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Abstract

We report a simple, label free and sensitive detection of lead (Pb**) ions using
liquid crystals (LCs) with a detection limit of 3 nM. The LC-aqueous interface
is initially decorated with a positively charged surfactant, CTAB
(Hexadecyltrimethylammonium  Bromide)  which  aligns the LC
homeotropically through the hydrophobic interactions between LC and CTAB
molecules. An ordering transition in LC is registered on the addition of Spinach
RNA (SRNA) (from homeotropic to planar) due to interaction of SRNA and
CTAB leading to the disruption of the self-assembled monolayer of CTAB.
Again, we observed an ordering transition of the LC (from planar to
homeotropic) upon contact of Pb*" ions with SRNA-CTAB complexes. The
reported system exhibits an excellent detection limit of 3 nM Pb*" ions. This is
far below the permissible limit of Pb?" in potable water (72 nM). It also shows
high selectivity towards Pb?" over other ions. The system also shows a
specificity towards SRNA over other RNA sequences. These properties make
the proposed system a promising candidate for Pb*" ion detection in point of

care applications.

vii



Chapter 1

Introduction

1.1 Basic Theory

1.2 Experimental Section



Introduction

1.1 Basic Theory

Liquid crystals (LCs) are defined as state of matter possessing properties intermediate
between that of solids and liquids. The solids have a rigid structure, with fixed
positional and orientational order. On the other hand, liquids are relatively less rigid
and possess no positional and orientational order. The LCs, however, possess very less
or no positional order but have an orientational order. The LC molecules are oriented
along a fixed direction known as the director of the LC molecules. The liquid crystalline
molecules possess some properties similar to that of liquids such as fluidity, formation
of droplets, etc. and some properties similar to solids like birefringence, anisotropy, and
more. There are several types of LC molecules with the most common being the
calamitic LCs wherein the molecular axis is much longer than the other two axes,
imparting anisotropy to the molecules. The other type of LCs is discotic LC. In both
calamitic and discotic LCs the LC phase is observed as a function of temperature. On

the other hand, in lyotropic LCs the LC phase is observed in presence of some solvent.'

The simplest phase of the calamitic LCs is the nematic phase where the molecules
possess an orientational order but no positional order. The molecules are oriented
towards a preferred direction known as the director of the LC molecules. Scheme 1
shows the transition from crystalline solids to nematic LC to isotropic liquid on
increasing the temperature going from a highly ordered crystalline structure to

relatively less ordered nematic phase and then to highly random isotropic phase.!

Such thermotropic LCs possessing a long range orientational order amplify and transfer
the molecular level information from the interface.>?! This interfacial interaction and
information transfer leads to orientational changes upto 1-100 pm from the interface
within the LC.%® Owing to the birefringence of the LCs, polarized optical microscopy
enables easy characterization of different director profiles. In homeotropic orientation
of the LC, the light passes through the LC undelflected and the analyser being
perpendicular to the polarizer blocks the light imparting a dark optical appearance.
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Whereas in the planar orientation, when the light passes through the LC, it gets
deflected and there is a component of the light parallel to the analyser making it appear

bright.

Crystalline Solid Nematic Liquid Isotropic Liquid
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Scheme 1. Schematic illustration of the temperature dependent phases of a LC material.

(Redrawn from [21])

The interaction of the LC with a surface govern the orientation of the LC which results
into the surface-induced anchoring, known as the surface anchoring of the LCs. The
orientation of director having the lowest free energy is known as the ‘easy axis’ of the
LC. The change in the director orientation is caused by the external stimuli the LC in
contact with the surface gets from its environment, which leads to the dependence of
free energy on the orientation of the interface.?! (Scheme 2) The orientation dependence

of the interfacial energy is governed by

1
0= 0Oy + EWaSinz(Hd — 00)

(Reproduced from [21])
where

o : Interfacial free energy



0 o : Part of interfacial free energy independent of orientation
W, : Anchoring energy
0, : Orientation of the surface director

0, : Orientation of the easy axis.

