e. dark to the bright was observed [48].

In another study, detection of mercury ions was reported by employing
oligonucleotides showing specific binding with Hg*? (Yang et al., 2012). The presence
of Hg*? ions induced conformational changes on the originally hairpin structure of
oligonucleotide to a duplex like complex, which caused a disruption that caused
homeotropically aligned LCs to transition to planar arrangements, resulting in dark to
bright changes optically [11].

Detection of Cu*? and Co*2 ions was achieved by Han et al., wherein an optical
acid doped LCs incubated with heavy metals showed dark to bright appearance
indicating the presence of stated metal ions. The interaction of metal ions with specific
chemical moieties on the stearic acid resulted in disruption of LCs, ultimately causing
a change in orientation which in turn was visible by the dark to bright transition noted
optically [12].
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3.1 Cobalt Ferrite Synthesis

3.1.1 Materials

Co(NO3)2:6H20 (75 ml of 0.1M), Fe(NO3)3-9H20 (75 ml of 0.2M), NaOH (75
ml of 3M), Cetyltrimethylammonium bromide, CTAB (95-98%) were all purchased
from Sigma-Aldrich. All reagents were of analytical grade. Deionized water was used

for all solution making and later washing of nanoparticles as well.

3.1.2 Synthesis

Synthesis of cobalt ferrite nanoparticles was achieved by adapting the protocol
reported by Gul et al., [49]. Foremost, solutions of Co(NO3)2-6H20 (Sol A) and
Fe(NO3)3-9H20 (Sol B) in their desired stoichiometry were prepared separately in
deionized water while providing magnetic stirring for almost 5 minutes. Next, Sol A
was poured into Sol B, and stirred magnetically for 10minutes. This aqueous solution
was then heated up till 35°C after which CTAB (0.281g) was added as a surfactant to
provide stearic hindrance during particle synthesis in order to achieve well dispersed
nanoparticles. Once this was added and mixed, this aqueous solution was allowed to
heat up to 85°C under constant stirring. Upon achieving this temperature, precipitating
reagent, NaOH (with a temperature of 85°C), was mixed into metal solutions. This
mixture was then provided with constant stirring and the temperature was maintained
for the next 45 minutes. After the desired time, heating was switched off and magnetic
stirring was continued till room temperature was attained. The precipitates were
thoroughly washed with deionized water several times until a pH of 7 was achieved.
The product was dried overnight in an electric oven at 110°C to remove water contents.
Finally, the sample was ground using mortar and pestle after which it was placed for
sintering in a muffle furnace at 500°C for 7 hours [49].
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Figure 3: Schematic representation of synthesis of Cobalt Ferrite nanoparticles via

Co-precipitation method

3.1.3 Characterization

X-Ray Diffraction

X-ray diffraction (XRD) pattern for the sample was performed and recorded.
For this finely ground and dried powder was used as sample. The X-ray diffraction
(XRD) pattern was obtained on a STOE Powder X-ray diffractometer 6-0 (operating
voltage 40 kV and current 40mA) utilizing a scanning rate of 0.5° min* ranging from
5° to 80° (20) with Cu Ka radiation (A = 1.5418 A).

Scanning Electron Microscopy

Scanning electron microscopy was performed in order to assess particle
morphology and size. Sample for this assessment was prepared by making dilute and
well dispersed solution of the ferrite using ultrapure water as solvent followed by to
allow uniform dispersion. After sonication, a drop of sample was placed on the metal
grid and was allowed to dry in ambient light. The sample was then placed in JFC-1500,
Ion sputtering device, 250 A, to allow gold coating. Samples were analyzed using JSM-

6940A, Analytical SEM, and JEOL-Japan.
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3.2 Optical Testing

3.2.1 Materials

Glass microscope slides were purchased from VWR (Germany). N, N-
Dimethyl-N-octadecyl-3- aminopropyltrimethoxysilyl chloride (DMOAP), 4-cyano-
4’-pentylbiphenyl (5CB, concentrated Sulphuric acid (95-98%), hydrogen peroxide
(30% wi/w in water), Sodium monoleate 80 (Span 80), phosphate buffer saline tablets,
acetone (98-99%) sodium arsenate (Na2HAsO4.7H.0) 98% were all purchased from
Sigma Aldrich (Germany). Gold grids (150 mesh size) were purchased from Plano
GmbH (Wetzlar, Germany). All the chemicals were used as received .All aqueous
solutions were prepared and washing steps were done using ultrapure water
(Conductivity: 0.0055uSiemens, Total dissolved solutes; TDS: 0.00) throughout the

study. The solutions used are mentioned in Table 1.
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Table 1: List of solutions prepared

Solution Prepared

Protocol

Piranha

Added 10ml of 30% H202 slowly in 30ml of conc. H2SO4 (Ratio
3:1 H202:H2S0a4).

Note: This is a highly flammable solution which is to be stored
in a tightly secured reagent bottle and should be handled

carefully when being used.

DMOAP

357.1ul of DMOAP was added in 150ml of ultrapure water.
This solution was poured from one beaker to another multiple
times in order to create froth. This solution should be used

within 3-4 days of making.

