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1.1 Bioconjugated Nanomaterials

The trend to shrink the materials dimensionality are prompted by the unending desire
of accessing exclusive properties of material for its utilization in novel areas ranging from
device applications to the most needed biomedical applications. The nanostructure materials
have emerged as the most appealing material for their utilization in medical diagnostics from
the past few years. From the long time nanoparticles such as silica [1] gold [2] and titanium [3]
have been the frontier materials to be used as medical diagnostic tool. However, it is critically
important to gauge the functional group on the nanoparticle surface for performing the desired
activity when it comes to functionalization of nanoparticles. There are few examples, like CNT
can be used in drug delivery, sensing and imaging by appropriate functionalization as it makes
CNT more biocompatible [4-5]. Bioconjugated systems have immerged as an important
candidate for biomedical applications [6-13]. Bioconjugation is a chemical strategy to form an
interface between organic/inorganic composite and biomolecule. The combination of organic
and inorganic (carbon allotropes and boron nitride allotropes) composites with biomolecules,
makes a complex structure with unique properties of both biomolecule as well as
nanostructures. Use of inorganic compounds having ionic and covalent interactions provides a
versatile material with wide range of electronic properties like high electron mobility, wide
bandgap range such as insulator, semiconductor and metals. They also have good thermal
stability, mechanical hardness, magnetic and dielectric properties. The organic compounds or
biomaterials have emerged as a new class of materials which have tendency to interact with

weak van der Waals forces and also have potential of high luminescence efficiency,
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mechanical properties, large polarizability and good conducting properties. Due to these
diverse properties, these materials have many promising applications in optics, electronics,
mechanics, protective coatings, catalysis, sensors, biology, etc.. The ability to tune the
electronic properties of bioconjugated materials at nanoscale has opened a regime of new
materials with unique electronic properties which are totally different from its constituent
organic and inorganic components. Moreover, the nanostructure vyields large area for
interactions comprising biomolecules which further offers promising pathway to combine
biomolecular functionality. This will lead to creation of hybrid nano scaffolds with unique
electronic and optical properties. Such scaffolds with definite features are of particular
attraction in identification and modulation of biomolecules, protein interaction, protein-nucleic
acid interaction, enzyme activity and biometric reactions etc. Since biomolecules are soft
molecules and the nanostructures where it forms the interface are hard materials, a controlled
precision is required such that the exceptional properties and the nature of the biomolecule can
be conserved after the interaction with nanomaterial. Bioconjugation of DNA, peptides and

proteins is most challenging because of its peculiar surface chemical heterogeneity.

From the past few vyears, interest has been developed for the understanding of
interaction between nanostructures and biomolecules [13-21], because of unique properties of
nanomaterial for their utilization in detection mechanism and medical diagnostic [22], while
biomolecule to probe the structure [23-24]. Very recently, new class of materials for
bioconjugation have been immerged for biosensing and applications in medical diagnostics
such as nanoparticles [25-26], nanowires [27], fullerenes [28] and nanotubes [6,8]. There are

two fold advantages of these combined systems of nanostructures and biomolecules; on one
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hand there is an effective platform which is developed by DNA decorated carbon nanotube for
the higher sensitivity of many gases [29] while on the other hand, probing the DNA with
conformational changes in its surrounding concentration of ions provide huge possibility to
develop great detection mechanism [22]. Biomolecules can also be used to sort different kind
of carbon nanotube as it shows structural specific binding mechanism [21]. From the recent
research with the help of surface analysis techniques it was proved that the 2D materials have
ability to track single molecule and intermolecular interaction [20]. Explanation for the origin
of life by addressing the role of hydrogen bonds between nucleobases of DNA can be achieved
by single molecule manipulation with the help of scanning tunneling microscopy technique.
The self-assembly of the basic building block in biological macromolecules (nucleobases) on a
2D surface is a general persuasion for the emergence of life under pre-biotic conditions [20].
Low dimensional materials are intensively used in the technological and scientific field
because the properties of any bulk material can be controlled and modulated when we reduced
its size to quantum dot dimensions (= 20 nm®) [30] which imitates the quantized atomic states.
The superiority of 2D material over its bulk counterpart is the potential to form hybrid systems
as it is a layered material and can share electronic and mechanical properties. Another
advantage of reduced dimensional systems is large surface area for interaction which provides

advancement in technology development.

1.2 Low Dimensional Carbon and its Derivatives

Carbon being a basic element for life sustainability has very versatile bonding nature

which provides an extensive ability to have many allotropes. In recent past, carbon has been
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explored for technology and basic science in its all forms of allotropes such as 3D graphite
[31], 1D nanotubes [32], OD fullerenes [33] and the most popular form i.e. 2D form graphene
[34-35]. Graphene a flat monolayer of carbon atoms with tightly packed honeycomb lattice
and basis for all carbon allotropes has become an exciting material for research due to its
plenty of miraculous properties, such as high carrier mobility [34,36-38], quantum electron
transport [36-37], high elastic behaviour [39], tunable bandgap [40] and excellent
electrochemical properties [41] which makes it to stand out as a promising material for

biosensing, biomedical applications and nano-bioelectronic devices [42-44].