N4 (surface director)

Mo (easy axis)

X

interface
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Scheme 2. Schematic illustration of the surface director and the direction of the easy

axis of LC on the interface. (Redrawn from [21])

Distinct director profiles generate distinct optical appearances of the LC. Exploiting
this ability of the LC to sensitively detect small changes in its environment, several
label free LC based biosensors have been developed. Biochemical events like DNA

adsorption'® and hybridisation’, aptamer-small molecule binding!!, cell adhesion'>!'4,

3,15-18 19,20

protein adsorption , antigen-antibody binding ™", enzymatic reactions, etc. have
been detected using the interfaces formed between LC and aqueous phases?!?*. Such
macromolecular binding events at the interface trigger an orientational transition in the
LC which further amplifies and enables the detection of an event occurrence or the
target analyte (upto nanomolar concentrations). The detection of a toxic heavy metal
ion using LC in an aqueous phase faces the challenges of poor selectivity, specificity
and high detection limits.?*?¢ The high mobility of the metal ions in the bulk phase and
similar charge to radius ratio of several metal ions further cause hindrance in
developing an LC based biosensor for heavy metal ions in the aqueous phase. So the
system poses a problem in the case of the aqueous phase. However oligonucleotides

based recognition of Hg (II) ions has enabled a detection limit of 0.1 nM target



concentrations. But the design is complex as it involves three oligonucleotides probes
to generate an optical signal.?’ Here, we attempt to develop a simple aptamer based LC
sensor to detect the target analyte (heavy metal ion) upto nanomolar concentrations in

aqueous phase.

Aptamers are nucleic acids that are being heavily investigated. These are small single
stranded RNA/DNA molecules which are capable of binding specifically with proteins
or heavy metal ions. The nucleic acid sequences as molecular recognition element offer
exceptional affinity towards the target and several other advantages such as simple
design, stability in aqueous solution and cost effective synthesis.?® This binding often
leads to changes in the secondary or tertiary structures of the aptamers. The change in
the secondary or tertiary structures have been previously exploited to design sensors of
different types.? The principle for detection used in such biosensors is often associated
with change in conformations such as formation of a duplex or a G-quadruplex upon
binding with the target.?’ The change in the structure of the RNA/DNA aptamers are
easily detectable using circular dichroism or fluorescence studies. Discovered in early
1990s, aptamers have been exploited clinically marking their relevance for diseases like

HIV, cancer and macular degeneration.

SELEX (Systematic Evolution of Ligands by Exponential enrichment) is used for
selecting aptamers, which was first reported in 1990. To start with, the method takes a
random sequence library of single-stranded DNA (ssDNA) or single-stranded RNA
(ssRNA) of lengths 20-100 nucleotides. Then all these random sequences are flanked
with the constant sequence required for capturing the target. This initial pool of
aptamers is then exposed to the target proteins or molecules and then change in the
sequence of some aptamers occur in order to bind with the target. Further, the aptamers
which do not bind with the target are washed away and the ones with high affinity
towards the target are enriched by polymerase chain reaction (PCR) amplification or
reverse transcriptase-PCR (RT-PCR) for DNA aptamers and RNA aptamers
respectively, followed by in vitro transcription. This pool of aptamers is again exposed
to the target and the whole process is repeated. Counter selection of the aptamers can
also be done by introducing some unwanted targets and then depleting the aptamers
which bind with them (i.e. getting rid of the non-specific aptamers). After several
rounds of selection and enrichment, the pool of aptamers obtained shows an increased

binding affinity towards the target molecules and will converge to one or a few final



sequences. In the end, clones of the consensual aptamers can be generated and tested

for target binding affinity and specificity.?®

These target specific aptamers have been employed to develop biosensors of different
types using different techniques such as fluorescence, calorimetry, electrochemical
methods etc. These techniques, however, impose certain limitations such as high
equipment costs, need of fluorophores, expert handling and aptamer immobilization.
To overcome such limitations there is a need to develop a simple, easy to visualize

sensor in the aqueous phase to detect the heavy metal ions.

It has been previously reported that the interfacial adsorption of oligonucleotides can
trigger change in LC orientation at the LC-aqueous interface driven by non-covalent
intermolecular interactions. However, at the surfactant laden LC-aqueous interfaces,
the electrostatic as well as hydrophobic interactions between nucleobases and LC
molecules govern the ordering of LC.>!2 Hence, DNA and biomolecules bound DNA
induce different LC orientation at the cationic surfactant-laden interface. Exploiting
these known results we explored whether it is possible to design an aptamer based LC

sensor for detection of heavy metal ions at the surfactant laden LC-aqueous interface.