PBS

Single tablet of PBS was added in 100ml of ultrapure water. The

solution was sonicated in order to completely dissolve.

Span 80 (1mM)

21.4ul of Span 80 was added to 50ml of ultrapure water. This
mixture was sonicated well until a uniform milky dispersion was

achieved.

CoFe204 (ImM)

2.36mg of CoFe204 nanoparticles were added in 10ml of
ultrapure water and was sonicated well until a uniformly

dispersed solution was achieved.

Sodium Arsenate
(1000ppm)

Solution was prepared by dissolving 42mg of sodium arsenate

in 10ml of ultrapure water.

Optical microscope specifics

A polarized optical microscope (Leica) was used to obtain textures of 5CB in

liquid crystal based sensor. All the images were recorded by using 10X digital camera

attached to polarized optical microscope 100 % transmittance was set without sample

and 0 % transmittance when the source of light was switched off [50].
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3.2.3 Preparation of Optical LC Based Sensor

Glass Slide Activation

Glass slides were foremost immersed in Piranha solution for 20 minutes,
providing them with the strong oxidizing conditions for cleaning. Next after washing
with ultra-pure water and drying them using an industrial dryer, the slides were given
an acetone wash. And finally after another round of washing and drying, the slides were
kept in DMOAP solution for 5 minutes. After this the slides were dried. These DMOAP
functionalized slides were ideally used for testing within 2 days of functionalization.

Note: In each step above, washing was done using ultra-pure water and drying

of slides was done using an industrial dryer, the latter being set at its maximum heat

level. Slides were covered with petri dishes to avoid contamination during storage.
/\\

Pirhana Solution Acstone DMOAP

Figure 4: DMOAP activation of microscopic glass slides

Annealing of Liquid Crystal on Gold Grid Laden Activated Glass Slides

Foremost, TEM gold grids (150 mesh), which provide support to the nematic
liquid crystals on DMOAP coated slides, were washed prior to use. They were rinsed
with acetone and ethanol, 3 times each. These were then given a final wash with ultra-
pure water followed with ethanol and lastly were dried in an electric oven at 80°C.

Washed and dried TEM gold grids were placed on DMOAP activated glass
slides using clean micropipette tips to position them carefully on the slide. A maximum

of 4 grids were placed on each functionalized slide.
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Next, almost 2ul of 5CB was carefully dropped on each grid on the DMOAP
coated slide using micropipette. Excess of 5CB was removed using capillary action of
micropipette tip.

Finally these 5CB laden slides were placed on a hot plate and subjected to
heating for less than a minute at 40°C. Subsequently these were allowed to cool down
to room temperature while being carefully covered with petri dishes to avoid any
contamination or disturbance. In order to achieve uniform homeotropically aligned
5CB, the temperature was kept above the phase transition temperature i.e. 35 °C [50].

-
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A Micropipette was used to
\A

v

.:,;‘ drop 5CB on the grids

Test Slide

Annealed 5CB on the grid
by heating at 40°C

Test Slide

Figure 5: Annealing of 5CB on Gold Grid Laden Activated Glass Slides

Checking of Prepared Optical Sensing Platform

Above fabricated sensor (glass slide based sensing platform) were observed
under a polarized optical microscope to assess their viability for further usage. Any gold
grid with improper alignment of LC was rejected manually.
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Test Slide

Materials and Methods

Figure 6: Checking of prepared LC based sensing platform using optical microscope.

3.2.3 Preparation of Cobalt Ferrite nanoparticles stabilized LC testing chamber

Prior to testing our sensor for arsenate detection, successful loading of cobalt

ferrite (CoFe204) nanoparticles into the sensing platform was essential. For this, we

needed to find optimal concentrations of both; Span 80 and CoFe204 nanoparticles, at

which a stabilized and most efficient sensing platform was to be achieved. For all

testing to follow, detecting solution comprised of; Span 80, varying v/v% of 1mM of

CoFe20s and PBS as solvent. Sodium arsenate was our analyte solution. Each of the

detecting solution had a total volume of 10ml. Figure 5 shows the schematic addition

of solutions during these sensing experiments.

Testable slide
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Test Slide

Detecting solution
-
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Analyte
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Figure 7: Schematic representation of sequence of addition of solutions while

running LC based sensing experiments.
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Optimizing Surfactant/Span 80 concentration

In order to establish the optimal concentration of Span 80 required to stabilize
the sensing platform when loaded with nanoparticles, two series of tests were run, i.e.
for a concentration of 0.01mM and 0.1mM of Span 80, while keeping all other
conditions and variables similar.

Concentration of CoFe20s nanoparticles was varied for each Span 80
concentration until the first concentration of CoFe204 nanoparticles at which the system
stability was achieved upon nanoparticles loading was established. All these tests were
run for an analyte concentration of 100ppm of sodium arsenate. Each test was repeated
at least thrice.

Optimizing cobalt ferrite nanoparticles concentration

After an optimal concentration of Span 80 was established at which sensing
system achieved stabilization, tests were run to find the optimal concentration of
CoFez04 at which the system showed best detection results for 100ppm of sodium

arsenate. Each test was repeated at least thrice.

