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PREFACE

This thesis presents synthesis and characterization of hybrids based on carbonaceous
and layered materials. It is divided into five chapters. Chapter 1 briefly introduces hybrid
materials, which are generally defined as a material that includes two or more moieties blended on
the molecular scale. A major emphasis has been given to hybrid materials which find applications
in drug delivery and catalysis. Also, it discusses the key challenges in the field of drug delivery
and catalysis, with more stress given to ones relevant to this thesis. Chapter 2 presents, surface
modifications of glucose derived carbon nanospheres with magnetic (Prussian blue and its
nickel-chromium analogues) nanoparticles and luminescent (lanthanide) probes. These
multifunctional carbon spheres showed enhanced magnetic and luminescent behaviour as
compared to their native elements. These hybrids were biocompatible, have the ability to cross
the blood-brain barrier and could be used as brain theranostics. Chapter 3 discusses about
synthesis of hybrid nanoparticles made up of magnetic iron oxide materials of different shapes
(spheres, spindles, biconcaves and nanotubes) coated with glucose derived carbon. Depending
on their shape, these nanoparticles could compartmentalize inside the brain cells in the in vivo
conditions. Biconcave shape of nanoparticles showed preferential nuclear entry, whereas
nanotube morphology was restricted to the cytoplasm. Also, shape dependent

compartmentalized delivery of an activator of an epigenetic enzyme was demonstrated.

Chapter 4 describes about a smart hybrid material made up of layered amino-clay,
magnesium phyllo(organo)silicate, sheets/bundles and polyelectrolytes. These organic-
inorganic hybrids were synthesized by coating the colloidal polystyrene spheres with
polyelectrolyte protected amino-clay layers in a layer-by-layer method. The clay layers are
sandwiched between the polyelectrolyte layers. The amino-clay swells in water due to

protonation of amino groups and the degree of swelling depends on the pH of the medium. As

vii



a result, the hybrid spheres undergo a size increase up to 60 % as the pH is changed from 9 to
4. The stimuli responsive property of the hybrid spheres was used for the release of ibuprofen
and eosin at different pH. Chapter 5 demonstrates catalytic behaviour of layered boron nitride
and boron nitride supported metals towards oxidative dehydrogenation of propane. Boron
nitride (a generally accepted inert material) catalysed the propane oxidative dehydrogenation
reaction. The catalytic activity was found to improve with increasing surface area of the

catalyst. The catalytic activity was stable for nearly six hours and could be regenerated easily.
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Chapter 1 A Brief Introduction to the Hybrid Materials

Summary:

Organic-inorganic hybrids are new class of materials bestowed with unusual
properties independent of their counterparts and find applications in extremely diverse
fields. In this chapter, we present brief introduction to hybrid materials with emphasis on
definition, synthetic strategies, and applications. The applications of hybrids were
restricted to drug delivery and catalysis in the discussions, as the work of this thesis span
in these areas only. The major challenges in the field of drug delivery and catalysis were
briefly mentioned and the use of hybrid materials to overcome these challenges were also

noted here.
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Adapted with permission ffom reference 5. Copyright 2011, Royal Society of Chemistry.
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Chapter 1 A Brief Introduction to the Hybrid Materials

1.1 Introduction:

Recent technological breakthroughs in materials synthesis and the growing
aspiration for new and unique functions in materials have generated enormous demand
for the novel materials. However, as single components, materials such as metals,
ceramics, plastics etc. cannot fulfill all technological aspects required for the various new
applications.! For example, ceramics are typically strong but not tolerant to surface flaws
and cracks, whereas most polymers are flaw-tolerant but deform extensively at rather low
applied stresses.t Unfortunately, these two properties (strength and toughness) tend to be
mutually exclusive, and attaining optimal mechanical performance is always a
compromise often achieved through the empirical design of microstructures.t Such
bottlenecks drives the development of hybrid materials which could nearly accomplish all

technological requirements for various applications.

A hybrid material is generally defined as a material that includes two moieties
blended on the molecular scale i.e. atomic or nanometer-level mixture of materials gives
rise to hybrid materials.? Hybrids are either homogeneous systems derived from
monomers and miscible organic and inorganic components, or heterogeneous systems
(nanocomposites) where at least one of the component domains has a dimension ranging
from few A to several nanometers.® A wide range of materials, such as crystalline, highly
ordered coordination polymers, amorphous sol-gel compounds, materials with and
without interactions between the inorganic and organic units are covered under the name
hybrid materials.* The term hybrid materials is often interchangeably used with
nanocomposites. There is no clear borderline between inorganic-organic hybrid materials

and inorganic-organic nanocomposites materials. Nanocomposite is used if one of the
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structural units, either the organic or the inorganic, is in the size range of 1-100 nm.!
Commonly, the term nanocomposites is used if discrete structural units in the respective
size regime (nanoparticles, nanorods, carbon nanotubes and galleries of clay minerals) are

formed in situ by molecular precursors, for example applying sol-gel reactions.*

Class | Hybrids

b

Interpenetrating networks

Class Il Hybrids

d

Building blocks covalently connected Covalently connected polymers

Figure 1: Classification of hybrid materials. Adapted with permission from reference 1.
Copyright 2007, John Wiley and Sons.

The properties of hybrid materials are not only the sum of the individual
contributions of organic and inorganic phases, but often the interface between the
dissimilar phases play significant role in determining the properties of the hybrid.>3>¢
The nature of the interface has been used to grossly divide these materials into two

distinct classes (Figure 1).* Class I hybrid materials are those that show weak interactions
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between the two phases, such as van der Waals, hydrogen bonding or weak electrostatic
interactions. Blends and interpenetrating networks (Figure la, 1b) comes under Class |
materials when interaction between organic and inorganic building blocks is weak, e.g.
materials formed by the combination of inorganic particles and organic polymers which
lacks strong interactions. Class Il hybrid materials are those that show strong chemical
interactions between the components. They are formed when discrete inorganic blocks are
covalently linked to organic polymers or inorganic and organic polymers are covalently

connected to each other (Figure 1c, 1d).

The most obvious advantage of organic-inorganic hybrids is that they can
favorably combine the dissimilar properties of organic and inorganic components in one
material (Table 1).1® This field provides the opportunity to invent new materials with a
large spectrum of known and as yet unknown properties. Another driving force in this
area is the possibility to create multifunctional materials possessing diverse qualities in a
single material. The properties of hybrid materials can be altered by changing the
composition at the molecular scale.>” If, for example, more hydrophobicity of a material
is desired, the amount of hydrophobic molecular components is increased. Mechanical
properties such as toughness or scratch resistance are tailored if hard inorganic
nanoparticles are included in the polymer matrix. Because the compositional variations
are carried out on the molecular scale a gradual fine tuning of the material properties is

possible.! This also opens up the way to synthesize smart materials.

Smart materials is one of the hot topics in materials chemistry as they react to
environmental changes or switchable systems, and find applications in sensors,

membranes, catalysis, and biomedicine areas.>**® The desired function can be derived
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Table 1: Comparison of general properties of typical inorganic and organic materials. Adapted

with permission from reference 3. Copyright 2005, Royal Society of Chemistry.

Properties Organics (polymers) Inorganics (8102, TMO)
Nature of bonds covalent [C—C] (+ weaker van der Waals or H bonding) lonic or lono-covalent [M-0]
T, (glass transition) low (—100 °C to 200 °C) high (=200 *C)
Thermal stability low (<350 °C, except polyimides, 450 °C) high (> 100 °C)
Density 0.9-1.2 2.0-4.0
Refractive index 1.2-1.6 1.15-2.7
Mechanical properties elasticity hardness
plasticity strength
rubbery (depending on T,) fragility
Hydrophobicity, permeability hydrophilic hydrophilic
hydrophobic low permeability to gases
+ permeable to gases
Electronic properties insulating to conductive isulating to semiconductors (S10., TMO)
redox properties redox properties (TMO)
magnetic properties
Processability high: low for powders (needs to be mixed with
» molding, casting polymers or dispersed in solutions)

» machining

+ thin films from solution high for sol-gel coatings (similar to polymers)

+ control of the viscosity

from organic or inorganic or from both the components. One of the advantages of hybrid
materials in this context is that the functional organic molecules as well as biomolecules

often show better stability and performance if introduced in an inorganic matrix.!

1.2 General strategies for the design of functional hybrids:

The origin of hybrid materials did not take place in a chemical laboratory but in
nature. Many natural materials consist of inorganic and organic building blocks
distributed on the molecular or nanoscale. In most cases, the inorganic part provides
mechanical strength and an overall structure to the natural objects while the organic part
delivers bonding between the inorganic building blocks and/or the soft tissue.! Typical
examples of such materials are bone, and nacre. The concepts of bonding and structure in
such materials are intensively studied by many scientists to understand the fundamental
processes of their formation and to transfer the ideas to artificial materials in a so-called

biomimetic approach.® The fascination of complex geometries produced by biological
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hybrid materials under ambient temperature, aqueous environment, and neutral pH

inspired the scientists to replicate such structures in the beaker.

The main chemical routes that are used to design a given hybrid materials are
schematically represented in figure 2.2

Path A corresponds to very convenient soft chemistry based routes including
conventional sol-gel chemistry (Route Az), the use of specific bridged and polyfunctional
precursors (Route Az), and hydrothermal synthesis (Route Az).

Route A; produces amorphous hybrid networks through hydrolysis of organically
modified metal alkoxides or metal halides condensed with or without simple metallic
alkoxides. The solvent may or may not contain specific organic molecules such as, a bio-
component or a poly-functional polymer that can be crosslinkable or that can interact or
be trapped within the inorganic components through a variety of interactions (H-bonds,
p—p interactions, van der Waals). These strategies are simple, low cost and produce
amorphous nanocomposite hybrid materials which exhibit infinite microstructures and
present many interesting properties and give rise to many commercial products shaped as
films, powders or monoliths.

In Route A bridged precursors such as silsesquioxanes X3Si—R-SiX3 (R is an organic
spacer, X = Cl, Br, OR) are used which allows the formation of homogeneous molecular
hybrid organic—inorganic materials with a better degree of local organization. In recent
work, the organic spacer has been complemented by using two terminal functional groups
(urea type). The combination within the organic bridging component of aromatic or alkyl
groups and urea groups allows better self-assembly through the capability of the organic
moieties to form both strong hydrogen bond networks and efficient packing via n=—m or

hydrophobic interactions.
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Figure 2: Scheme of the main chemical routes for the synthesis of organic—inorganic hybrids.

Adapted with permission from reference 3. Copyright 2005, Royal Society of Chemistry.
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Route Az is hydrothermal synthesis in polar solvents (water, formamide, etc.) in
the presence of organic templates leading to numerous zeolites with a large scale
applications in the domain of adsorbents or catalysts. More recently, a new generation of
crystalline microporous hybrid solids known as metal organic frameworks (MOF) have
been discovered by several groups. These hybrid MOF materials possess very high
surface area from 1000 to 4500 m?g* and are promising candidates for catalysis and gas
adsorption.

Path B corresponds to the assembling/dispersion (Route B1) or the intercalation
(Route B») of well-defined nanobuilding blocks (NBB). These NBB can be clusters,
organically functionalized nanoparticles (metallic oxides, metals, chalcogenides, etc.),
and layered materials (clays, layered double hydroxides, lamellar phosphates, oxides or
chalcogenides) capable of intercalating organic components. The NBB can be capped
with polymerizable ligands or connected through organic spacers, like telechelic
molecules or polymers, or functional dendrimers. The variety found in the nanobuilding
blocks (nature, structure, and functionality) and the linkers allows synthesis of a wide
range of architectures and organic-inorganic interfaces, associated with different
assembling strategies. Moreover, the step-by-step preparation of these materials usually
allows high control over their semi-local structure.