Heavy metals with their marked presence in the ecosystem and the inherent toxicity
pose a threat to the environment and to human health because of constant exposure and
abundance. Heavy metals are considered one of the major sources of pollution in the
environment. Among these, Pb?* is the second most abundant toxic heavy metal. Small
amount of Pb?" can lead to several diseases ranging from nervous system dysfunction,
anaemia, reproductive dysfunction and development disorders to death in extreme cases
of exposure to high concentrations. Even though Pb** containing gasoline and paints
have been banned in some countries, the other sources of Pb*" contamination like
batteries, alloys and anti-corrosion coatings are still prevalent. Among others it is a
major source of soil and ground water pollution.>*? This prevalence of Pb?** then leads
to introduction of lead ions into the water bodies from where it finds its way to human
consumption. The maximum permissible limit of Pb** concentration in the potable
water as defined by the world health organisation is 72 nM>3, but it has been found that
drinking water at a lot of places around the world contain Pb** concentration exceeding
this limit of permissibility. The abundance of Pb*" along with its potential health risks
calls for an efficient and cost-friendly method for Pb** ion detection. Several attempts

have been made in the past towards the detection of Pb** ions. Traditional methods of
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Pb?" ion detection such as fluorescence, inductively coupled plasma mass spectroscopy
(ICP-MS) among others require expensive instrumentation, expert handling and
sophisticated analysis. We intend to find a simple, easy to visualize and effective way

of Pb*" ion detection using LCs.
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Scheme 3. Schematic demonstrating the proposed design for label free aptamer based
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.
(Inset images: Polarized optical micrographs corresponding to respective interfacial

event at LC-aqueous interface)

In the proposed system, we decorate the LC-aqueous interface with a self-assembly of
a cationic surfactant, cetyltrimethylammonium bromide (CTAB) which imparts
homeotropic anchoring to the LC through the hydrophobic interaction between
hydrocarbon tails of the CTAB. On addition of negatively charged aptamer, the self-
assembly of the CTAB at the interface gets disturbed due to the interaction between
CTAB and aptamer which leads to planar alignment of LC.>* However, upon
introduction of heavy metal ions into the system, we hypothesized that conformational
changes get induced in the aptamer. This would decrease the interfacial coverage of
aptamer at the interface and hence promote the CTAB-LC coupling to result into
homeotropic ordering in the LC. (Scheme 3) Herein we test this hypothesis to report a
simple LC based method for Pb®" ion detection using Spinach RNA (SRNA) as a

recognition probe.



1.2 Experimental Section

1.2.1 Materials:
Spinach RNA:

5'-
GGGGAGAAGGACGGGUCCAGUGCGAAACACGCACUGUUGAGUAGAGUG
UGAGCUCCC-3'

Random RNA sequence:

GGGAGGACGAUGCGGAUCAGCCAUGUUUACGUCACUCCUUGUCAAUCC
UCAUCGGC

The RNA sequences were customized and purchased from Integrated DNA

Technologies and used without further purification.

Sulfuric acid, hydrogen peroxide (30% w/v) and metal salts like lead (II) acetate
trihydrate (Pb*") and mercury (II) chloride were obtained from Merck (Mumbai, India).
Metal salts nickel (IT) chloride hexahydrate, cobalt (II) acetate tetrahydrate and zinc (II)
acetate dihydrate were obtained from Alpha Aesar. 4-Cyano-4-pentylbiphenyl (5CB),
N,N-dimethyl-N-octadecyl-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). (Fig. 1) Ethanol was obtained from
Changshu Hongsheng Fine Chemical Co., Ltd. Milli-Q-system (Millipore, bedford,
MA) was used to deionise distilled water (DI water). Glass microscopic slides of finest
Premium grade were purchased from Fischer Scientific (Pittsburgh, PA). Transmission
electron microscopy gold grids (283 pum grid spacing, 20 um thickness, 50 um wide
bars) were acquired from Electron Microscopy Sciences (Fort Washington, PA).

Diamond glass cutter was obtained from sigma.