3.2.4 Testing varying concentration of Sodium Arsenate (1000ppm, 500ppm,
100ppm, 1ppm)

Once optimal concentrations of Span 80 and v/v% of 1mM of CoFe204 were
established, tests were run to investigate detection of varying concentrations of sodium
arsenate i.e. 1000ppm, 500ppm, 100ppm and 1ppm. Each test was repeated thrice.

3.2.5 Controls

Controls were run by testing each component; separately and in various
combinations, on the testable 5CB-DMOAP activated slides in order to establish the
behavior of each and confirm that the sensing was exclusively due to CoFe204
nanoparticles and sodium arsenate interaction only.

To run each control, an unused, partially aligned 5CB laden grid was used each

time. The desired component(s) was (were) added to the grid using micropipette and
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observations were noted and recorded using a polarized microscope. In table 3.2 below

a sequential mention of controls performed is stated.

Table 2: List of controls performed

Sr No. Component(s) Tested
Span 80

Phosphate buffer saline

Sodium Arsenate

CoFe204 nanoparticles

Span 80 and PBS solution mixture

Span 80, PBS, CoFe204 nanoparticles mixture solution

~N| o o B W N

Span 80 and PBS solution mixture + Sodium Arsenate.

Note: In the last control foremost a drop from a solution of Span 80/PBS was
added. Then, after a desired time (based on our results from running control #5), drop

of Sodium Arsenate 100ppm was added.
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4.1 Cobalt ferrite nanoparticle synthesis & characterization

We have presented the synthesis of cobalt ferrite (CoFe2O4) nanoparticles by

wet chemical method (co-precipitation) along with heat treatment at 500°C. The

advantage of this method over the others is that the control of production of ferrite

particles, its size and size distribution is relatively easy and there was no need of extra

mechanical or microwave heat treatment. The crystallite structure, size and morphology

of the particles prepared by this method was studied by XRD and SEM.

4.1.1 XRD

The X-diffraction pattern (Fig.1) of the powder synthesized using this route

shows that the final product is CoFe>Oa4. The sample showed reflection planes of (220),
(311), (422), (511) and (440) which confirms the presence of cobalt ferrite and showed
an almost 64% matching with JCPDS file No: 01-077-026
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Figure 6: XRD graph of synthesized CoFe204 nanoparticles
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4.1.2 SEM

The Scanning electron micrographs for synthesized cobalt ferrite nanoparticles
were captured at varying magnifications of 70,000 and 100, 000, (See Fig8 and Fig 9
below) in order to assess particle morphology and distribution. Furthermore, for such
small sized particles, no aggregation was noted in the images, which could be accounted
for by the surfactant used i.e. CTAB, providing the needed stearic hindrance during
synthesis. Finally, synthesized nanoparticles showed nearly spherical morphology as
evident in Fig 9. The average particle size calculated was 21.3 £2.8 nm.

Figure 7: Scanning Electron micrograph of CoFe,O4 nanoparticles at a magnification of
70,000.
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20kV  X100,000 0.1pm 2015 10 20 SEI

Figure 8: Scanning Electron micrograph of CoFe2O4 nanoparticles at a magnification of
100,000.

4.2 LC Based Optical Sensing

The synthesized nanoparticles were used as detecting molecules for sodium
arsenate detection using liquid crystal as means of detection. Herein, physical
disturbance expected as a result of reported adsorption of arsenate onto CoFe2Os
nanoparticles[15,51] was hypothesized to affect the already perturbation sensitive and
optically anisotropic 5CB, resultantly expected to cause optically detectable response
from an originally dark image (perpendicular 5CB alignment/light blockage) to a series
of images with varying luminosity until a fully bright image (parallel alignment of
5CB/complete light leakage) is observed when viewed over a course of time under
polarized microscope. However, in order to test this hypothesis, the foremost step was
preparing of an optical LC based sensing platform.

4.2.1 Preparation of Optical LC Based Sensing Platform

Preparation of optical LC based sensing platform was governed by the choice
of substrate used for LC alignment. In this study, microscopic glass (borosilicate) slides,
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already widely used substrate for LC based sensing, were chosen as the bottom
substrate due to their stable, robust nature along with easy availability [38].
Subsequently, the steps involved in prepping optical sensing platform included the
reported procedure of; glass slide cleaning and activation, followed by confinement of
LC within gold grids along with their annealing and finally checking these slides for
further usage for sensing purposes [50].

In LC based sensing studies, for each test, images of a minimum of 4 grid
cells/chambers within an entire grid mesh are captured over the needed time period [45,
46, 47]. Below in Figl1 are the results of confined and annealed 5CB within gold grids

for varying conditions.

(a) (b) (c) (d)

Figure 9: Optical images of 5CB confined and annealed in TEM grids under polarized
microscope when a) no slide washing or DMOAP activation, b) slide washing was done but
no DMOAP slide activation ¢) Washed and DMOAP activated slide with poor alignment d)

Washed and DMOAP activated slide with proper degree of partial alignment.