Path C, self-assembling procedures, corresponds to the organization of growing
inorganic or hybrid networks over templates formed by organic surfactants (Figure 2,
Route Cy). In this field, hybrid organic-inorganic phases are very interesting due to the
versatility they demonstrate in the building of a whole range of nanocomposites. A recent
strategy developed by several groups consists of templated growth (with surfactants) of

mesoporous hybrids by using bridged silsesquioxanes as precursors (Figure 2, Route C»).

9
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This approach yields a new class of periodically organized mesoporous hybrid silicas
with organic functionality within the walls. These nanoporous materials present a high
degree of order and their mesoporosity is available for further organic functionalization
through surface grafting reactions. Route Cs, is combination of self-assembly and NBB
approaches. Strategies combining the nanobuilding block approach with the organic
templates to control the assembling step are also appearing (Figure 2). The combination
between the “nanobuilding block approach” and “templated assembly” will have
paramount importance in exploring the theme of “synthesis with construction”. They
exhibit a large variety of interfaces between the organic and the inorganic components
(covalent bonding, complexation, electrostatic interactions, etc.).

Path D explains Integrative synthesis approach (lower part of Figure 2). The
strategies reported above mainly offer the controlled design and assembly of hybrid
materials in the 1 A to 500 A range. Recently, micro-molding methods have been
developed, in which the use of controlled phase separation phenomena, emulsion
droplets, latex beads, bacterial threads, colloidal templates or organogelators leads to
controlling the shapes of complex objects in the micron scale. The combination between
these strategies and those above described along paths A, B, and C allow the construction

of hierarchically organized materials in terms of structure and functions.

10
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1.3 Applications of hybrids:

Organic-inorganic hybrid materials, for their versatile properties find applications
in many areas: optics, electronics, ionics, mechanics, energy, environment, biology and
medicine, etc. (Figure 3).2° This chapter however, discusses on the utility of the hybrid
materials in the fields of drug delivery and catalysis. At first, the major challenges
involved in drug delivery and the use of hybrid nanomaterials in circumventing some of

these problems is discussed. Later the relevance of hybrid materials in catalysis is

highlighted.
DesETEE Scratch-resistant Products | Gas Barriers |
Coatings Coatings

Spin-on Glass Contrast
materials Agents for MRI ' Photocatalysts / (Bio)catalysts |
sman e | Lsstons | - oo | | reentes | susomone el
Parts

Hybrid  Optical Chemical Sensors |

Photochromic / |
Flexible
’ Electrochromic coatings — Batteries -

\ Applications in numerous fields /
Environment, Energy, Housing,

Health, Automotive, Micro-
electronics /-optics ...

Figure 3: Applications of hybrid materials. Adapted with permission from reference 5. Copyright
2011, Royal Society of Chemistry.
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1.3.1 Challenges in Drug delivery:

Conventional (“free”) therapeutic agents, poses several concerns including their

poor water solubility (at least, for most anticancer drugs), lack of targeting capability,

nonspecific distribution, systemic toxicity, and low therapeutic index (Table 1).°

Effect of DDS

Poor solubility

Tissue damage
on
extravasation

Rapid
breakdown of
the drug in
vivo

Unfavourable
Pharmacokine
-tics (PK)

Poor
biodistributio
n

Lack of
selectivity for
target tissues

A convenient pharmaceutical
format is difficult to achieve, as
hydrophobic drugs may
precipitate in aqueous media.
Toxicities are associated with the

use of excipients such as
Cremphor (the solubilizer for
paclitaxel in Taxol).

Inadvertent extravasation of

cytotoxic drugs leads to tissue
damage, e.g., tissue necrosis
with free doxorubicin.

Loss of activity of the drug
follows administration, e.g., loss
of activity of camptothecins at
physiological pH.

Drug is cleared too rapidly, by
the kidney, for example,
requiring high doses or
continuous infusion.

Drugs that have widespread
distribution in the body can
affect normal tissues, resulting in
dose-limiting side effects, such
as the cardiac toxicity of
doxorubicin.

Distribution of the drug to
normal tissues leads to side
effects that restrict the amount
of drug that can be
administered. Low
concentrations of drugs in target
tissues will result in suboptimal
therapeutic effects.

DDS such as lipid micelles or
liposomes provide both
hydrophilic and hydrophobic
environments, enhancing drug
solubility.

Regulated drug release from
the DDS can reduce or
eliminate tissue damage on
accidental extravasation.

DDS protects the drug from
premature degradation and
functions as a sustained
release system. Lower doses
of drug are required.

DDS can substantially alter the
PK of the drug and reduce
clearance. Rapid renal
clearance of small molecules is
avoided.

The particulate nature of DDS

lowers the volume of
distribution and helps to
reduce side effects in

sensitive, nontarget tissues.

DDS can increase drug
concentrations in diseased
tissues such as tumors by the

EPR effect. Ligand-mediated
targeting of the DDS can
further improve drug
specificity.

Table 1: Non-ideal properties of drugs and their therapeutic implications. Adapted with

permission from reference 9.

12
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Colloidal drug carriers (such as nano- and micro-particles) have emerged as promising
systems which could overcome these challenges.>* The potential advantages of these
drug carriers includes: 1) improved delivery of hydrophilic drugs; 2) protecting drugs
from harsh environments (e.g., acidic environment in the stomach or the lysosomes, and
the high levels of proteases or other enzymes in the blood stream) before reaching their
targets, leading to an extended plasma half-life of the drug in the systemic circulation; 3)
targeted delivery of drugs in a tissue- or cell-specific manner to maximize the treatment
efficacy while systemic side effects are alleviated; 4) controlled release of drugs over a
controllable period of time at precise doses and even realization of on-demand release
using a more sophisticated, stimuli-responsive system; and 5) co-delivery of multiple
types of drugs and/or diagnostic agents (e.g., contrast agents) for combination therapy and
real-time readout of the treatment efficacy.>!* Despite their enormous potential and
extensive scientific efforts, only a few drug delivery systems have been able to enter the
market.>1® This is because for a successful therapy, the drug carriers are expected to
have a set of optimal biological behaviors: i) biocompatibility and biodegradability, ii)
longer blood-circulation, iii) extravasation (escape from the blood-vessel) in the target
tissue, iv) accumulation and distribution in the target tissue, v) binding and endocytosis in
the targeted cells, vi) endosomal escape, vii) therapeutic action and viii) clearance (get
cleared from the body) (Figure 4).2° Each one of these characteristics are critical, however
most drug carriers poses not all of them.!! The above listed, expected behaviors of the
drug carriers are mainly due to the biological barriers they encounter on their way to the
target site.?"2 In a typical systemic?* administration (a route of administration into the
circulatory system, such as oral, intravenous, intramuscular, subcutaneous, etc., so that

the entire body is affected) following are the general biological barriers that drug carriers
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Figure 4: Nanoparticle behaviors. Nanoparticle designs, in terms of size, shape, modulus,
charge, material, surface, and cargo, as well as their interactions in the body, determine

their individual behavior. Adapted with permission from reference 20. Copyright 2014, Elsevier.
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encounter?>26:

A. Intestinal epithelial barrier (to enter the circulatory system).

B. Clearance mechanisms of the blood circulation (such as immune clearance and
non-targeted tissue accumulation) and the endothelial barrier (to enter the target
organ).

C. Diffusion barriers for distribution in the tissue interstitium.

D. Barriers for internalization into the cells and intracellular trafficking.

One of the key benefits of the nano- or micro-particles based delivery systems is
availability of a range of handles, such as size, shape, surface charge and chemistry, and
material composition, to design/engineer carriers for different therapeutic cargoes, in
order to overcome various hurdles (Figure 4).1% In the following subsections, different
biological barriers would be discussed briefly with examples of how the diverse carrier

design parameters helps overcome these obstacles.

A. Transport across the epithelial barrier:

The transport across the intestinal epithelium, after which the drug carriers reach
the blood circulation, is limited by two barriers.> The first one is mucosal barrier, which
using polyvalent interactions with the drug carriers traps and clears them. In order to
penetrate mucus, synthetic drug carriers must avoid adhesion to mucin fibers and be small
enough to avoid significant steric inhibition by the dense fiber mesh. Nanoparticles as
large as 500 nm have been shown to rapidly diffuse across human mucus after coating
with polyethylene glycol.?” The second barrier comprises the monolayer of the epithelial

cells whose tight junctions offer a particularly strong barrier for entry of nanoparticles.
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Nanoparticles comprising various materials have been synthesized and used to deliver

macromolecules, particularly insulin and vaccines.?®

B. Drug carriers in the blood circulation:

Once in the bloodstream it is critical for the drug carriers to be stable and hold the
cargo without leakage or degradation by enzymes in the blood.?*2° More importantly, the
therapeutic carriers should circulate for longer durations of time to maximize their
accumulation in the targeted organ or cells.?2%2° However, the circulation of drug
carriers in the bloodstream faces various hurdles including, glomerular excretion by the
kidney, opsonization followed by immune clearance by the reticuloendothelial system
(RES) (macrophages/monocytes, liver, and spleen) and non-specific tissue
accumulation.®® Rapid clearance from the circulation with a consequent over-
accumulation in the liver and spleen is regarded as the main cause of side effects and

insufficient delivery of nanocarriers to target sites.*

In the bloodstream, the nano-bio interfacial reactions between the drug carriers
and its surroundings (bio-environment) may lead to change in their surface properties
(Figure 5).3%2 The newly formed nano-bio interface comprises kinetic, and
thermodynamic exchanges between the nanosurfaces and the biological components
(biological fluids, membranes, cell components, proteins, DNA, etc.).3132 Protein
adsorption to the carrier surface is one of the interfacial reactions, leading to a protein
corona which gives biological identity to the drug carrier and greatly influences their
blood circulation and biodistribution.®*2 A prominent consequence of coating with
proteins is opsonization of drug carriers, which allows RES macrophages to easily

recognize and remove these carriers.®® The biomolecular corona is also relevant to

16



Chapter 1 A Brief Introduction to the Hybrid Materials

nanoparticles with grafted antibodies, proteins and peptides that are specifically designed
for targeting in nanomedicine (Figure 5).3132 Their presence may lead to more subtle and

poorly understood biological issues possibly related to current struggles in achieving

Nanoparticle-corona
complex

Receptor

[ A

Extracellular side of
cell membrane

Intracellular side
of cell membrane

Cholesterol
Integral protein

Figure 5: The nanoparticle—corona complex in a biological environment. a) It is the nanoparticle—
corona complex, rather than the bare nanoparticle, that interacts with biological machinery, in this
example with a cell membrane receptor. b) Relevant processes (arrows), in both directions
(on/off), for a nanoparticle interacting with a receptor. Biomolecules in the environment adsorb
strongly to the bare nanoparticle surface (ki), forming a tightly bound layer of biomolecules, the
‘hard’ corona, in immediate contact with the nanoparticle. Other biomolecules, the ‘soft’ corona,
have a residual affinity to the nanoparticle-hard-corona complex (primarily to the hard corona
itself), but this is much lower, so those molecules are in rapid exchange with the environment
(k). If sufficiently long-lived in the corona, a biomolecule may lead to recognition of the
nanoparticle-corona complex as a whole by a cell membrane receptor (ks). The same biomolecule
alone can also be recognized by the receptor (ks). If present, the bare surface of the nanoparticle
may also interact with cell surface receptors (ks) or other constituents of the cell membrane.
Proteins adapted from Protein Data Bank (http://www.pdb.org). Adapted with permission from
reference 31. Copyright 2012, Nature publishing group.
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efficient targeting of nanomedicines in vivo.3? Surface modification of drug carriers
with chemical and biological agents, such as poly(ethylene glycol) (PEG) can create a
hydrophilic protective layer around the drug carriers, which sterically hinders absorption

of opsonin proteins, thereby blocking the opsonization process (Figure 6).2

) ;Ab\ﬁ(////;&
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Figure 6: Protein adsorption onto nanoparticle. a) PEGylation of nanoparticles helps to slow the
adsorption of proteins to the nanoparticle surface. The exposed surface of a non-PEGylated
nanoparticle quickly develops a protein corona. The opsonized surface then promotes
phagocytosis by MPS cells leading to rapid clearance of the nanoparticles. b) The hydrophilic
polymers grafted onto the nanoparticle form a brush-like barrier that repels most proteins before it
can bind to the surface and thus significantly slows the clearance of the nanoparticles. Adapted

with permission from reference 21. Copyright 2012, Elsevier.