1.2.2 Methods

A) Fabrication of glass microscope slides with DMOAP:

The glass slides were cleaned with piranha solution and then fabricated with DMAOP

as per the previously reported procedures.’
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Figure 1. Molecular structures of commonly used reagents in the experiments A)
DMOAP (N,N-dimethyl-N-octadecyl-3-aminopropyltrimethoxysilyl chloride) B) 5CB
(4-Cyano-4'-pentylbiphenyl) C) HEPES Buffer (2-[4-(2-hydroxyethyl) piperazin-1-
yl]ethanesulfonic acid) D) CTAB (Hexadecyltrimethylammonium Bromide)

B) Preparation of LC thin films?:

DMOAP coated glass slides were cut into small square shaped slides of around 1.5 X
1.5 cm? dimension using a diamond glass cutter. These small square shaped slides were
purged with gaseous N to get rid of the small glass particles from the surface. Further,
clean gold TEM grids were put onto the DMOAP-coated 1.5 X 1.5 cm? square slides
and filled with 5CB. The extra LC was removed using the Hamilton syringe in order to
get a uniform interface. DMOAP through its hydrophobic interaction aligns the LC
molecules perpendicularly and provides a strong homeotropic anchoring of the LC at
the LC-glass interface resulting into a dark appearance under crossed polarizers.” 100

uL of the aqueous solution of interest was poured onto the TEM grid on the glass slide



using a micropipette which takes a droplet like form because of the hydrophobic surface
of the glass that supports the non-wetting of the surface. This was followed by

observation of the TEM grid under polarized optical microscope. (Scheme 4)
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Scheme 4. Schematic illustration of the system used for creating an LC-aqueous

interface. (Redrawn from [21])

C) Preparation of the aqueous solutions used during the experiments:

1 mM 2-[4-(2-hydroxyethyl) piperazin-1-yl]ethanesulfonic acid (HEPES) buffer was
freshly prepared by dissolving a calculated amount of HEPES solid in Millipore water
and the pH was adjusted to 7.4 using a pH meter. All the solution were then prepared
in 1 mM HEPES buffer (pH 7.4). Stock solutions of CTAB (1mM) and all the metal
ions (9 uM) were prepared by dissolving the calculated amount of the respective solid
powder in ImM HEPES (pH 7.4) at room temperature. Aptamer was diluted from the
stock solution of concentration 2.4 uM prior to use. In order to prepare a complex of
CTAB and aptamer calculated amounts of solutions were mixed to get the desired final

concentrations and then incubated for 30 minutes. To detect Pb>" ions, calculated
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amount of Pb?>" solutions were incubated with aptamer for one hour followed by
addition of CTAB solution yielding the final desired concentration of Pb>" ions and
7uM CTAB and 200 nM aptamer. After 30 minutes of adding CTAB, the solution was
added onto the LC grid and then observed under the polarized optical microscope.

Similar procedure was followed with other heavy metals for selectivity experiments.

D) Optical Characterization of LC Films

The ordering of LC and their director profiles were characterized by observing the LC
film under Zeiss polarising microscope equipped with crossed polarizers. The LC film
was observed under a 50X objective power and all the images were captured using an

AxioCam camera.

11



Chapter 2

Results & Discussions

2.1

2.2

2.3

2.4

2.5

2.6

2.7

Optimization of CTAB Concentration
Optimization of Aptamer Concentration
Effect of Pb?" ions on the System
Determining Detection Limit of the Pb?" ions
Selectivity of the LC Sensor

Specificity of the Sensor towards Aptamer

Comparison with the existing methods of Pb?" ion Detection

12



Results and Discussions:

Cetylrimethylammonium bromide (CTAB), a positively charged surfactant, when
introduced onto an LC-aqueous interface led to a homeotropic orientation of LCs,
imparting a dark appearance to the system when observed under the crossed polars of
the polarized optical microscope. The homeotropic anchoring of the LC is attributed to
the hydrophobic interactions between the hydrocarbon tails of the LC and CTAB.
CTAB being positively charged, can interact with the negatively charged nucleobases
electrostatically which can then further interact with the LC at the aqueous interface
and hence impart a planar alignment. However, in presence of Pb?*, the second most
toxic heavy metal, we hypothesized that RNA which would interact with the Pb** ions,
forming a complex which might lead to coupling of CTAB with the LC at the aqueous
interface resulting into homeotropic orientation. For this purpose, we used the Spinach
RNA which has a specific affinity for Pb?" due to formation of a G-quadruplex.** To
test this hypothesis we (work done in collaboration with Indu Verma, Manisha Devi
and Rajib Nandi) conducted the experiments with different concentrations of Pb*" ions

and with other heavy metal ions to confirm the selectivity of the system.