From the images above, Fig 10 a) and b), it is evident that stringent cleaning of
slides using a powerful oxidizing agent i.e. Piranha, along with slide activation using
DMOARP is critical while prepping optical sensing platform. In each of these we noted
that 5CB was not able to align. These results show agreement with other studies which
reported the need for cleaning and activation of slides prior to annealing and further
usage [39]. This is attributed to the fact that DMOAP has octadecyl hydrocarbons
chains (C1gHs7) which perpendicularly align LC, thus showing dark texture between
cross polarizer [40]. Without these anchoring agents, LC molecules cannot orient
perpendicularly and hence no proper alignment has been found as shown in Fig 10a)
While Piranha cleaning helped in uniform deposition of silane layer. This silanization
layer on glass substrate also contributes to the uniform anchorage of LCs molecules.
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Furthermore, Fig 10c) and fig 10 d) show the; poorly-partially aligned and properly-
partially aligned 5CB on cleaned and DMOAP activated slides, respectively. While
prepping of sensing platform throughout this study, after cleaning and activation of
slides followed by confining and annealing of 5CB within the grids on these slides, they
were tested under polarized microscope. Subsequently, the grids which showed poor
partial alignment (like Fig 10c) were rejected manually while those that showed proper
partial alignment (like Fig 10d), were regarded as testable grids, fit for further sensing

purposes.

4.2.3 Preparation of Cobalt Ferrite Nanoparticles Stabilized LC Testing
Platform

Once optical sensing platform was successfully fabricated, the next step was to
use it for our desired sensing i.e. detection of sodium arsenate using cobalt ferrite
nanoparticles. Based on existing literature, combining principles of basic sensor along
with LC based sensing in particular, the scheme of testing was foremost set. This meant
that since optical LC based sensing is based on the optical transition from dark
(completely blocked light/perpendicular alignment) to bright (complete light
leakage/parallel alignment) or vice versa, it was important to start with 5CB completely
aligned in one direction. As explained in Chapter 2, substrate aligning agent like
DMOAP results in partial perpendicular alignment of LC. While for aqueous-air
interface alignment a surfactant is used, resulting in complete alignment of LC.
However, as a basic sensor principle it is desirous that at this point our receptor or
detecting molecules (cobalt ferrite nanoparticles as in our case), are successfully
embedded in the system such to give us a stable, completely aligned 5CB system, in
order for the analyte alone to bring about the desired optical response. Resultantly, to
partially aligned 5CB grids we added not only surfactant but detecting molecules as
well at this stage in the form of a mixed solution. This was done to experience not only
the usual effect a surfactant has on LC alignment but also to allow detecting molecule
to successfully embed with the LC resulting in a stabilized LC sensing chamber, with

fully aligned LC prior to addition of analyte.
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Our detecting solution comprised of cobalt ferrite nanoparticles as detecting
molecules with Span 80 selected as our surfactant of choice while PBS was used as our
solvent. Span 80, is relatively a fresh entrant in the list of used surfactants for complete
LC alignment in sensing. Largely lipids have been reported as surfactants [52] however
they have their limitation of requiring tedious processing for usage. Subsequently, as
recently suggested by Zakir and colleagues, Span 80 was used for its convenient
processing and LC stabilizing features. Furthermore, PBS was used as our choice of
solvent since water was observed to interfere with LC, presenting its own set of rainbow
like patterns and so PBS solvent has been used and pH of the system was maintained
to 7 using this solvent. It helps to identify better detection patterns than in previous case

In order to successfully embed cobalt ferrite nanoparticles, we needed to find
optimal concentrations of both; Span 80 and cobalt ferrite nanoparticles, at which a
stabilized and most efficient sensing platform was to be achieved. Results obtained are

mentioned in the sections to follow.

Optimizing Surfactant/Span 80 Concentration

Based on the report by Zakir et al., wherein Span 80 has shown alignment of
5CB for a concentration range of 0.01mM to 0.1mM, we foremost ran two series of
tests, i.e. for a concentration of 0.01mM and 0.1mM of Span 80, while keeping all other
conditions and variables similar. CoFe>O4 nanoparticles concentration was varied for
each series, until the first concentration was achieved at which stabilized system was
noted. All these tests were run for an analyte concentration of 100 ppm of sodium
arsenate.

In Fig 11 below are the results obtained for a Span 80 concentration of 0.01mM

with varying CoFe>O4 nanoparticles v/v% concentrations.
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Figure 10: Optical images obtained for testing performed to achieve stable loading of
CoFe;04 nanoparticles using a Span 80 concentration of 0.01mM a) partially aligned 5CB
prior to testing each detection solution with varying v/v% of 1mMof CoFe;O4 b)
Immediately after adding 15% v/v CoFe,O4/Span 80 0.01mM/PBS, c) Immediately after
adding 10% v/v CoFe,04/Span 80 0.01mM/PBS, d) Immediately after adding 5% v/v
CoFe;04/Span 80 0.01mM/PBS

The optical images in Figll b), c) and d) reveal the effect of loading 15%, 10%
and 5% v/v of CoFe>04/Span 80 0.01mM/PBS solutions, respectively. At the addition
of each of the varying v/v% concentration of 15, 10 and 5% it was noted that buffering,
buffering along with bursting of LC and buffering was experienced, respectively.
Subsequently, these tests revealed that at these concentrations no further analyte
detection was possible since the originally partially aligned 5CB laden grids showed no
stable, homeotropic alignment of LC upon addition of the detecting solution with
0.01mM of Span 80 concertation. So, it was concluded that Span 80 concentration of
0.01mM was not appropriate for successful loading of cobalt ferrite nanoparticles such
as to result in stable, fully aligned LC.