In the carbon family of materials, existence of both types of hybridization can be seen
i.e. sp? and sp® in which sp? type carbon have dominance in technology field. The sp?
hybridization comes in significant geometric range like graphite (three dimensional, 3D),
graphene (two dimensional, 2D), carbon nanotubes (one dimensional, 1D) and fullerenes (zero
dimensional, 0D). Recently, by combining sp and sp? hybridization a new class of carbon
allotropes graphyne and graphdiyne has emerged [45-48]. Different geometry possess different
electronic properties: bulk form known as graphite have a semi-metallic nature [49] apart from
its large resistance in the perpendicular direction of layer plane [50]. In 2D form i.e. graphene
which is a zero-gap semimetal having massless carrier [34] possess metallic or semiconducting
nature, whereas in 1D carbon nanotubes their characteristics are formed depending on the
chirality [51]. The quantum dot type nature can be seen in fullerenes [52]. The sp® crystal form
of carbon (diamond) possess totally different electronic properties than sp?, they have wide

band gap which gives them semiconducting or insulating nature [53]. The reason behind this
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nature in sp® hybridization is its tetrahedral geometry which eliminates the possibility of any

loosely bound or delocalized electrons.

Apart from all the staggering properties of carbon based nanomaterial, their major
hurdle in the path of its bio application is its cytotoxicity [54]. This encourages researcher to
explore other two dimensional materials (2D material) having bio compatibility. Recently
Boron nitride nanostructures have immerged as a suitable candidate for biological application

[55-60].
1.3 Boron Nitride Nanostructure

Boron nitride (BN) is the most explored compound after graphene; it has equal number
of alternative boron and nitrogen atoms linked through a covalent bond. The existence of BN
is found in many crystal forms: cubic BN (c-BN) which is analogous to diamond, wurtzite BN
(w-BN) which is similar to the lonsdaleite, and also in two sp?-bonded layered configurations,
i.e. rhombohedral BN (r-BN) in ABC stacking and hexagonal BN (h-BN) in AB stacking
which are similar to rhombohedral graphite and hexagonal graphite respectively. From the
recent past nano structures of boron nitride have gathered much attention by the theory and
experimental groups. The development of boron nitride nanostructure is closely linked with
the carbon nanostructures as BN fullerene and nanotube were developed in 1990s [16, 61-62]
which is the year when carbon nanotube (CNT) and fullerene (C60) were made. Similarly
white graphene was developed in 2000s [5], nanomesh, nanowire and nanoribbon also

followed the path after the development of similar carbon counterparts [63-69].

Page 5



Introduction CHAPTER 1

It is noteworthy that the understanding for the interaction between boron nitride
nanostructure and biomolecule are in preliminary state, our focus in the present work is to
understand the underline mechanism for this interaction. The full potential of boron nitride is
still unexplored for biotechnology. The advantage of boron nitride nanostructure is its
chemical and physical properties which makes it a potential carrier for sensors and nanoscale
diagnostic tools; vector for delivering of pharmaceuticals or genes ;foundation for field phase
and combinational synthesis of biomolecules ; and support for heterogeneous and template

biocatalytic reaction.

For this reason, a detailed study is needed to understand the influence of nanostructures
on biocompatibility and/or toxicity which will help us to design safe and sustainable materials
for biological cargo carrier and advance the nanotechnologies. It has been very challenging
task due to limited underline knowledge of physics and chemistry behind the interaction
between the limited knowledge about the underlying physics and chemistry behind the
interaction between complexity of biomolecules and nanomaterials. In order to fully utilize the
novel properties of nano-bioconjugates, a detailed understanding of the nature, physical and
chemical mechanisms, structure, and spatial distribution of conjugating molecules and

nanomaterials is critically important.

The objective of this work is to address some of the issues mentioned above. In
Chapters 3, 4 and 5, we shall discuss some of the features of conjugating biomolecules with
the boron nitride nanomaterials and their criticality in deciding the strength of interaction.

Specifically, we considered boron nitride nanotube (BNNT), boron nitride nanoribbons
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(BNNRs) and newly predicted two dimensional haeckelite boron nitride (2D haeck-BN) as a
substrate on which the biomolecules (alkaloids, nucleobases and neurotransmitters) are

adsorbed to lead us to different types of interaction depending on their nature and polarities.