2.1 Optimization of CTAB concentration

At first we sought to study the response of the LC in presence of different
concentrations of cetyltrimethylammonium bromide (CTAB) at the LC-aqueous
interface. For this, 4-cyano-4-pentylbiphenyl (5CB) was confined with the TEM gold
grids  which  were  supported on the  N,N-dimethyl-n-octadecyl-3-
aminopropyltrimethoxysilyl chloride (DMAQOP)-coated glass slides. DMOAP at the
bottom and air at the top interface impart a homeotropic alignment to SCB which results
in a dark appearance when observed under crossed polars. As a control we added 1mM
HEPES buffer to the LC film which resulted in a bright optical appearance. (Fig. 2) The
results are consistent with the planar alignment of the LC molecules in presence of

water.
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Figure 2. Polarized optical microscope (POM) images of SCB film hosted within a
gold TEM grid on a DMOAP functionalized glass substrate before and after
introduction of 1mM HEPES buffer (pH 7.4). Scale bar = 200 pum.

Further, we added an aqueous solution of CTAB and it was found that at a sufficiently
high concentration of CTAB, the 5CB exhibited a homeotropic orientation. The dark
optical response of LC in the presence of CTAB is due to the self-assembly of the
CTAB molecules at aqueous-LC interface and because of the hydrophobic interaction
between CTAB and LC hydrocarbon chains.? Next, we added different concentrations
of CTAB solutions on the LC film to determine the minimum concentration required
for the LC to exhibit the homeotropic alignment. To this respect, we conducted the
experiment with 10 uM, 7 uM, 5 uM and 3uM concentrations of CTAB. We observed
that with 10 and 7 uM CTAB the LC showed a homeotropic orientation just after the
addition of the solution, with 5 uM CTAB it took a little over 20 minutes for the LC to
get aligned homeotropically whereas with 3 uM of CTAB the LC remained bright even
after 30 minutes. Therefore, the minimum concentration required to get a homeotropic
alignment was identified to be 7 uM as the LC showed dark appearance even after 30

minutes and hence 7 uM CTAB at pH 7.4 was used for all the further experiments.
(Fig.3)
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0.5 min

5 uM CTAB

Figure 3. POM images of 5CB in gold TEM grid on DMOAP coated glass slide after
introduction of 7 uM CTAB and 5 uM CTAB after 0.5 and 20 min of addition of CTAB.

2.2 Optimization of aptamer concentration

Next, we tried to find minimum concentration of aptamer required to bind with 7 uM
CTAB so that the resultant solution when added to the LC film gives a planar alignment
of the LC. Towards this, we took calculated amounts of SRNA and CTAB to give us
the final desired concentrations in the mixture and incubated the mixture for 30 minutes.
Since SRNA is negatively charged and CTAB is positively charged, there is an
electrostatic interaction between the two. The strong electrostatic interactions between
SRNA and CTAB disrupts the self-assembly of CTAB at the aqueous-LC interface

resulting in a planar alignment of the LC.
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Figure 4. POM images of 5CB in gold TEM grid on DMOAP coated glass slide after
0.5 and 20 min of introduction of 150 nM and 200 nM of SRNA pre-incubated with 7
uM CTAB.

At sufficiently high concentration of SRNA incubated with CTAB for 30 minutes, we
obtained a planar orientation of the LC. Next we sought to determine the minimum
concentration of SRNA required with 7 uM CTAB to impart a planar orientation to the
LC. For this, we incubated different concentrations of SRNA with CTAB for 30
minutes to get the desired concentration of SRNA and 7 uM CTAB. After 30 minutes
the solutions were introduced onto the LC film. It was observed that when solutions
containing 300 and 200 nM of aptamer and 7 uM of CTAB was added to the LC film,
LC exhibited a planar orientation which was stable upto more than 30 minutes whereas
with 150 and 100 nM of aptamer and 7 uM CTAB the LC turned homeotropic in 30
and 20 minutes respectively. (Fig. 4) Therefore, a solution of 200 nM aptamer and 7

uM CTAB was used for all the further experiments.
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Figure 5. POM images of 5CB in gold TEM grid on DMOAP coated glass slide before
and after introduction of 300 nM Pb*" to the system. Scale bar = 200 pm

2.3 Effect of Pb** ions on the system

Our next step was to examine the effect of Pb?* on our system. To that respect, we
incubated a high concentration of Pb>* (300nM) and 200 nM SRNA for 30 minutes and
then added 7 uM of CTAB to the solution. After an hour of adding CTAB we
introduced the solution on the TEM grid containing LC film. The orientation of LC
turned homeotropic within 5 minutes of adding the solution. (Fig. 5) This indicated that
the SRNA interacted with Pb*" ions forming a G-quadruplex®* which led to weakened
interaction between SRNA and CTAB which further leads to self-assembly of CTAB

at the LC-aqueous interface and hence a homeotropic orientation.