Resultantly, we followed this with another series of tests, this time for a Span

80 concentration of 0.1mM. The results obtained are given below in Fig 12.
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Figure 11: Optical images obtained for testing performed to achieve stable loading of
CoFe204 nanoparticles using a Span 80 concentration of 0.1mM; a) partially aligned 5CB
prior to testing b) Immediately after adding drop of detecting solution consisting of 15% v/v

CoFe;04/Span 80 0.1mM/PBS, c¢) Immediately after adding drop of 100ppm of sodium

arsenate

Testing revealed that for a concentration of 0.1mM of Span 80, homeotropic
alignment was noted for a detection solution comprising of 15% v/v of 1mM of
CoFe>04 nanoparticles. Results above show the clear transition from partially aligned
5CB (Fig 12a) towards a dark image (Fig 12b) upon addition of mentioned composition
of detecting solution, hinting at successful loading of nanoparticles within the LC
sensing platform. Few important findings were established from these results.

Foremost, that almost 75% of successful loading was achieved since 3 out of 4
grid cells/chambers showed stable LC (bursting was observed in one of the 4 grid
cell/chambers). This, when followed with addition of a drop of 100ppm of sodium
arsenate (Fig 12c) revealed that all 4of these grid cells/chambers experienced bursting
of LC. In order to further cement these results, the tests were repeated thrice. Results of

which are given in Fig13 below.
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Figure 12 Optical images obtained for testing performed for a detecting solution consisting of
15% v/v of CoFe,0./Span 80 0.1mM/PBS when tested against 100 ppm of sodium arsenate
(analyte solution) a) partially aligned 5CB prior to testing b) Immediately after adding drop

of detecting solution, ¢) Immediately after adding a drop of analyte solution

Upon repeating the tests, it was observed that the success ratio of stabilization
of LC sensing chamber at this concentration of CoFe>O4 nanoparticles to not aligning
successfully was 1:3. As shown above partially aligned 5CB (Fig 13a) showed bursting
of LC in 2 of the 4 chambers (Fig 13b) while after adding analyte solution further
bursting of LC was seen (Fig 14c). Subsequently, it was concluded that 15% of 1mM
of CoFe2O4 nanoparticle solution was still very concentrated to allow sufficient
stabilization of LC chambers. This indicated that for further testing lower v/v%
concentrations of 1mM of CoFe.O4 nanoparticles within our detecting solution should
be chosen.

Another important observation was that although complete homeotropic
alignment was achieved, some very tiny patterns had appeared after addition of this

detecting solution suggesting the need to explore the cause behind such an occurrence.

Optimizing v/v% Concentration of Cobalt Ferrite nanoparticles

Below are the results obtained for varying v/v% concentration of 1mM of
CoFe204 nanoparticles using a Span 80 concentration of 0.1mM.

Foremost, gathering from the results observed for 15 v/v% of 1mM of CoFe204
nanoparticles/0.1mM Span 80/PBS solution, further testing was done by going down

the concentration gradient wherein tests were run for 10 v/v% of CoFe;04
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nanoparticles/0.1MM Span 80/PBS solution. Results from repeated testing are given in
Figl5 below.

Figure 13: Optical images obtained for testing performed for a detecting solution consisting
of 10% v/v of CoFe;O4/Span 80 0.1mM/PBS when tested against 100 ppm of sodium arsenate

(analyte solution) a) partially aligned 5CB prior to testing b) Immediately after adding drop
of detecting solution, ¢) Immediately after adding a drop of analyte solution

Testing at this concentration revealed that unlike detecting solution having 15
vIv% of 1mM of CoFe>04 nanoparticles, detecting solution with 10% v/v% of 1mM of
CoFe204 nanoparticles did not show immediate bursting of LC after addition of
detecting solution (Fig 14b). Moreover, bursting of LC was seen after 100ppm of
sodium arsenate addition and that too was later than that observed at 15% (Fig 14c and
14d). So a trend was observed that at lower concentration, bursting of LC both
decreased and delayed. Resultantly, experimentations to follow were done using further
lower v/v% concentrations of 1mM of CoFe,O4 nanoparticles.

After 10% tests were run for detecting solution with 5 v/v% concentration of
1mM of CoFe2Osnanoparticles. Fig 15 below shows the results obtained.
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i) i) k)

Figure 14: Optical images for testing performed for a detecting solution consisting of 5% v/v
of CoFe,O4/Span 80 0.1mM/PBS when tested against 100 ppm of sodium arsenate (analyte
solution) a) partially aligned 5CB prior to testing b) Immediately after adding drop of
detecting solution, ¢) Immediately after adding drop of analyte solution d) 10 minutes after ,
e) 20minutes after, f) 30minutes after, g) 40minutes after, h) 46 minutes after, i) 47 minutes

after, j) 47 minutes after, k) 48 minutes after addition of analyte solution.