The circulation of drug carriers in the blood and their exchange between tissue
(target or non-target) vasculature and interstitium is a multifaceted process.?** One
decisive factor is the vascular physio-anatomy. As shown in Figure 7, in some tissues
including liver, spleen, and kidney, the extravasation of carriers is quite efficient due to
the openings in discontinuous or fenestrated capillaries.®® Fenestrated capillaries are also
found around tumors due to rapid construction of new vascular structures. These

structures possess enhanced permeability, a phenomenon referred to as enhanced
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permeation retention (EPR) effect.3® On the other hand, extravasation of drug carriers is
restricted in some important organs. For example, in brain the endothelium is nearly
impermeable due to the presence of blood-brain barrier (BBB), an enzymatic and physical
barrier, which prevents the entry of toxins from blood to the brain and maintain brain

homeostasis.3*3" The brain endothelium presents most intimate cell to cell connections
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Figure 7: The tissue-specific extravasation of drug carriers. a) In liver, the hepatic sinusoidal

endothelial cells possess open fenestraes sized 100-200 nm that facilitate the nanoparticle
diffusion. Smaller carriers (10-20 nm) are removed from blood via rapid liver uptake, whereas
larger drug carriers (>200 nm) are effectively cleared by Kupffer cells. b) In sinusoidal spleen (as
in rat and human), blood flows through the discontinuous capillary into splenic venous system.
Non-deformable entities sized above 200 nm may be cleared from blood by splenic filtration. c)
The capillary fenestraes in the glomeruli have size between 10 and 100 nm, but the basal lamina
can block the penetration of particles larger than 5 nm. d) The endothelia of lung, muscle, and
bone capillaries are generally characterized by a continuous morphology that allows only small
particles sized below 3 nm to cross the inter-endothelial cell slits. Adapted with permission from

reference 30. Copyright 2013, American Chemical Society.
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because of the presence of tight junctions between adjacent endothelial cells (Figure 8).%
The tight junctions are further strengthened and maintained by the interaction or
communication of astrocytes and pericytes with brain endothelial cells.®® Apart from
acting as a physical barrier, BBB possess multiple functions as transport barrier (p-
glycoprotein), metabolic or enzymatic barrier (specialized enzyme systems), and

immunological barrier.® Thus, the paracellular transport across BBB is highly restricted.
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Figure 8: Schematic representation of the blood—brain barrier (BBB). The tight junctions between
adjacent endothelial cells is formed by an intricate complex of transmembrane proteins (junctional
adhesion molecule-1, occludin, and claudins) with cytoplasmic accessory proteins (zonula
occludens-1 and -2, cingulin, AF-6, and 7H6). They are linked to the actin cytoskeleton, thereby
forming the most intimate cell to cell connection. Physiologically, in addition to brain capillary
endothelial cells, extracellular base membrane, adjoining pericytes, astrocytes, and microglia are
all integral parts of the BBB supporting system. Adapted from https://cias.rit.edu/faculty-
staff/101/faculty/340.
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The near impermeability of several potential drugs, 100% of the large molecules and
>98% of small molecules, into the brain limits their use in the treatment of brain diseases
like Alzheimer’s, Parkinson’s, and Brain tumors.®* Nanoparticle based delivery systems
have proven to be promising and are being extensively explored for the delivery across

the BBB.%3¢

The blood circulation and site-specific extravasation of drug carriers is also
dependent on physicochemical characteristics of the carriers, which have been thoroughly
investigated to understand the mechanisms of toxicology and to develop nanomedicines.*

For example, size of the nanocarriers affects their removal from the circulation. Small

o [ ] L)
o ®
e °
L ] Diameter <5nm —— Renal clearance
L] 10 nm < Diameter < 20 nm — Rapid lever uptake

. Diameter > 200 nm —> Rapid spleen uptake

Figure 9: Size of the spherical nanoparticles determines the mechanism and rate of clearance.
Spheres which are smaller than 5 nm, readily pass through the tight endothelial junctions,
resulting in a relatively rapid rate of clearance from the circulation. For large particles (e.g., >200
nm), momentum forces begin to dominate and wall collisions become more common, resulting in
rapidly uptake by the reticuloendothelial system. However, when the particle size falls between
two extremes, all of these clearance mechanisms are minimized and circulation times are
prolonged (the thickness of arrows represents the strength of the force). Adapted with permission
from reference 42. Copyright 2013, John Wiley and Sons.
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carriers might be removed from the blood by renal clearance (<5 nm) or rapid liver
uptake (10-20 nm)*®, whereas large carriers are filtered in the sinusoidal spleen (>200
nm)*, or are recognized and cleared by RES (Figure 9).3° Therefore, drug carriers
between 20 and 200 nm can remain in the circulation for an extended period of time.*°
However, these lower and upper boundaries of the nanoparticle size, are not strictly
defined and even particles larger than 200 nm are able to circulate for significant
durations as result of complex interplay between various physicochemical characteristics
of the nanoparticles, such as size, shape, surface charge etc., on their biological

behavior.*-44

Additionally, recent results indicate that particle shape and surface properties may
play important roles in biological half-life, biodistribution, and cellular (endothelial)
binding and internalization.***** Internalization kinetics of cylindrical nanoparticles with
high aspect ratios have been shown to be significantly faster than those with low aspect
ratios.*® The design of nonspherical or flexible nanoparticles can dramatically extend
circulation time in vivo. Furthermore, it is established that nanoparticles with neutral or
negatively charged surfaces have a reduced plasma protein adsorption and low rate of
nonspecific cellular uptake, while positively charged drug carriers are expected to have a
high nonspecific internalization rate and short blood circulation half-life.*” Blood
circulation patterns of drug carriers may also be further influenced by surface ligands and

surface chirality.*®

C. Transport in the interstitium:

Following their extravasation in the target tissue the drug carriers needs to get

distributed throughout the tissue for effective and thorough delivery of its payload.
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However, the tissue interstitium is a highly heterogeneous and structurally complex
medium through which nanoparticles have to diffuse in order to reach the target cell
membranes.*® For example, the tumor interstitial matrix consists of a highly
interconnected network of collagen fibers that interact with other molecules, such as
proteoglycans and glycosaminoglycans.?% This collagen matrix poses a significant
obstacle in nanoparticle diffusion. In the absence of sufficient diffusion through the
interstitium, particles that extravasate from blood vessels may just localize on the
periphery of the tumor.>® Diffusion of drug carriers within the tumor depends on their
size, shape, and charge as well as on the physicochemical properties of the interstitial
matrix. Small molecules diffuse fairly rapidly in the tumor interstitial matrix. However,
the diffusion coefficient of nanoparticles and liposomes is dramatically reduced by high
viscosity, low porosity and matrix interactions. Particle charge may also play a significant
role. Collagen fibers carry a slightly positive charge at neutral pH, and hence negatively

charged nanoparticles may interact with the collagen matrix and aggregate.>!

Several innovative strategies are being developed to enhance the nanoparticle
penetration into the solid tissues. For example, collagenase treatment increases the
porosity, which may in turn increase nanoparticle penetration.? In vitro studies using
tumor spheroids, supplemented by mathematical models, have shown that nanoparticles
of 20 and 40 nm in diameter are able to accumulate in the interior of the spheroid after
treatment with collagenase, while 100 nm particles exhibited poor penetration in
untreated spheroids with minor increase in penetration with collagenase treatment. Shape
of the nanoparticles has also been shown to enhance interstitial transport. In a recent
study, rod-shaped nanoparticles have shown enhanced diffusion in tumor interstitium

compared to spherical particles.>® In another example, a multistage approach has been
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proposed where nanoparticles change their size to facilitate transport through interstitium.
In this approach, the original 100-nm nanoparticles extravasate from the leaky regions of
the tumor vasculature and shrink to 10 nm, thus facilitating their penetration into the
tumor parenchyma.>® Deep penetration into target tissues remains a significant hurdle.
While a significant focus has been given to penetration into tumors, several other targets,
in particular, brain suffer from the same limitation.?:?® Accordingly, new materials that

are able to enhance penetration of nanoparticles into solid tissues are required.

D. Internalization and intracellular trafficking within target cells:

Post tissue distribution the drug carriers needs to enter the cells and deliver their
payload. However, the cell membrane is a formidable barrier to drug delivery.?! While
small, hydrophobic molecules can easily diffuse into the membrane, large or hydrophilic
molecules or nanoparticles, cannot passively diffuse through the lipid bilayer membrane
and instead must enter via other active uptake mechanisms such as receptor-mediated
endocytosis or pinocytosis.?! Pinocytosis is a relatively haphazard way for cells to engulf
their surroundings by enveloping large quantities of surrounding fluid (Figure 10).2
Receptor-mediated endocytosis is a more controlled method for bringing specific
substances into the cell and is generally governed by receptor-ligand interactions at the
cell surface (Figure 10).2! Increasing the strength and probability of these interactions at
the tumor cells has become a popular strategy to increase cell uptake at the tumor site.>®

Following the endocytosis, most active endocytotic pathways direct the
endocytosed material through the lysosome for cellular digestion before it is released to
the cytoplasm (Figure 10).2! The cellular digestion process serves the dual purpose of

breaking down any potentially dangerous pathogens before they can access the cell and
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freeing material for use in cell processes. During endocytosis, a portion of the outer
membrane is pinched off inside the cell to form a vesicle containing the endocytosed

material which is fused with interior vesicles to form a mildly degradative endosome
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Figure 10: Active cell uptake. The major methods of nanoparticle cell uptake are receptor
mediated endocytosis and pinocytosis. Both draw the particles into interior vesicles which
eventually fuse with lysosomes to undergo cellular digestion which can neutralize some or all of
the drug. Releasing the drug from the endosome before the lysosomal phase can increase the
availability of drug in the cytoplasm. Adapted with permission from reference 21. Copyright
2012, Elsevier.

(Figure 10). These vesicles eventually fuse with the lysosome, which is highly acidic and
filled with powerful proteases to break down any material contained inside.>®>" The
lysosome is generally capable of degrading organic nanoparticles and even rendering
drugs inert.%® If the nanoparticle can escape the endocytic vesicles during the endosomal
phase, the lysosomal degradation of the carrier and drug may be avoided. Further,
targeting of specific intracellular compartments including nucleus, mitochondria,
cytoplasm using nanoparticles is very actively explored as the site of the action of various

drugs are located in these precise organelles.>®-%
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Internalization of particles by cells is a complex process. There are some
established thumb rules with respect to particle internalization into cells; particles >1 um
are internalized by phagocytosis and those between diameters of 0.2 um and 1 pum are
internalized by endocytosis (Figure 11). However, recent findings suggest that particles as
large as 5 pm can be endocytosed through receptor mediated endocytosis.*® The extent of
internalization of particles depends on various parameters including surface chemistry,
size and shape.’’ Among these, surface chemistry is the most studied parameter.
Association of carriers with cell membranes depends extensively on surface
hydrophobicity and charge. Hydrophobic particles are known to better associate with cell
membranes, although such association is non-specific. The same is also true about surface
charge. Positively charged particles have higher affinity with negatively charged cell
membranes. In spite of their strong association with cell membranes, hydrophobic and

positively charged particles are not actively used due to their non-specific association

with cells.?®
Pinocytosis
Phagocytosis Macropinocytosis
(particle-dependent) (>1um)
. 9) Clathrin- Caveolin- Clathrin- and
@) mediated mediated caveolin-independent
@ endocytosis endocytosis endocytosis

(~120 nm) (~60 nm) (~90 nm)

(@)

foolﬁ
N o 8 00

Figure 11: Entry pathways for mammalian cells. The endocytic pathways depend on the size of
the endocytic vesicle, the nature of the cargo (ligands, receptors, and lipids) and the mechanism of
vesicle formation. Adapted with permission from reference 41. Copyright 2003, Nature

Publishing Group.