1.4 Research Objectives

The present work aims to investigate the site selective/specific interaction (binding) of
biomolecules with boron nitride nanostructures such as boron nitride nanotubes (BNNT),
boron nitride nanoribbons (BNNR), boron nitride nanosheet (BNNS) etc., by using the
quantum chemical calculations based on first principle calculations under the frame work of
density functional theory. To provide the knowledge of underlying physics and chemistry
behind, biomolecule interactions with the boron nitride nanostructures and the complexity of
biomolecules will also be discussed. With increased activities in their synthesis, growth,
integration in technology and consumer products, there has also been increased concern about
their biological and environmental effects. Therefore, as the production and applications of
engineered bioconjugated materials continue to increase, it is deemed critically important and
timely to develop an understanding of their health and environmental effects, also to unfold

new materials. The specific objectives of the present work are following:

1. To obtain a better understanding of the binding mechanism between boron nitride
nanostructures and biomolecules.

2. To assess the exquisite differences in the adsorption strength of several biomolecules on
boron nitride nanostructures, which in turn will allow us to understand the interaction of

biomolecules with BN nanostructures.
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3. To analyze the results of electronic properties in terms of conducting behavior for
possible transport applications and also sensing mechanism of biomolecule over
nanosurfaces.

4. To investigate theoretically the vibrational properties and understand the structure-
dynamics-property relation.

5. To develop the new boron nitride based nanostructures and finds the possibility of their

use as hiosensor.

1.5 Structure of the Present Thesis

The present thesis is organized in the following manner. Theoretical description of
computational methodology used throughout the work is presented in Chapter 2. Formalism
of density functional theory (DFT) by discussing Kohn-Sham equation to its implementation
in Plane Wave pseudopotential code - Quantum Espresso is discussed. An important

theoretical description of dispersion corrections to DFT is also discussed.

In Chapter 3, a systematic study is described about the interaction mechanism of two
alkaloids: caffeine and nicotine molecules with boron nitride nanostructures (BNNT and
BNNR) and its possible use for the application of sensing of these molecules using first
principle calculations within dispersion corrected density functional theory. A detailed and
systematic investigation is performed to obtain the stable geometrical properties, adsorption
energy, electronic structure, charge transfer and quantum conductance for two alkaloids. It is
shown that the caffeine and nicotine molecules are strongly adsorbed over BNNR than BNNT.

The binding strength of these molecules is found to be stronger with the incorporation of
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dispersion correction and hence reinforces that the dispersion correction is essential for an
accurate description of the adsorption process. No noticeable charge transfer is observed
between the molecules and BNNT/BNNR. The caffeine presents stronger physisorption with
both nanostructures but more with BNNR as compared to nicotine. The changes in the DOS
are due to adsorption of charge donor molecules. More sensitivity of the electronic properties
of BNNR in the presence of caffeine and nicotine indicates that the BNNR is a promising
nanostructure for the detection of these molecules. The present study emphasizes that the
BNNR is an effective substrate to non-covalently binding alkaloid molecules. The reliable
conclusions drawn in this study will encourage experimentalists to explore and use these

nanostructures as alkaloid carriers, filters and sensors.

In Chapter 4, using the state-of-the-art first-principle calculations based on density
functional theory, we investigated the electronic properties of relatively newly proposed
Haeckelite BN (haeck-BN) comprising of square and octagonal rings. The Kinetic stability of
this haeckelite monolayer has been confirmed by phonon dispersion curves and the phonon
density of states. There is not a single phonon mode with imaginary frequency in the entire
BZ. The calculated electronic properties of this new BN allotrope haeckelite BN illustrate its
direct bang gap semiconducting behavior which is the prime advantage of any material to be
utilized for chemical as well as biosensor. To understand the adsorption behavior of the
nucleobases on haeck-BN surface, we have included the van der Waals correction term (DFT-
D2) in the potentials utilized for the DFT calculations. The comparative analysis of the

adsorption mechanism of nucleobases with graphene, BNNT and haeck-BN is discussed in
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detail and showed superiority. Our results depict the physisorption of nucleobases on the
surface of haeck-BN with the interactions order of G > T > A = C > U respectively. Very less
recovery time predicted for G, A, C, T and U reinforces the possibility of haeck-BN for
reusable biosensor. The large change in the electronic properties gives the idea of the
interaction and its possible use for the detection of these bio molecules. Thus from our results,
one may conclude that the haeck-BN may act as an alternative candidate for the sensing
application of nucleobases as well as DNA sequencing. We hope that our results will motivate
more experimental and theoretical studies on new layered I11-V semiconducting materials for

biosensing applications.

In Chapter 5, we have discussed in detail about the interaction between the
neurotransmitters and the boron nitride nanoribbon (ABNNR and ZBNNR). Neurotransmitters
are the main chemicals involved to transmit the message through electric signal from one
neuron cell to the other. It acts as a chemical messenger in our nervous system which passes
the information by relaying it across synapses by means of excitation near neuron or the
targeted tissue [41]. Among all neurotransmitters dopamine (DA) and adrenaline (AD) have
significant importance. The sensing ability of BNNRs toward these biologically important
hormones is studied by calculating electronic properties, adsorption energy and change in

work function.

The results of our systematic investigations on electronic and vibrational properties of
various hybrid bioconjugated systems have been summarized in Chapter 6. Variation of

properties of conjugated materials compared to their pristine form has been concluded
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discussing possible applications in science and technology followed by a brief discussion on

possible future work.
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