It was noted for the first time that not only successful loading of nanoparticles
was achieved after addition of detecting solution (Fig 56b) but that following it with
addition of analyte solution (Fig 15c) also resulted in stable LC chambers and a series
of observations were made. It was noted foremost, that tiny patterns were observed (
Fig 15 d, e, f, g, h) until after 46 minutes the LC started showing signs of planar
alignment (Fig 15 i and j) represented by the brightness noted, after which the LC again
realigned homeotropically (Fig 15j) due to the presence of both DMOAP and surfactant.

Repeating the test thrice, average detection time (time since addition of addition of
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analyte solution till the time it takes for LC to realign once again homeotropically) was
42minutes. These results indicated the need to establish optimal v/v% concentration of
1mM of CoFe2Osnanoparticles by going both up and down 5% concentration.

Resultantly, foremost tests were run for a detecting solution comprising 2.5
vIv% concentration of 1mm of CoFe>Osnanoparticles. Results are given below in Fig
16.

a) b)

Figure 15: Optical images for testing performed for a detecting solution consisting of 2.5%
v/v of CoFe,04/Span 80 0.1mM/PBS when tested against 100 ppm of sodium arsenate
(analyte solution) a) partially aligned 5CB prior to testing b) Immediately after adding drop of
detecting solution

Results in Fig 16 revealed that after addition of detecting solution with 2.5 v/v%
concentration of 1mM of CoFe>Osnanoparticles, buffering was observed repeatedly and
so it was concluded that this concentration was not appropriate for loading of
nanoparticles and stabilizing of LC.

Subsequently, as stated earlier, after going down the 5 v/v% concentration of
1mM of CoFezOsnanoparticles, a series of tests were further conducted for detecting
solution having 7 v/v% concentration of 1mM of CoFe2O4 nanoparticles. Results are

given in Fig 17 below.
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Figure 16: Optical images for testing performed for a detecting solution consisting of 7% v/v

of CoFe;04/Span 80 0.1mM/PBS when tested against 100 ppm of sodium arsenate (analyte
solution) a) partially aligned 5CB prior to testing b) Immediately after adding drop of
detecting solution ¢) Immediately after adding drop of analyte solution d) 5 minutes after , e)
10minutes after, f) 15minutes after, g) 20minutes after, h) 25 minutes after, i) 28 minutes

after, j) 30 minutes after, k) 31 minutes after addition of analyte solution.

Results from repeated testing with detecting solution comprising of 7% v/v of
1mM of CoFe204 nanoparticles in Fig 17 revealed a set of findings. Foremost, it was
noted that for this composition of detecting solution successful stabilization was
achieved after its addition(Fig 17b showing homeotropic alignment) and that this
stability extended even after addition of analyte solution (Fig 17c). Furthermore,
patterns were detected (Fig 17 d and e) (as were also seen in case of detecting solution
comprising of 5% v/v of 1mm of CoFe>O4 nanoparticles) however these patterns were
more stronger and distinct than those seen in case of detecting solution comprising of
5% v/v of 1mm of CoFe>O4 nanoparticles. Moreover, with passage of time the initially

slight patterns grew more distinct and luminosity within chambers also increased (Fig
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17 e, f, g and h) until eventually planar state (Fig 17 i and j) was observed after which
the LC realigned again and a stable system was re-established (Fig 17 k). Repeating
these tests thrice revealed the average detection time to be 28minutes.

Finally, gathering from analyzing and comparing the results obtained from
varying v/v% concentrations of 1mM of CoFe>O4 nanoparticles, a series of conclusions
were drawn. Table 3 below lists the various notable findings and trends observed.

It is evident from table below that for higher concentrations (15 and 10%) of
vIv% of ImM of CoFe.O4 nanoparticles, completely successful loading of nanoparticles
and LC stabilization was not achieved rather bursting and buffering were more
prominent. This can be attributed to the explanation that a Span 80 concentration of
0.1mM was not enough to sufficiently load nanoparticles while stabilizing the system
such as to achieve complete homeotropic alignment. However, this buffering and
bursting decreased by decreasing the cobalt ferrite v/v% concentration within detecting
solution until stability was seen for concentrations of 7and 5% v/v of 1mM of CoFe204
nanoparticles. While going further below 5% v/v of 1mM of CoFe,O4 again showed no
stability at all. These results suggested that optimal concentration of v/v% of 1mM of
CoFe204 nanoparticles was between 10 and 5%. Gauging from results best detection
time was seen for 7% along with a prominent display of pattern formation along with

least detection time, making it the optimal concentration.