Shape of nanoparticles has also been engineered to enhance intracellular drug

delivery. For example, needle shaped particles have been shown to enhance intracellular
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delivery of siRNA compared to spherical particles due to shape-induced membrane
permeation.®>% Rod shaped nanoparticles have been shown to exhibit enhanced
intracellular uptake compared to spherical particles.*® Particle geometry has been shown
to influence the cellular uptake mechanisms of the drug carriers.%* For a given duration of
incubation with cells, silica cylindrical nanoparticles were internalized more compared to

spherical and worm like silica nanoparticles in immortalized RAW 264.7 macrophages
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Cell Membrane

A:>200nm? '

The orientation of the nanoparticle effects the mechanism of uptake

{ D:<120nm?

Figure 12: Cartoon depicting the hypothesis that the orientation of the nanoparticle influences the
mechanism of uptake. (A) Macropinocytosis has been shown to occur at the microscale, fitting
with one dimension of cylinders and worms. However, spheres, unless aggregated, do not fit this
criterion. (B) Theoretically if oriented properly, all particles could be taken up via clathrin-
mediated mechanisms. (C, E) Other mechanisms of uptake not readily identifiable are plausible.
(D) Caveolin-mediated invaginations are theoretically much too small for the nanoparticle size
range tested here. Adapted with permission from reference 64. Copyright 2013, American

Chemical Society.
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(Figure 12).5* The uptake mechanisms operating for these silica particles were shown to
be reliant on the way these varied shape particles orient themselves at the cell surface
(Figure 12). Silica spheres have one dimension of approximately 200 nm, which may be
expected to be within the size range of clathrin-mediated endocytosis, unless it clusters to
form bigger size particles which may utilize phagocytosis/macropinocytosis pathways.%*
Worms and cylinders however had one dimension of approximately 200 nm, within the
clathrin limits, and another dimension (~400 and 1300 nm) that was within the limits of
macropinocytosis and phagocytosis.®* Thus, it is possible that both the end of the particle
and the longitudinal rotation of the particle could interact with the cell surface, effectively

harnessing both mechanisms of uptake.%*

1.3.2 Hybrid materials in drug delivery:

Hybrid nanomaterials are been extensively explored for drug delivery.®4 This is
because these materials combine multiple functionality, which could perform diagnostics
as well as therapeutic functions, in one component.*% The hybrid delivery systems
follow on the concept of a “theranostic” device, in which both diagnostic and therapeutic
functions can be administered in a single dose.®”"* The most relevant application of
theranostic nanomedicines is their use for validating and optimizing the properties of drug
delivery systems.®”-"! For theranostic systems, it can be non-invasively visualized that
how well the carrier materials are able to deliver pharmacologically active agents to the
pathological site, and how they are able to prevent them from accumulating in potentially
endangered healthy tissues.®”-"! So, important information can be obtained for optimizing
the basic properties of drug delivery systems, as well as for improving the balance

between the efficacy and the toxicity of targeted therapeutic interventions.®”"* Further,
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using theranostics systems the pre-screening of the nanomedicine could be carried out for
every individual.®”"* To patients showing high levels of target site accumulations and
responding well to the first couple of treatment cycles only the targeted therapy should be
continued, and those who do not respond well to a particular therapy, other therapeutic
options should be considered. Thus, development of theranostic nanomedicines could

contribute substantially to realizing the potential of personalized medicine.t”"
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Figure 13: Schematic illustration of cancer theranostics (therapy and diagnosis) with

nanoparticles. Adapted with permission from reference 69. Copyright 2012, Elsevier.

For example, Park and co-workers developed a liposomal system, in which anti-
HER?2 antibody and luminescent quantum dots were chemically linked to functional PEG
groups on the liposome surface, and the interior of the liposomes contained a DOX
payload (Figure 14).”* The antibody was used to provide specific molecular targeting for
the tumor site, quantum dots were used for imaging, and doxorubicin was a
chemotherapeutic. The researchers were able to verify localization at tumor sites both in

vitro and in vivo by observation of luminescence from the quantum dots. This study
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Figure 14. a) Schen{atic showing a liposomal hybrid nanoparticle containing antibody and
guantum dot functionalities (QD-immunoliposomes). The pendant antibody provides a targeting
capability, while the quantum dot exhibits bright photoluminescence to enable in vivo or in vitro
imaging. b) (Left panel) In vivo fluorescence images of mice bearing MCF-7/HER2 xenograft
tumors implanted in the lower back, 30 h after intravenous injection with QD-immunoliposomes.
Fluorescence intensity is displayed in false colour; the high intensity at the tumor site
demonstrates that the liposomes accumulate prominently in tumors. (Right panel) Confocal
fluorescence image of a tumor slice from the mouse, 48 h post-injection. Red and blue indicate
QD-immunoliposomes and cell nuclei (DAPI stain), respectively. The QD-immunoliposomes
appear to internalize into the cytosol of MCF-7/HER2 tumor cells in vivo. Adapted with

permission from reference 71. Copyright 2008, American Chemical Society.
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demonstrated the feasibility of real-time observation of the dynamics of drug delivery to a

targeted tumor site.
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Figure 15: a) Schematic representation of micellar hybrid nanoparticles containing two different
types of nanoparticles and a molecular drug. b) Transmission electron microscope (TEM) image
of a micelle containing a mass ratio of 1 magnetic nanoparticle for every 3 quantum dots. In these
formulations the quantum dots are elongated and the magnetic nanoparticles are spherical. c)
Fluorescence microscope image showing targeted delivery of doxorubicin (DOX)-incorporated
micelles to MDA-MB-435 human carcinoma cells. The micelles have peptide targeting groups
attached to their surface. d) MRI and NIR fluorescence images of tumors harvested from mice 20
h after injection with the micellar nanostructures. Control is injection with phosphate buffered

saline. Adapted with permission from reference 72. Copyright 2008, John Wiley and Sons.
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Hybrid nanoparticles that contain magnetic nanocrystals, quantum dots and a
molecular anti-cancer agent within a single poly(ethylene glycol)-phospholipid micelle
(Figure 15) were synthesized.”? The two different types of hydrophobic nanocrystals were
incorporated with doxorubicin during synthesis, and their targeted delivery to tumor cells
was demonstrated using a pendant targeting peptide. The dual-mode imaging (by MRI
and fluorescence) of a xenografted tumor in a mouse was demonstrated. The work

illustrated the ability to combine optical with magnetic resonance imaging, to obtain

Near-infrared light

JJJ Targeting strand °: Doxorubicin
f“* Capture strand 5> PEG

Figure 16: DNA assembly of a targeted, NIR-responsive delivery platform. This platform
comprises gold NRs (50 nm x 10 nm), PEG layers, and complementary DNA oligonucleotides
consisting of capture strands and targeting strands. Consecutive CG base pairs provide binding
sites for doxorubicin (Dox) loading. The capture strands are conjugated to gold NRs for NIR
response. The targeting strands are complementary to the capture strands and conjugated with
ligands for molecular targeting. The delivery platform is assembled through the hybridization of
capture strands attached on the NRs and targeting stands. The resulting double-stranded DNA
structures form scaffolds for Dox intercalation. Upon NIR irradiation, the heated gold NRs result
in DNA denaturation and the release of drugs (Dox) at the target site. Adapted with permission

from reference 73. Copyright 2013, Nature Publishing Group.
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microscopic resolution at the tumor site by fluorescence, and full anatomical distribution

by MRI.

Stimuli-responsive hybrid materials which in response to a specific stimulus
(exogenous or endogenous), undergo a protonation, a hydrolytic cleavage or a
(supra)molecular conformational change and deliver its payload drug in spatial-,
temporal- and dose-controlled fashions are very promising.” This is because, on-demand
drug delivery is becoming feasible through the design of stimuli-responsive systems that
recognize their microenvironment and react in a dynamic way, mimicking the
responsiveness of living organisms.”® For example, light-to heat transduction mediated by
NIR irradiation of gold nanorods caused a rapid rise in the local temperature, which was
exploited to induce dehybridization of DNA helices conjugated at the gold surface,
allowing the release of doxorubicin molecules bound to consecutive cytosine—guanine

base pairs (Figure 16).”

1.3.3 Hybrid materials in catalysis:

Hybrid materials find applications as heterogeneous-, homogeneous-, photo-,
electro-, and bio-catalysts for various reactions.”>’® This is because making hybrids
impart stability, higher activity, and multi-functionality to the catalysts.”>"® Metal
nanoparticles having high surface area or higher surface atoms, show improved catalytic
activity which could be tuned by varying their size, shape, and the surface properties.”®%°
However, owing to their high surface energy, nanoparticles tend to rapidly sinter into
larger clusters, especially under the conditions typically used in heterogeneous catalysis.’®
This sintering process leads to the reduction of the active surface area, and also to the loss

of the unique properties of the nanostructured catalysts.”® Making intelligent hybrids of
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catalytically active nanoparticles with their supports were shown to improve the catalyst
stability.”® For example, catalyst in which platinum nanoparticles of size 2-3 nm were
dispersed on the surface of ~100-nm-diameter silica beads, when calcined at 1075 K, the

Pt nanoparticles were seen to sinter into a few large crystalline particles ~10-20 nm in
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Figure 17: Illustration of the use of mesoporous silica layers for protection against sintering of
dispersed metal nanoparticles. As shown schematically in panel (a), the original small Pt
nanoparticles supported on SiO; beads (panel (b)) coalesce into a few larger structures (panel (c))
upon calcination at 1075 K. The corresponding TEM images from a catalyst coated with a
mesoporous SiO2shell, shown in panels (e) and (f), prove the enhanced stability afforded by such
treatment (panel (d)). Adapted with permission from reference 76. Copyright 2012, American

Chemical Society.

size (Figure 17b,c).8! A thin layer of silica deposited on the original silica-bead/Pt catalyst
however, prevents the sintering of Pt nanoparticles and forms a core-shell structure
(Figure 17).8! As shown in the images in Figure 17e and f, this treatment completely

suppresses sintering of the metal nanoparticles.
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Yin et.al. prepared core-shell hybrid catalyst in which ~15 nm gold particles were
coated with silica shell.®? The silica shell was then etched with NaOH using a surface
protected (with PVP, poly(vinyl pyrrolidone)) etching method. The extent of etching
could be controlled by varying duration of NaOH etching which in turn resulted in
tunable porosity of the silica shell. The size of the hybrid nanocatalysts was around 150
nm. The catalytic property of the Au-encapsulated catalyst was tested for the catalyzed
reduction of 4-nitrophenol (4-NP) by NaBH..2? The non-etched SiO, shells were proven

to be impenetrable by 4-NP, as no measurable catalytic activity was detected (Figure 18).
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Figure 18: Conversion of 4-NP promoted by Au@SiO2 catalysts which were prepared by etching
for different period of time: 0 min (black square); 90 min (red circle); 150 min (blue down-
pointing triangle); and 180 min (pink left-pointing triangle). The corresponding TEM images
show different porosities of the as-prepared product. All scale bars are 100 nm. Adapted with

permission from reference 76. Copyright 2012, American Chemical Society.