2.4 Determining detection limit of the Pb**ions

Our next motive was to determine the concentration of Pb*" ions that can be detected
using our system. To this respect, we incubated different concentrations of Pb*" with
SRNA for 1 hour and then added CTAB. The resultant solution was then added to the
TEM grid containing 5CB after 30 minutes. It was made sure that the final
concentration of SRNA and CTAB in the solution were 200 nM and 7 uM respectively.
The final concentrations of the Pb** ions were kept at the desired values. The TEM grid
was then observed for 30 minutes and we have reported the results upto 20 minutes. It

was found that the LC turned dark within 20 minutes for concentrations upto 3 nM
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(where most of the grids turned black and only a few were bright within the observed
time period). For concentrations lower than 3 nM, the LC remained bright even after
30 minutes. (Fig. 6) This result depicts that the detection limit for Pb*" ions for our
system is 3 nM concentration, which is far below the maximum permissible limit of

Pb?"ions in water (72 nM).

Time in minutes

>

1.5

Concentration of Pb?" (nM)

Figure 6. POM images of 5CB in gold TEM grid on DMOAP coated glass slide after
introduction of 30, 10, 3 and 1.5 nM pre-incubated Pb>", 200 nM SRNA and 7 pM
CTAB.

This can also be observed by the correlation plot of Pb?* concentration and the average
gray scale intensity of the LC after 20 minutes. (Fig. 7A) The plot clearly shows the
rapid decrease in the average gray scale intensity as the concentration of the Pb** ion
increases, with the highest GI when there is no Pb?* in the solution and attaining its
constant minima after a given concentration of Pb*". The same gets reinforced with the
average GI vs time plot for different concentrations of Pb%*. (Fig. 7B) With time, there

is a rapid plunge in the GI in case of solutions containing Pb** concentration equal to



or more than 3 nM (the detection limit of our system) whereas it remains almost

constant for concentrations lower than that.

This suggests that our system can be used to detect Pb?" ion concentration in potable
water. The parameters used to judge a sensor are practical applicability, selectivity and
specificity. With practical applicability being ticked off the list, we went on to see how

our sensor fares on the other parameters.
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Figure 7. (A) Plot showing correlation between concentration of Pb?" ions and average

gray scale intensity after 20 minutes of addition of solution. (B) Graph representing

average gray scale intensity vs time for different concentrations of Pb*" ions.

2.5 Selectivity of the L.C sensor

Next we went on to check the selectivity of the LC sensor towards Pb?* ions. For this,
we tested the response of our LC sensor towards the other prevalent heavy metal ions.
For this we observed our system in presence of 75 nM of Co?", Ni*", Hg?" and Zn?"
with an observation time of 20 minutes. We found that with all these metal ions, LC
remained bright throughout the observation period and even further whereas at 75 nM
of Pb?*, it turned dark within 5-10 minutes. (Fig. 8) This suggests that the LC sensor is
highly selective towards Pb?" ions and does not show orientation change in the presence

of other ions.
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C02+ 2+ N12+ Zn2+ Pb2+

Figure 8. POM images of 5CB in gold TEM grid on DMOAP coated glass slide after
introduction of 75 nM pre-incubated Co?*, Hg*", Ni?*, Zn*" and Pb*", 7 uM CTAB and
200 nM SRNA. Scale bar =200 pum.