Table 3: Results for varying v/v% concentration of CoFe,O, hanoparticles for fixed Span 80

concentration of 0.1mM against 100ppm Sodium Arsenate

CoFe204 Observations Detection Number
concentration times of test
repeats

15% Mostly LC bursting 36 min x3

10% LC bursting, buffering, patterning 39 min X3

7% LC stabilization, Prominent pattern 28 min X3

5% LC stabilization, less prominent pattern, 42 min x3

Buffering
2.5% Buffering none X3
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4.2.3 Testing varying concentrations of Sodium Arsenate (1000ppm, 500ppm,
100ppm, 1ppm)

Once the optimal concentrations of Span 80 and v/v% of CoFe.O4 nanoparticles
were established, testing was performed for varying sodium arsenate concentrations.
Experimentation revealed that scheme of events was similar for all test runs i.e.,
homeotropic alignment and pattern appearance upon addition of detecting solution
followed by growing of these patterns after addition of analyte solution, with luminosity
within chambers/cells increasing until planar alignment was finally observed followed
with re-stabilization of LC to original state. However, once again series of varying
trends were noted for the varying sodium arsenate concentrations. The results are

explained below in fig 18.
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Figure 17 Pattern trends observed for varying Sodium Arsenate concentration; a) 15 min
after addition of 1000ppm of sodium arsenate, b) 15 min after addition of 500ppm of sodium
arsenate, ¢) 15 min after addition of 100ppm of sodium arsenate, d) 15 min after addition of

1ppm of sodium arsenate

Foremost, a varying trend in pattern formation was noted as shown in Fig 18. It
was observed that as we moved down the concentration gradient i.e. from 1000 to 1
ppm of sodium arsenate, pattern size increased, with small patterns for higher
concentrations (Fig 18 a and b) while larger patterns were observed for lower
concentrations (fig 18 ¢ and d). This very important observation led to two important
conclusions. First, that as already stated in previous section, patterns started appearing
as soon as detecting solution was added which suggested that since Span 80 or PBS are
not reported to be responsible for creating patterns so patterns were due to the third

component i.e. the heavy nanoparticles. This explanation stands in accord with an

39



Chapter 4 Results and Discussion

already reported study that studied the behavior of adding of nanoparticles within LC
system. Here it was concluded that nanoparticles create defect sites in LC [53].
Subsequently, these defect sites created by nanoparticles (that appeared after addition
of detecting solution) when viewed under polarized microscope appeared as patterns.
And so pattern formation in itself cannot be a mark of presence/detection of sodium
arsenate. Also, all tests revealed that the scheme shown during each experiment was
same i.e. homeotropic alignment and pattern appearance upon addition of detecting
solution followed with growing of these patterns after addition of analyte solution, with
luminosity of chambers increasing until finally planar alignment was observed followed
with re-stabilization of LC to original state. And so this too was associated with the
dynamics between LC and nanoparticles and can be justified with the following
explanation i.e. upon addition of nanoparticles based detecting solution, homeotropic
alignment although is achieved courtesy to sufficient surfactant concentration, these
nanoparticles being heavy create defect sites upon interaction with LC. With growing
time this intercalation of the two materials grows more resulting in more stronger
patterns along with disruption of LC, resulting in increased luminosity until finally the
LC are completely planar (parallel wrt substrate)resulting in complete light leakage and
S0 a bright image is observed. Eventually the LC system as per rules of equilibrium
shifts back to its stable state and so once again a partially aligned state of LC is noted.
However, it is the results seen in fig 18 that establish that sodium arsenate addition too
has an effect which explains its presence and is a marker of its detection. The change
in pattern intensity reveals that arsenate is not responsible for creating patterns rather it
affects the intensity of patterns with slight patterns at higher analyte concentration while
larger patterns at lower concentrations. Moreover, these observations can also be
explained by the reasoning that at higher analyte concentrations there is more sodium
arsenate which when binds with nanoparticles results in not allowing as prominent
defect sites (i.e. patterns) as those created when analyte concentration was lower
meaning less arsenate to bind to nanoparticles allowing it to freely cause larger defect

sites.
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Figure 18 Transition trends observed for varying Sodium Arsenate concentration; a) for
1000ppm of sodium arsenate, b) for 500ppm of sodium arsenate, c) for 200ppm of sodium

arsenate, d) for 1ppm of sodium arsenate

Furthermore, varying trend was also observed during the transition phase i.e
from homeotropic to planar alignment. It was noted that at higher analyte concentration
no rainbow patterning was observed (Fig 19a and b) while for lower concentrations,
pronounced rainbow patterns were seen (Fig 19c and d) right before planar alignment
was achieved. These results reveal that rainbow patterns, which have been typical of
water, are seen in lower analyte concentrations since they are dilute with less of sodium
arsenate and subsequently since higher analyte concentrations had less water and more

sodium arsenate so no rainbow patterns were seen.

Figure 19 Clearance trends observed for varying Sodium Arsenate concentration; a) for

1000ppm of sodium arsenate, b) for 500ppm of sodium arsenate, c) for 200ppm of sodium

arsenate, d) for 1ppm of sodium arsenate

Finally, for varying sodium arsenate concentrations, a varying trend was noted

in clearance as well i.e. once the LC re-achieved their stable state i.e. partially aligned,
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for higher analyte concentration complete clearance was not seen (Fig 20 a) while for
lower concentrations the 5CB returned to its original state showing a clear image with
no residue left (Fig 20 b, ¢ and d). This observation reveals that at higher analyte
concentration the sodium arsenate is so much that even after realignment to
homeotropic state the sodium arsenate does not let nanoparticles clear away.