However, by using our surface-protected etching process, the size of the pores in the
silica shell could be increased systematically (from ~1.5 nm after 10 min of etching to a

wide distribution of pores with diameters well in excess of ~15 nm after 180 min of
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etching), to allow for the 4-NP molecules to access the center of the nanostructures and
increase the catalytic performance. Indeed, as shown in Figure 18, the catalytic activity
was observed to increase consistently in these nanocatalyst systems with increased
etching time. Importantly, BET measurements indicated comparable surface areas for all

samples etched more than 10 min (between approximately 220 and 270 m?g™).

3 NH: NH-
Si0,/Fe;05 o 7”- NH
. 2 ; Ve

7 ¥
H,N(CH,),NH(CH,):Si(OMe), : i
. - y }\NH:
_ | X _
2 H‘L h‘H; H;
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®
. :‘ < Pd(OAC),
& MW, toluene
Sse0°
Pd/H,N-Si0,/Fe,04

NO, NH,
0.1 mol% Pd/HoN-SiO,/Fe;04
| Propan-2-ol, RT, 2.8 h

= H; 1 atm
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Figure 19: a) TEM micrographs of as-prepared SiO2/Fe,Os (left inset), Pd/HS-SiO,/Fe,03 (left),
and Pd/H:N-SiO/Fe,O3 (right). b) Synthesis of Pd/SiO./Fe,O3; nanocomposites and ¢) chemical
equation for the reduction of 4-NP with alcohol. Adapted with permission from reference 78.

Copyright 2012, American Chemical Society.

Further making hybrids nanocatalysts could bring new properties to the catalyst
system. For example, Magnetic nanocomposites can serve as an effective support for the
immobilization of active catalysts.®® The efficient recovery of the catalyst by magnetic
separation would further enhance the recovery and reuse of these nanocomposites and

their attractiveness as green catalysts.®® SiO,/Fe,O3 (y-Fe20s) nanocomposites were used
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as a magnetic catalyst support whereby Pd nanoclusters were deposited in high dispersion
and stability to synthesize the catalyst for the hydrogenation reaction of nitrobenzene
(Figure 19). The excellent reactivity and recyclability of the Pd/H2N-SiO2/Fe2.O3 (99%
yield over 6 runs) was due to the amine ligands on SiO./Fe>Os3, which suppressed the

agglomeration of Pd nanoclusters during the hydrogenation reaction.

Using semiconducting materials as support for dispersing active metal phase gives
rise to catalysts with improved catalytic performance.” For these hybrid catalysts, the
semiconductor can either withdraw electrons from or donate electrons to the metal
nanoparticles.’”® The resulting positively or negatively charged metal nanoparticles can
then catalyze different organic transformations.”® Mitsudome et al. have exploited Au and
silver (Ag) nanoparticles supported on hydrotalcite (HT, a layered double hydroxide clay)
as highly active catalysts for the deoxygenation of epoxides to alkenes using alcohol as a
reductant.®* Excellent selectivities (of >99%) and turnover numbers (up to 20 000) were
achieved. Based on their experimental results, the authors proposed that the basic support
hydrotalcite promoted the deoxygenation of epoxides by providing the basic sites
required for the oxidation of alcohols to produce metal hydride ([H-Au] or [H-Ag]) and
protonated hydrotalcite ([H-HT]") species. Protonation of the epoxide with the [H-HT]*
species, and subsequent reduction by the metal hydride species, followed by dehydration
would provide the desired alkene product. Semiconductor metal oxide based
nanomaterials can also serve as a support, providing either basic or acidic sites in close
proximity to the active metal nanoparticles. The synergism between the active metal

nanoparticles and the basic or acidic support would then catalyze organic reactions. Wang

et al. have used a supported Au/MoOx heterogeneous catalyst for the aerobic oxidation of
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a Active surface for Active interface for b
hemolytic cleavage of H, heterolytic cleavage of H,

C o Au/HT or Ag/HT R
/ 7\ (Au: 0.45 mol%, Ag: 2 mol%) s
R! R2 Toulene, Propan-2-ol (10 equiv) Ri

110°C, Ar, 4-72 h

GC or LC yield:
13-99%

Figure 20: Catalyst design of core-shell nanocomposite for chemoselective reductions with H. a)
Representation of Ag/HT reacting with Hs; both polar and nonpolar hydrogen species are formed.
b) Representation of AgNPs@BM; AgNPs are covered with a basic material (BM), which reacts
with H at a basic site (BS) to result in the exclusive formation of polar hydrogen species. c)
chemical equation for the reduction. Adapted with permission from reference 78. Copyright 2012,

American Chemical Society.

alcohols to aldehydes in high yields. In their study, the authors confirmed that electron
transfer from the partially reduced MoOx support to the Au nanoparticles would result in
negatively charged Au cores, yielding highly active catalysts for the selective aerobic

oxidation of alcohols.
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1.4 Carbonaceous and layered materials in drug delivery and catalysis:

Nanocarbons, or carbon-based nanomaterials including fullerenes, carbon
nanoparticles, carbon nanotubes (CNTSs), graphene, and nano-diamonds (NDs), have
attracted particular interest in biomedicine.>®" This is because of their outstanding
physicochemical properties.®®®" For example, many nano-carbons, including CNTs,
graphene derivatives, carbon dots, and NDs, show inherent fluorescence, absorption etc.
making them useful contrast agents in optical imaging and sensing.’®°? CNTs and
graphene derivatives with strong optical absorbance in the near-infrared region are also
useful for photothermal ablation of cancer.®*° Compared with many other inorganic
nanomaterials such as quantum dots (QDs) which usually contain heavy metals, nano-
carbons are relatively safe at least in term of elementary composition.’” On the other
hand, due to their easy synthesis, versatility, biodegradability and biocompatibility, the
layered clay materials are especially attractive towards biomedical applications such as
drug delivery and diagnostics.”>*° This is because the clay materials can accommodate
polar and non-polar (modified clays) organic compounds between their layers and form a
variety of intercalated compounds which releases the drugs in potentially controllable

manner.*%

Layered materials such as anionic clays, pillared clays, layered perovskite, carbon
nitride, graphene, efc. have been attractive candidates for applications in catalysis.”’"1%°
This is due their low cost, larger specific surface areas, and presence of acid/base sites on
their surface which could act as catalytic sites or strongly interact and influence the active

catalyst phase. For example, clays or clay-modified catalysts (in particular acid treated

clays) are commercially used catalysts.”” Acid-treated montmorillonites are offered from
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various companies as catalysts for hydrocarbon cracking.!®® Kaolinites are quite good
catalysts for Diels—Alders reactions.! They are also excellent supports for Lewis acids
(ZnCl, in particular) or for transition metals (copper and iron, in particular), to be applied
in various organic reactions (Friedel-Crafts, acylation and alkylation of aromatics,
etc.).!?”19% Depending on the metal, the Bronsted versus Lewis acidity can be tuned, to
obtain a family of catalysts. Also, it has been shown that by intercalating, the layered

materials show improved stability of the active catalyst phase during the reactions.’’

Clearly, carbonaceous and layered materials are promising candidates for drug
delivery and catalysis due to their intriguing physicochemical properties. In the present
thesis, we have fabricated a number of carbonaceous and layered material based hybrids

and explored their potential towards drug delivery and catalysis.
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1.5 Conclusions:

Functional hybrid organic- (bio-) inorganic materials truly represent a
multidisciplinary area of research which stands at the cross-roads of inorganic chemistry,
polymer chemistry, organic chemistry, and biology. The high versatility with regard to
shaping, and chemical and physical properties, hybrid nanocomposites are very promising
class of materials. A multitude of functional hybrid materials spanning over a large set of
structures, textures and chemical compositions have be synthesized and their apt
applications have been discussed. Functional hybrids are extremely talented candidates
for theranostics and efficient and stable catalysis. However, a range of hybrids, for a
specific purpose, needs to be synthesized and validated for their utility and success for the

precise goal.
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Summary:

Multi-functional carbon nanospheres with magnetic Prussian blue nanoparticles
and luminescent lanthanide ions have been prepared. The negatively charged surface of
the glucose derived carbon sphere facilitates the nucleation of Prussian blue nanoparticles
on its surface. The luminescent lanthanide probes were attached on the surface of the
carbon sphere through benzene tricarboxylic acid linker. These multifunctional hybrid
organic-inorganic composites are superparamagnetic and show enhanced luminescent
properties. Their ability to cross blood-brain barrier (enter the brain cell nucleus with no
animal toxicity) in mice model indicate that these nanocomposites are promising

theranostic agents for the treatment of brain diseases.

Therapeutic

Magnetic

* Fluorescent

A paper based on this chapter has been published as an article in J. Mater. Chem. B 2013, 1, 897.
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2.1 Introduction:

Crossing of blood-brain barrier (BBB) is one of the difficult tasks to be
surmounted when the delivery of drugs and diagnostics to the brain is considered.! BBB
is an enzymatic and physical barrier which prevents the entry of toxins from blood to the
brain and maintain brain homeostasis.! At the same time it also forms a formidable
obstacle in the treatment of neurological deceases such as, Alzimer’s, Perkinson’s, Brain
tumor etc, because the effective delivery of drug molecules or diagnostic probes is
prohibited.! It has been shown that 100% of high molecular weight drugs and more than
98% of low molecular weight drugs cannot traverse through the BBB.! Same is the case
with most of the imaging contrast agents (ICA).? Current methods to overcome BBB
includes temporary opening of BBB, administration of very high doses of drug, and direct
injection of drug into the spinal cord. These procedures are invasive and involve high risk

of infection and toxicity, and demand highly accomplished personnel.!-?