The average gray scale intensity plot further demonstrates the selectivity of the
biosensor towards Pb*" ions. The average gray scale intensity remains highest in
presence of other metal ions whereas it drops to minimum in the presence of Pb** ions.
(Fig. 9A) The average G/ plot of time lapse images demonstrate that with other metal
ions, the GI remains almost constant, on the other hand with Pb?" it decreases with time,

finally achieving a minimum. (Fig. 9B)
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Figure 9. (A) Plot showing correlation between 75 nM concentration of different metal
ions and average gray scale intensity after 20 minutes of addition of solution. (B) Graph

representing average gray scale intensity vs time for different metal ions.
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2.6 Specificity of the sensor towards aptamer

In the next set of experiments, we intended to examine the specificity of the aptamer
towards Pb*" ions. For this, we employed a random RNA aptamer sequence with a
similar number of nuleobases and observed the response of the system with 150 nM of
Pb** ions. We observed that in the case of a random RNA sequence, the LC exhibited
a planar orientation and hence remained bright even after 30 minutes whereas in the
case of SRNA aptamer the LC turned dark in less than 5 minutes and hence exhibited
homeotropic orientation. (Fig. 10) This clearly suggests that the Pb>" ions specifically
bind with the SRNA aptamer and the LC exhibits distinct optical response when
coupled with the Pb?*- SRNA binding event.

0.5min 20 min

SRNA aptamer
(specific)

Random aptamer
(non-specific)

Figure 10. POM images of 5CB-aqueous interface laden with 7 uM CTAB and 150
nM Pb*" with A) 200 nM SRNA aptamer sequence (specific) B) 200 nM random

aptamer (non-specific).

2.8 Comparison with the existing methods of Pb** ion detection

To check how our proposed apta-LC sensor fares in comparison to the existing methods
and detection limits, we analyze several previously reported methods of lead ion
detection and contrast the strategies and detection limits. For these we compare our
aptamer-LC based method with a range of techniques such as fluorescence®*¢,

calorimetry®” 3%, photo-electrochemical®®* and electrochemical*’. These techniques
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require use of expensive instruments, fluorophores for labelling, and sensitive expert
handling whereas the reported apta-LC sensor offers an easy visualization and simple,
easy to handle, and label free technique for Pb*>" ion detection. Along with this our

method provides an improved sensitivity with a detection limit of around 3 nM.
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Chapter 3

Summary & Conclusions

3.1 Conclusion

3.2  Future Outlook
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Conclusion

We have successfully developed a label free aptamer based LC sensor for Pb*" ion
detection. LCs being birefringent in nature have been employed several times to
develop biosensors to detect different target analytes. But the previously reported
sensors have limitation such as aptamer immobilization, poor selectivity and poor
specificity. Here, in the reported work we have exploited the high affinity of the
aptamers towards the target analyte to develop a sensor that is highly selective towards
Pb?" ions, shows specificity towards the SRNA and eliminates the need of aptamer
immobilization. Along with this the sensor reported here also shows a low detection
limit with the added advantage of easy solution preparation and equipment handling

with easy to visualize results.

The CTAB being positively charged aligns the LC molecules homeotropically due to
the hydrophobic interaction between the hydrocarbon chains of the surfactant and the
LC. On addition of negatively charged SRNA, the self-assembly of the CTAB
molecules at the interface gets disrupted and hence the LC turns bright, exhibiting a
planar orientation. However, when Pb*" ion is added in sufficiently high amount, the
SRNA having specific affinity towards the Pb** ion, forms a stable G-quadruplex with
the ion.** The formation of a G-quadruplex then disrupts the SRNA-CTAB interaction
and hence the CTAB self assembles at the LC- aqueous interface imparting a
homeotropic orientation to the LC and hence the LC appears dark. This provides an
easy optical method for Pb*" ion detection upto a concentration of 3 nM which is far
less below the maximum permissible limit of 72 nM in potable water. Along with the
excellent ability to detect low Pb** ion concentrations, the proposed biosensor also
provides high selectivity towards Pb®" ions with LC remaining bright with other
common metal ions (Co**, Ni**, Hg?* and Zn** ) having a similar charge, radius and
other properties. The system also shows a specificity towards the SRNA with the LC
remaining bright in case of employing a random RNA aptamer sequence. This proves
that the proposed biosensor provides an effective way of Pb** ion detection in the
aqueous phase with excellent detection limit, high selectivity, specificity and easy

sample preparation.
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Future Outlook

The proposed design of biosensor, utilizing a Pb** specific aptamer to bring about
change in the LC orientation can also be extended towards detection of other toxic metal
ions by employing specific RNA/DNA aptamers. This easy to employ method might
provide a gateway to utilize LC in detection of several other metal ions. Apart from
this, the method can be extended to real time detection of Pb?>" ion concentration in the
tap water sample indicating the applicability of the proposed biosensor towards
addressing the easy detection of Pb** ion concentration in potable water and might be

a small step in eradication of lead poisoning.
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