Finally, table 4 below summarizes the varying trends observed at varying
analyte concentrations. Though all trends have already been discussed above, the
detection time of sensing has not been discussed. From the table it is evident that no
pronounce/significant change in detection time is noted for varying analyte
concentration. However, that is a very significant finding since it reveals that sensing

time is affected by nanoparticles and not sodium arsenate.

Table 4: Trends obtained for varying concentrations of Sodium Arsenate

Arsenate Pattern Transition Clearance Time (/min)

conc. trends trends trends

(ppm)

1000 Small, less No rainbow Noclearance 31
patterns transitions

500 Small, less No rainbow Cleared 27
patterns transitions

100 Larger, more Rainbow Cleared 28
patterns transitions

lppm Large, More No rainbow Cleared 29
patterns transitions

4.2.4 Controls

Controls were run in order to confirm that the sensing was exclusively due to
CoFe,04 nanoparticles and sodium arsenate interaction only. The results are shown in

figure22.
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e)

Figure 20 Optical images obtained for controls a) representative image of partially aligned
5CB prior to testing each component or combination of components b) after adding Span 80
0.1mM, c) after adding PBS, d) after adding 100ppm of sodium arsenate, e) after adding
CoFe;04 nanoparticles, f) after adding Span 80 0.1Mm/PBS, g) after adding CoFe,0./Span
80 0.1mM/PBS, h) after adding Span 80 0.1mM/PBS followed by drop of 100ppm of sodium

arsenate.

Figure 21 reveals the results observed upon addition of each component and
combination of components when added separately to partially aligned 5CB (Fig 21 a).
When Span 80 of 0.1mM concentration was added to partially aligned 5CB it resulted
in complete alignment of 5CB represented by a dark image, a result which stands in
accordance with the already reported [53] effect surfactants have on partially aligned
5CB( Fig 22b). Next, PBS addition to LC showed the already reported typical buffered
rainbowing patterns (Fig 21c) while addition of 100ppm sodium arsenate (Fig 21d) as
well as cobalt ferrite nanoparticle solution (Fig 21 e) to partially aligned 5CB resulted
in bursting of LC. This not only revealed that solutions of these were too strong for the
sensitive LC but also that in case of cobalt ferrite nanoparticles, surfactant played a
critical role in stably embedding nanoparticles within 5CB. Furthermore, addition of
Span 80/PBS gave the as expected result of complete homeotropic alignment as seen in

43



Chapter 4 Results and Discussion

Fig 21 f) and confirmed further that Span 80 was responsible for complete alignment
and that PBS in combination did not result in any patterns. Finally the two most
important controls to confirm our findings included foremost adding a combination of
Span 80/PBS/CoFe204 nanoparticles to partially aligned 5CB and note the
observations. It was noted that large defect site or patterns were created (Fig 21g) and
since none appeared in Fig 21b) or 21 f) so it is confirmed that nanoparticles alone are
responsible for defect sites/patterns. Also, these patterns showed a similar scheme that
is of appearing, growing larger, luminosity increasing until planar alignment followed
with shifting of system back to its equilibrium state i.e. partially aligned 5CB and so
confirms that this scheme of events is due to nanoparticle and LC interaction. Finally,
to partially aligned 5CB Span 80/PBS was again added which resulted in image as seen
in fig 21 f) however to this sodium arsenate 100ppm was added and it was seen that it
resulted in bursting of LC. This confirmed, that sodium arsenate when added alone to
5CB system having Span 80/PBS did not result in the observations seen during sensing

of analyte using detecting solution.
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Directions

This research effort concludes successful sensing of sodium arsenate based on
the reported adsorption affinity it has for cobalt ferrite (CoFe204) nanoparticles, using
the perturbation sensitive and optically anisotropic liquid crystals (LC), as medium of
detection. Foremost, the challenge to load and stably embed the synthesized
nanoparticles within the prepped LC sensing platform was achieved. This was
accomplished by investigating and establishing the optimal concentrations of both;
surfactant i.e. Span 80 followed by the varying v/v% concentrations of 1mM of
CoFe204 nanoparticles. Finally, upon testing this sensing platform for sodium arsenate
detection, it was revealed that our cue for arsenate-nanoparticle interaction was the
optically distinguishable effect arsenate presence had on the nanoparticle-LC created
defect sites that appeared as patterns under polarized microscope. Significantly, for
varying arsenate concentrations (1000ppm, 500ppm, 100ppn and 1ppm) discernable
trends were observed, showing promise of not only establishing a sensor with
sensitivity for these concentrations but also a potential to detect further trace amounts.
Lastly, a very important conclusion we arrived at from this investigation was that the
detection time was influenced largely by the nanoparticles.

This resultantly sets the possible trajectory for future exploration. Herein,
foremost the nanoparticles can be targeted for both; quicker detection along with
improved detection/sensitivity by means of exploiting the size and/or morphology as
well as magnetic potential of cobalt ferrite nanoparticles within liquid crystals.
Furthermore, selectivity of these particles towards other arsenic and other heavy metal

species can be manipulated to advantage by surface modification and functionalization.
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