Very recently,
shuttle mediated delivery methods have proven to be promising approach to surmount
BBB.! A variety of strategies such as, chemical delivery systems, carrier-mediated
transport, molecular trojan horses, colloidal carriers efc. have been developed under
shuttle mediated delivery.! Of these methods, nanoparticle mediated targeting of brain has
gained tremendous attention by research groups worldwide due to 1) their ability to carry
a wide range of drugs to the central nervous system (CNS) and release them in a
controlled manner, 2) high loading/encapsulation capacity, 3) tunable circulation lifetime,
4) enhanced permeability and retention (EPR) effect, that up-regulates intratumoral

delivery due to high permeability of tumor vasculatures, and 5) multivalent effect

increases receptor targeting specificity by labeling multiple ligands on a single
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nanoparticle.! The futuristic methods of nano-biomedicine relies on the theranostic
approaches, in which the therapeutic and imaging components are integrated together,
leading towards the concept of personalized medicine.>*> Though various nanotheranostic
formulations have been developed and demonstrated for their use in the cure of different
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Figure 1: Theranostic Nanomedicine. Adapted with permission from reference 8. Copyright

2011, American Chemical Society.

diseases in diverse body organs,®!

only a very few examples are found for brain
theranostic.'®!” Understandably, there is a growing need for developing biocompatible

theranostic nanocarriers which can selectively target brain and deliver membrane-

impermeable drugs and imaging agents.
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2.2 Scope of the Present Study:

Recently, using mice model it was shown, that nanospheres of carbon, synthesized
hydrothermally from glucose, have the preferential uptake in the brain.'® These
amorphous carbon nanospheres were biocompatible, biodegradable, and could localize in
the nucleus of the brain cells. The rich functional surface and their ability to cross the
BBB make these carbon spheres a suitable candidate for brain theranostic applications by
incorporating fluorescent and magnetic component in the same nanoparticles.!*?° In this
chapter, we have fabricated a carbon based hybrid material with multiple functionalities
by integrating Prussian blue nanoparticles and lanthanide ions as magnetic and
luminescent probe respectively. Though the carbon nanospheres are intrinsically
fluorescent'® they suffer from weak photoluminescence intensity. To enhance the
luminescence of the spheres, the surface was attached with lanthanide ion through a well
known organic linker, benzene tricarboxylic acid (BTC). Lanthanide ions (Sm**, Tb*",
Eu’*, etc.) were selected for fluorescent probe as they are known to show large Stoke
shifts, extremely narrow band photoluminescence ranging from visible to near-infrared

(NIR), and long lifetimes based on antenna effect when connected to a suitable organic

21-31 33,34

linker. On the other hand, conventionally used organic fluorescent molecules

36-38

show rapid photobleaching,”> whereas inorganic quantum dots suffer from

3940 “and toxicity.*! The high photostability, absence of

fluorescence intermittence
photoblinking, biocompatibility, monochromaticity, and most importantly, their
ultrasensitivity to in vitro and in vivo bioassays make the lanthanide complexes suitable

choice for the fluorescence imaging.?8-3*** For magnetic applications we have chosen

Prussian blue (PB) (Fe;[Fe(CN)s]2) and its nickel-chromium analogue (NC)
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(Ni3[Cr(CN)g]2) for their ability to couple magnetism with other properties such that
transduction, sensing, triggering and porosity.***® These cyno-bridged coordination
polymer nanoparticles have also been demonstrated for their uses as MRI contrast
agents.*’" Prussian blue nanoparticles are known to catalyze the conversion of H.0> (a
reactive oxygen species, ROS) into O» and this property has been ingeniously used for
ultrasound and MR imaging to diagnose ROS changes inside the biological system.>! The
O, bubbles generated by the catalytic conversion of H>O, were used as ultrasound
contrast agent as they changed the acoustic impedance of the tissue under oxidative stress
due to ROS. Also, the longitudinal relaxivity (r1) of water proton increased due to
Prussian blue in the presence of dissolved molecular oxygen (a paramagnetic species)
making it a potential nanoparticle T; contrast agent. The in situ synthesized magnetic
nanoparticles are stabilized by the functional groups (-OH, -CHO, -COOH) present on the

surface of carbon spheres.
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2.3 Materials and Methods:

a. Materials:

o D(+) glucose, iron(Il) chloride tetrahydrate, nickel(Il) chloride hexahydrate,
potassium hexacyano ferrate, potassium hexacyano chromate, benzene trycarboxylic acid
(BTC), terbium nitrate, samarium nitrate, MTT ((3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) and agarose were purchased from Sigma Aldrich. The 60
ml teflon lined autoclave was constructed. Millipore water and ethanol were used

wherever required.

b. Synthesis of spherical amorphous carbon spheres (Csp):

Csp were synthesized by previously reported method.>? An aqueous solution of a-
D-glucose (55 ml of 0.5 M) was placed in a 60 ml teflon lined stainless steel autoclave.
The solution was maintained at 180°C for 16 h after which it was allowed to cool down
naturally to room temperature. The solid brown product was collected by centrifuging at
6,000 rpm for 5 min. It was thoroughly washed with ethanol and water and dried at 80°C

in air for 4 h.

c. Synthesis of Prussian blue nanoparticle modified carbon spheres (Csp@PB):

To a ferrous chloride solution, 0.01 g of ferrous chloride in 8 ml water, Smg of
Csp was added. The resulting solution was sonicated for 5 min. and then stirred
vigorously for 25 min. Then the solution was centrifuged, 6,000 rpm for 10 min. and the
supernatant was discarded. The precipitate was re-dispersed in 8 ml water followed by

dropwise addition of 2 ml of 0.1 mmol K3Fe(CN)s soln. with vigorous stirring. This
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solution was aged for next two days with continuous stirring. The product was separated
by adding 25 ml of acetone to the above mixture with stirring, and then centrifuged at
6,000 rpm for 10 min. The product was then washed 3 times with 15 ml acetone and was

dried in a dessicator overnight.

d. Synthesis of nickel-chromium analogue of Prussian blue nanoparticles, modified

carbon spheres (Csp@NC):

0.01 g NiCl2.6H20 was mixed in 8 ml H>O and 5 mg carbon spheres was added to
it. The solution was sonicated for 5 min. and then stirred vigorously for 25 min. Then it
was centrifuged at 6,000 rpm for 10 min and the supernatant was discarded. The solid
was dispersed in 8 ml of water and then 0.1 mmol K3Cr(CN)g solution (0.033 g in 2 ml
water) was added dropwise to this solution with vigorous stirring. The stirring was
continued for next two days. For product separation, 25 ml of acetone was added to the
above mixture while stirring, and then it was centrifuged at 6,000 rpm for 10 min. The
product was washed 3 times with 25 ml acetone and then kept for overnight drying in a

dessicator.

e. Benzene tricarboxylic acid (BTC) attachment to the surface of magnetic

nanoparticle modified Csp:

To a 3 ml ethanolic solution of Csp@PB or Csp@NC (1 mg/ml), 9 ml solution of
benzene tricarboxylic acid (5 mg/ml) prepared in ethanol, was added slowly. The
homogeneous mixture was stirred for 2 days continuously and centrifuged at 6,000 rpm

for 10 min. The final product was dried in dessicator for overnight.
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f- Lanthanide tagging:

3 mg of BTC attached Csp@PB or Csp@NC was soaked in 0.05 M solution of
terbium nitrate or samarium nitrate solutions prepared in water for 24 h. The solution was
centrifuged at 6,000 rpm for 10 min., and the supernatant was discarded. The final

precipitate was dried in a desiccator for overnight.

g. Characterization:

Morphology of the samples was analyzed by a field emmision scanning electron
microscope, FESEM (FEI Nova-Nano SEM-600, Netherlands). Transmission electron
microscope, TEM images were recorded with a JEOL JEM 3010 instrument (Japan)
operated with an accelerating voltage of 300 kV. Powder X-ray diffraction, XRD
characterization was done at 25°C with a Bruker-D8 diffractometer employing Cu Kao.
Fourier transform infra-red, FTIR Spectra were acquired on Bruker IFS 66v/S instrument
in the range of 4000-400 cm™'. Photoluminescence, PL spectra were taken with Perkin-
Elmer model LS 55 luminescence spectrometer. Magnetic measurements were carried out
with a vibrating sample magnetometer using the physical property measurement system

(Quantum Design, US).

h. In vitro Magnetic resonance imaging (MRI) Experiments:

The in vitro MRI studies were carried out using a vertical wide bore (89 mm) 14.1
T magnet interfaced with Avance II Microimager (Bruker Biospin, Germany) equipped
with 60 mm actively shielded gradient at 25°C. In a typical measurement, surface

modified carbon nanospheres were dispersed in 0.5 % agarose gel in the molten condition
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and the dispersion was cooled in a 0.8 ml microfuge tube to form a gel. The longitudinal
relaxation time (T1) and transverse relaxation time (T2) were measured using saturation
recovery and multiecho method respectively, where the axial images of the microfuge
tube filled with agarose gel were obtained. The typical parameters used for T
measurements are: echo time (TE) = 7 ms; repetition time (TR) = varies from 250 ms to
15000 ms; slice thickness = 0.5 mm,; field of view: 15 mm x 15 mm; matrix size = 64 x
64). The T, value was determined by fitting the function Str= Strx)(1-exp(-TR/T1)) to
the signal intensity versus repetition time graph. The parameters used for the T»
measurements were: TR = 10000 ms and TE varying between 10 ms to 320 ms. All other
parameters used were same as that of the T1 measurements. The value was obtained by
fitting a decreasing mono exponential function to the signal intensity versus echo time
plot. The longitudinal (1) and transverse relaxivity (r2) were calculated from the slope of

relaxation rate (R (1/71)/ Rz (1/T2)) versus concentration graph.

i. MTT assay:

HEK293T cells (5000 cells) were seeded in 96 well plate. The cells were treated
with different nanoparticles and apoptosis inducing compound plumbagin (RTK1), for the
indicated time points. Following the period of treatment, MTT solution was added (as per
the manufacturer’s instructions). After incubation with the reagent for 3 h at 37°C and 5%
COg, the absorbance was recorded at 595 nm in an ELISA reader (VERSA Max
microplate reader, Molecular Devices). The values were normalized with the untreated

control and plotted.
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Jj.  Immunofluorescence:

Cell lines:

To visualize the entry of different nanoparticles in cellular system, HEK293T and
HeLa cells were cultured as monolayer on poly L-lysine-coated cover slips in DMEM
(Sigma) medium. After 12 h of treatment with different nanoparticles, cells were fixed
with 4% paraformaldehyde and the chromosomal DNA was stained with Hoechst 33528
(Sigma). The images were taken by using Zeiss LSM 510 laser scanning confocal

microscope.

Animal tissue:

BALB/c mice were injected intra-peritoneally with (20 mg/kg of body weight) of
different nanoparticles. Injection volume was kept constant at 250 pL. Mice were
sacrificed 3 days, 7 days or 14 days following the injection. Brain, liver and spleen tissues
were collected and fixed in 5% formaldehyde solution for 12-24 h. After formalin fixation
the tissues were progressively dehydrated in increasing concentration of ethanol followed
by xylene or chloroform. The dehydrated tissues were embedded in paraffin wax and kept
at 4°C till further use. The paraffin blocks were sectioned into 5-10 pum thin sections using
a microtome (Leica) and after deparaffinization were progressively rehydrated and the
chromosomal DNA was stained with Hoechst 33528 (Sigma). The images were taken by

using Zeiss LSM 510 laser scanning confocal microscope.

k. Animal toxicity:
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BALB/c mice were injected intraperitoneally with (20 mg/kg of body weight) of
different nanoparticles. Food intake and body weight of each mice were monitored for 30

days. The mice were also regularly checked for any growth in the body.

2.4 Results and Discussions:

Amorphous carbon nanospheres were synthesized by hydrothermal method
reported elsewhere.’> The FESEM image (Figure 2a) of as synthesized spheres show that

the particles are ~500 nm in size and monodispersed. The absorption bands at ~1620,
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Figure 2: Characterization of Csp. a)
FESEM image of Csp, b) IR spectra of
Csp, and ¢) XRD pattern of Csp.
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~1707, and 3420 cm’!, in the IR spectra (Figure 2b) indicate the presence of various
functional groups like, -C=C-, -CHO, —COOH, -OH, efc on its surface.'® The XRD

pattern of Csp does not show any sharp peaks (Figure 2c), which characteristic of a
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disordered or amorphous system. At neutral pH, deprotonation of some of the carboxyl
functional groups makes the Csp negatively charged with zeta potential value of ~ -25

mV.> This renders Csp to adsorb positively charged species on its surface. The synthesis

Csp@Fe** Csp@PB tagged
withBTC

8 — prussian blue (PB)

Y —» Benzene tricarboxylate (BTC)
° — Sm3+

3FeCl; +  2K;[Fe(CN)g] — Fe;[Fe(CN)gl,

Precursor | Precursor 11 Product
Csp@PB@Sm

Scheme 1: Schematic showing fabrication of the nanocomposites.
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Figure 3: EDX plot of Csp@Fe?".
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of PB and NC nanoparticles was carried by stepwise adsorption of the corresponding
metal ions and hexacyanometallates. For example, PB containing carbon spheres,
Csp@PB, were synthesized by first adsorbing Fe** ions on the carbon surface followed
by the addition of [Fe(CN)¢]*~ (Scheme 1). Energy dispersive X-ray analysis (EDAX) of

Fe?" adsorbed carbon sphere shows clearly the presence of iron (Figure 3).

Csp Csp@PB Csp@PB PB Csp +PB
Centrifuged ~ Centrifuged Centrifuged
@6000rpm ~ @6000rpm @6000 rpm

Figure 4: Optical image of various water dispersions.

In a similar way, NC modified Csp (Csp@NC) were also synthesized (see the
experimental section). Figure 4 shows that Csp@PB dispersed in water gives blue color
while Csp dispersion had brown color. When the dispersion of Csp@PB was centrifuged
at 6000 rpm, it gave a clear supernatant. On the other hand, dispersions of ~25 nm
Prussian blue particles, as well as physical mixture of Csp and Prussian blue nanoparticles
dispersed in water left blue supernatant when centrifuged at 6000 rpm. This is a clear
indication that Prussian blue nanoparticles are strongly bound to the Csp surface in
Csp@PB. The powder X-ray diffraction (XRD) patterns of Csp@PB (Figure 5a) and
Csp@NC (Figure 5b) exhibit peaks corresponding to the crystals of PB and NC and can

be indexed as the cubic space group Fm3m.>* The peak broadening in the XRD patterns

67



Multifunctional Carbon Nanospheres with Magnetic and
Chapter 2 Luminescent Probes: A Probable Brain Theranostics

Intensity (a.u.)

=

Intensity (a.u.)

-
o

20 30 40
20

Figure 5: a) XRD of Csp@PB, b) XRD of Csp@NC, c¢) TEM image of Csp@PB (inset shows

presence of nanoparticles on the Csp surface).
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Figure 6: TEM image of Csp@NC (a) and EDX analysis of Csp@PB (b) and Csp@NC (c). Inset

of (a) shows nanoparticles (indicated by arrows) on the Csp surface.
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is indicative of the presence of nanoparticles on the surface of amorphous Csp.
Transmission electron microscopy (TEM) images of Csp@PB (Figure 5¢) and Csp@NC
(Figure 6a), shows the presence of dark contrast particles (arrows in the inset) of size ~22
nm. This clearly suggests that the carbon spheres are not completely covered with PB or
NC layers. The EDX analysis of these samples showed presence of Fe for Csp@PB
(Figure 6b) and Ni and Cr for Csp@NC (Figure 6¢). The new bands appearing at 2087
cm™ and at 2167 cm! in the IR spectra of Csp@PB (Figure 7a) and Csp@NC (Figure 7b)
as compared to the bare Csp are associated with the cyanide stretching in PB and NC
respectively. Presence of broad characteristic band with Amax at 693 nm in UV-Vis spectra
for Csp@PB is consistent with the intermetal charge-transfer from Fe?" to Fe’' in

Prussian blue nanoparticles>® while this band was absent for Csp (Figure 8). Furthermore,
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Figure 7: IR spectra of Csp@PB and Csp (a) and Csp@NC and Csp (b).

Csp@PB was tested for its ability to catalyze the H>O, to O» at pH 7.4 (PBS buffer) and
25°C. Plenty of gas bubbles were noticed when H>0; was added to dispersion of Csp@PB

in PBS buffer (Figure 9). On the other hand, controls PBS buffer and Csp dispersion in
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PBS buffer generated no gas bubbles on addition of H2O,. The presence of —C=0O
stretching bands at 1724 cm™ and 1734 cm™! for BTC modified Csp@PB (Figure 10a) and

Csp@NC (Figure 10b) respectively, indicates condensation of BTC with Csp via ester

— Csp@PB 693 nm

Csp

Absorbance (a. u.)

300 400 500 600 700 800 900
Wavelength (nm)

Figure 8: UV-Vis spectra of Csp@PB and Csp.

Figure 9: Optical images after 10 minutes of addition of H,O> to the PBS buffer, Csp dispersion
in PBS buffer and Csp@PB dispersion in PBS buffer.

formation. The IR bands near 1430 cm™ reveals the presence of -C-O-H in plane bending

vibration of carboxylic acid. Finally, the luminescent lanthanide ions, Sm** and Tb*",
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were immobilized on the surface individually through coordinate interactions with the
carboxylate groups of the linker. The composites formed with Sm*" were named as
Csp@PB@Sm and Csp@NC@Sm and with Tb** were named as Csp@PB@Tb, and
Csp@NC@Tb. The tagging of these ions to the surface was confirmed by EDX analysis
of the finally modified composite materials which showed presence of peaks due to
Sm(III) or Tb(Ill) (Figure 11). The luminescent and magnetic properties of these

composite materials were studied and the results are following.
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Figure 10: IR spectra of Csp@PB tagged with BTC (a) and Csp@NC tagged with BTC (b).

The emission spectra of the final composites Csp@PB@Sm, Csp@NC@Sm,
Csp@PB@Tb, and Csp@NC@Tb are shown in Figure 12. Free Sm(III) ions gives rise to
very weak characteristics luminescence intensity in the aqueous solutions, but when
attached to BTC linker through hard donors like oxygen, show abrupt enhancement in the
luminescence intensity, due to efficient ligand to metal energy transfer through antenna

effect.*%2 The aqueous solutions of Sm(NO3); shows characteristic peaks at 563.5 nm
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Figure 11: EDX analysis of Csp@PB@Sm (a), Csp@NC@Sm (b), Csp@PB@Tb (c), and
Csp@NC@TDb (d).
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Figure 12: PL spectra. a) Enhancement in the fluorescence intensity of Sm in Csp@PB@Sm
(purple spheres) and Csp@NC@Sm (black spheres). The aqueous solution of the Sm*" ions
showed very weak luminescence intensity (red spheres). Sm directly attached to Csp@PB without
BTC linker showed very less enhancement in the luminescence of Sm (green spheres). The
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excitation wavelenth, Ax was 275 nm. b) Enhancement in the fluorescence intensity of Tb in
Csp@PB@Tb (purple spheres) and Csp@NC@Tb (black spheres). The aqueous solution of the
Tb** ions showed very weak luminescence intensity (red spheres). The excitation wavelenth, ey

was 300 nm.

and 599.5 nm corresponding to *Gs; to *Hsp and *Gsy, to ®Hyp transitions, respectively.®
When Sm(III) in the composites was excited at 275 nm, an abrupt enhancement in their
luminescence intensity was observed due to the energy transfer from BTC to Sm(III) ions.
As a control experiment, we have looked into the enhancement in the luminescent
intensity of Sm(III), directly attached to Csp@PB without using linker. As apparent in
Figure 12a the enhancement is very less compared to the samples in which the BTC
linker is used to attach Sm(III). So, the Sm(III) ions bonded to Csp@PB linked with BTC
has a more effective sensitization of their luminescence through BTC. The emission
spectra of Csp@PB@Tb and Csp@NC@Tb (Figure 12b) also showed luminescence
enhancement of characteristic peaks of Tb(IIl) at 489 nm, 544.5 nm and 584.5 nm

corresponding to °Dato ’Fy (J = 6, 5, 4) transitions, respectively.
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Figure 13: a) M vs H curve for Csp@PB (purple spheres), and Csp@PB@Sm (black spheres), b)
M vs H curve for Csp@NC (purple spheres) and Csp@NC@Sm (black spheres) and ¢) M vs H
curve for Csp@PB (purple spheres), Csp@PB@Tb (black spheres).
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The isothermal magnetization studies of Csp@PB and Csp@NC as well as the
final Sm(III) incorporated nanocomposites were carried out up to a magnetic field of 5T
at 2.5 K. At low temperatures, Prussian blue is known to show three-dimensional long-
range super-exchange interactions between neighboring Fe(III) ions (S=5/2) through CN—
Fe(II)-CN linkages which results in ferromagnetic ordering with T = 9.2 K. Similar
ferromagnetic behavior also observed with NC having T around 52 K.***° Both Csp@PB
(Figure 13a) and Csp@NC (Figure 13b) were superparamagnetic at 2.5 K which is
similar in line with the earlier reported nanoscale PB analogue.** The composites
Csp@PB@Sm (Figure 13a) and Csp@NC@Sm (Figure 13b) were also found to be

superparamagnetic with increased saturation magnetization values, 30 emu/g and 20
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Control  Csp@PB Csp@PB@Sm

Figure 14: a) The transverse (r2) and longitudinal (1)) relaxivity measurement of the Csp@PB and
Csp@PB@Sm. The T; and T, were measured using saturation recovery and multiecho method,
respectively, where the axial images of the microfuge tube filled with agarose gel were obtained.
The T: and T, values were determined by fitting an exponential function to signal intensity versus
repetition time and signal intensity versus echotime time graph, respectively. The longitudinal (r:)
and transverse relaxivity (r2) were calculated from the slope of Ri/R, versus concentration graph.
b) Magnetic resonance (MR) Images of microfuge tube filled with different samples depicting the
T: and T contrast. The parameters used for the T; weighted MR imaging, were: TR = 250 ms and
TE = 7 ms and for the T, weighted MR imaging, were TR = 10000 ms and TE = 10 ms. The

image was acquired with matrix size of 64x64 with spatial resolution of 0.312 mm/pixel.

emu/g respectively, as compared to those of respective Csp@PB (20 emu/g) and
Csp@NC (8 emu/g). This increase in the saturation magnetization can be attributed to the
presence of paramagnetic Sm(III) ions with S=5/2. Csp@PB@Tb also shows the similar
behavior as that of the Csp@PB@Sm (Figure 13c). Furthermore, the saturation
magnetization of Tb(IIl) tagged composite is larger than the Sm(III) tagged composite

due to the higher total spin associated with Tb(III) (S=3) in comparisn to Sm(III) (S=5/2).

In order to examine the potential of the composite particles as magnetic resonance

imaging (MRI) contrast agent we carried out proton longitudinal relaxation time (T1) and
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transverse relaxation time (T2) measurements using a 14.1 T NMR Microimager, by
dispersing Csp@PB and Csp@PB@Sm into 0.5% agarose gel. The relaxivity values
(calculated from the plot of 1/Ty and 1/T> Vs concentration, Figure 14a), for both the
samples are listed in Table 1. The r2 of the composite nanoparticles, Csp@PB@Sm
(12.93 mg'ml s) is slightly lower than that of the Csp@PB (20.11 mg™! ml s™!) while the
11 of Csp@PB@Sm (0.10 mg! ml s is higher than Csp@PB (0.09 mg' ml s™). T; and

T, weighted MR images of the samples (concentration = 1 mg/ml) and of the control,

Csp@PB 0.09 20.11

Csp@PB@Sm 0.10 12.93

Table 1: Relaxivity properties of the composite materials.

0.5% agarose gel, are shown in Figure 14b. The MR images consisting of weighted MR
imaging, the brightness (increased intensity) of composite nanoparticles are brighter in T
images and darker in T> images as compared to the control (agarose gel). In T1 weighted
image the brightness increases with an increase of longitudinal relaxation rate, whereas
the darkness in the T» weighted image increases with increase of transverse relaxation

rate.

The PB and Sm(Ill) modified carbon spheres were tested for their
biocompatibility, ability to enter cells and blood-brain barrier crossing property. The

cytotoxicity of the PB and lanthanide ion containing Csp were checked by the standard
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Figure 15: Cytotoxicity for human embryonic kidney Cells (HEK 293T). MTT assay of HEK
293T cells treated with Csp (cyan bar), Csp@PB@Sm (wine bar), Csp@NC@Sm (black bar), and
positive control RTK1 (gray bar).

Untreated - Csp@PB@Sm

Csp@NC@sm § d ~ Csp@NC@Thb

Figure 16: Cell entry studies for human embryonic kidney Cells (HEK 293T). a) Confocal
microscope image of untreated HEK 293T cells, b) HEK 293T cells treated with Csp@PB@Sm,
c) HEK 293T cells treated with Csp@NC@Sm, and d) HEK 293T cells treated with
Csp@NC@Th.
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Untreated Csp@NC@Sm

Csp@NC@TDb

Figure 17: Confocal images of
untreated HeLa cells (a), HeLa
cells treated with
Csp@NC@Sm (b) and HeLa
cells treated with Csp@NC@Tb

().

MTT ((3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) based assays.
Viable living cells reduce the yellow colored MTT inside the cytoplasm to purple
formazan. The measurement of intensity of the purple color gives an estimate for the
amount of viable cells in a culture media. The test shows that Csp@PB@Sm did not
show any toxicity even upto 20 pg/ml concentration, whereas the positive control RTK 14
shows severe cytotoxicity with a 2 pg/ml concentration (Figure 15). Entry of these
lanthanide containing spheres inside the Human Embryonic Kidney Cells (HEK 293T
cells) was investigated by exciting the samples with a two photon laser, Aex = 680 nm,
and observing their emission in the wavelength window of 540-600 nm. HEK 293T cells

were treated separately with Csp@PB@Sm and Csp@NC@Sm spheres for 24 hours. The
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Csp@NC@Tb  Bright Field Image of
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Day 14

Figure 18: Brain entry. Confocal images of nanoparticles inside the brain tissue of mice
sacrificed after 3 days, 7 days and 14 days of injection, Csp@PB@Sm (a), Csp@NC@Sm (b),
and Csp@NC@TDb (c).

fluorescence images confirmed the presence of the nanoparticles inside HEK293T cells
and some of them entered the nucleus as well (Figure 16). The same results were obtained
when human cervical cancer derived HeLa cells were treated with the nanoparticles
(Figure 17). This clearly suggests that the modified Csp (by PB and lanthanide ions) still

retain their ability to enter the cell nucleus.

Further, the ability of these modified carbon spheres to cross the blood brain
barrier (BBB) was monitored in the mice model. BALB/c mice were intraperitoneally

injected with the Csp@PB@Sm, and were sacrificed after 3 days, 7 days and 14 days.
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Day 3 Day 7 Day 14

Figure 19: Confocal images of Csp@PB@Sm inside the liver tissue of mice sacrificed after 3

Csp@PB@Sm
(Liver)

Csp@NC@Th
(Spleen)

days, 7 days and 14 days of injection and confocal images of Csp@NC@TDb inside the spleen

tissue of mice sacrificed after 3 days, 7 days and 14 days of injection.
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Figure 20: Animal toxicity. Weight (a) and food intake (b) monitored over a period of one month

for mice injected with water (blue), Csp@PB@Sm (dark yellow), Csp@NC@Sm (wine).
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Localization of nanospheres in different organs (brain, liver and spleen) of mice was
examined by confocal microscopy. The presence of large number of colored spots
associated with Sm** emission (linked to the carbon spheres) in the brain cells indicate
that Csp@PB@Sm spheres could efficiently cross the BBB and were maximally localized
in the brain after 3 days of injection (Figure 18a). A drastic decrease of nanospheres was
observed in mice brain sacrificed after 7 days of injection whereas, the nanospheres were
completely absent in the brain after 14 days of injection. Similar results were obtained
with Csp@NC@Sm/Csp@NC@Tb (Figure 18b/18c respectively). Localization of the
nanospheres in other organs like liver and spleen were also studied (Figure 19). As
compared to the brain, very less amount of nanospheres are localized in the liver and
spleen on the third day after injection. Day 7 and 14 show little or no spheres in liver and
spleen. In order to study the animal toxicity of the surface modified spheres BALB/c mice
were treated with Csp@PB@Sm, Csp@NC@Sm and water (control). The weight and the
food intake of each mice was monitored for 30 days (Figure 20). Mice injected with
Csp@PB@Sm (dark yellow) and Csp@NC@Sm (wine) showed similar behavior for its
food intake and weight to the mice injected with water (blue) suggesting no animal

toxicity.
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2.5 Conclusions:

In conclusion, we have successfully modified the surface of the carbon
nanospheres with magnetic Prussian blue nanoparticles and luminescent lanthanide ions.
The surface modified spheres are superparamagnetic, luminescent, could enter the cell
nucleus, and are non-cytotoxic. These nanospheres could traverse through BBB and enter
the brain efficiently and show no animal toxicity, proving their potential as brain
theranostic agents. The future development of the multifunctional carbon nanospheres as
targeted brain theranostic vehicle by modifying its surface with the MOF (a class of co-
ordination polymers) which could store and deliver drugs in a controlled manner is under
progress in our laboratory.®>%7 Also, these spheres are being explored for their ability to

image ROS overproducing tissues inside the brain.
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Summary:

Delivery of drugs in specific subcellular compartments of brain cells is quite
challenging despite their importance in the treatment of several brain related diseases.
Herein, we report on the shape directed, intracellular compartmentalization of
nanoparticles in the brain cells and their ability to deliver the therapeutic molecules in
specific organelle. Iron oxide (Fe3O4) nanoparticles of different morphologies (spheres,
spindles, biconcaves, and nanotubes) were synthesized and coated with fluorescent
carbon layer derived from glucose (Fe;04@C). In vivo studies showed that the Fe;O4@C
nanoparticles of biconcave geometry preferably localized in the nucleus of the brain cells,
while the nanotube geometry were contained mostly in the cytoplasm. Remarkably, a
small molecule activator of histone acetyltransferases delivered into the nucleus of the
brain cells using the nanoparticles of biconcave geometry showed three times
enhancement in the enzymatic activity and thereby specific gene expression
(transcription) as compared to the molecule delivered in the cytoplasm using nanotube

geometry.

Manuscript based on this chapter has been submitted for publication.
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3.1 Introduction:

Biocompatible nanoparticles showing blood brain barrier (BBB) permeation have
tremendous applications in nanomedicine as they have the potential to be used as brain
theranostics (therapeutic & diagnostics) for the treatment of many dreadful diseases like,
brain tumors, HIV, Alzheimer’s, Parkinson’s etc.!®  However, the success of
nanoparticles in the delivery of drugs in the brain depends not only on their ability to
cross the BBB, but also their competence to transport the therapeutic molecules to the
specific site within the brain cells.®® For example, it is important to deliver several
anticancer drugs and DNAs inside the nucleus as their actions are based on their
interactions within the nucleus in the treatment of brain tumors, Parkinson’s disease
etc.31217 On the other hand, HIV drugs, siRNA, proteins etc elicit their therapeutic
outcomes efficiently when present in the cytoplasmic region.?!4!8 Nuclear delivery often
demands the carrier nanoparticles to be tagged with nuclear localization signals, TAT
peptides, or cationic polymers, in addition to their drug load.'*? For instance, the anti-
cancer drug doxorubicin (DOX), having its therapeutic action in the nucleus, mostly
localized in the cytoplasm of the HeLa cells with a little diffusion into the nucleus (Figure
1a).° Doxorubicin encapsulated in the mesoporous silica nanoparticles of size 20 nm
(MSNs-20 nm) also failed to enter the nucleus (Figure 1a).° However, when the surface of
the mesoporous silica nanoparticles loaded with doxorubicin was modified with the TAT
peptide, the drug was effectively delivered in the nucleus of the cell (Figure 1a).® This
clearly demonstrates the necessity of the nuclear targeting agents (Figure 1b).° On the
other hand, cytoplasmic delivery for which endosomal escape is critical, the nanoparticles

need to be modified with cationic polymers/lipids, cell-penetrating peptides (CPP),
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Figure 1: Nuclear delivery using TAT peptide. a) Intracellular distribution of free doxorubicin,
DOX (top), doxorubicin loaded in mesoporous silica nanoparticles, DOX@MSNs-20 nm (centre),
and doxorubicin loaded in MSNs-20 nm tagged with TAT, DOS@MSNs-TAT-20 nm (bottom).
The red fluorescence is from DOX, and the blue fluorescence is from 4,6-diamidino-2-
phenylindole (DAPI) used to stain the nuclei. b) Schematic showing mechanism of TAT mediated
nuclear transport of drug loaded nanoparticles. Adapted with permission from reference 9.
Copyright 2014, John Wiley and Sons.

pH-responsive carriers or endosome-disrupting agents.?®3" Brinker et. al. showed that
nanoporous silica nanoparticles (~100 nm) coated with a lipid bilayer and surface
functionalized with polyethylene glycol and cell targeting peptide SP94 for human

hepatocellular carcinoma, Hep3B cells (Figure 2a) could not escape the endosome (Figure
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Targeting peptide (SP94)
= H,N-SFSIIHTPILPLGGC-COOH

_3;;3 s Fusogenic peptide (HSWYG)
— ~ H,N-GLFHAIAHFIHGGWHGLIHGWYG
Nanoporous . &5 GGC-COOH

silica core

Doxorubicin (DOX)
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Figure 2: Cytoplasmic delivery following endosomal escape using fusogenic peptide (HSWYG).
a) Schematic showing nanoparticle (~ 100 nm) of nanoporous silica coated with a lipid bilayer
shell. The surface of the nanoparticles was modified with polyethylene glycol, a cell (human
hepatocellular carcinoma, Hep3B cells) targeting peptide SP94, and a fusogenic peptide HSWYG.
Doxorubicin was loaded in the nanoporous silica core. b) Nanoparticles without fusogenic peptide

tagging were found to have punctate appearance inside the Hep3B cells, indicating endosomal
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entrapment of the nanoparticles. c) HSWYG tagged nanoparticles were found to spread, following
endosomal escape, throughout the cell. In (b) and (c) silica core was labeled with Alexa Fluor®
647 (white), Hep3B cells are stained with CellTracker™ (Green) CMFDA and DAPI (blue), and
the red fluorescence is for doxorubicin. Adapted with permission from reference 22. Copyright
2011, Nature Publishing Group.

2b).?> Model drug doxorubicin was loaded in the nanoporous silica core of these
nanoparticles. However, when the surface of these particles was further modified with a
fusogenic peptide HSWYG, the particles escaped endosomal compartment and distributed
throughout the cell (Figure 2c).?? Although, these surface modifications are essential for
the cargo loaded nanoparticles to deliver the drugs at the site of its action within the cell,
such complex alterations are often laborious and could alter the biological behaviour of
the nanodrug.®® Nanoparticles which could compartmentalize inside the brain cells by
virtue of their size or shape could overcome many of these intricate functional
modifications and would be of significant interest in brain theranostics. However, there
are no reports on size or shape dependent, sub-cellular compartmentalisation of
nanoparticles inside the brain cells, although size and shape dependent uptake of

nanoparticles inside the cells are known.3%-43

97



Shape Directed In Vivo Compartmentalized Delivery of Drug-
Chapter 3 Nanoparticle Conjugates in the Brain Cells

3.2 Scope of the present study:

In the present chapter, we have shown for the first time the shape-dependent
compartmentalisation of carbon coated, iron oxide (Fes0s@C) core-shell nanoparticles in
the brain cells. The iron-oxide nanoparticles, FesO4, coated with carbon (Fes04@C) were
used as core-shell particles in this study. Iron oxide was selected here for two reasons.
Firstly, it is biocompatible and can be used as contrast agent for MRI*+*° and secondly, it
can be synthesized in different shapes.*®*® The carbon shell over iron oxide nanoparticles
was derived from glucose using hydrothermal carbonization method.>® The glucose
derived carbon spheres were earlier shown to cross the BBB and preferably enter cell
membranes rich with glucose receptors (such as glial and cancerous cells) and further into
their nucleus.®® These biocompatible, fluorescent carbon spheres were utilized to
deliver the membrane impermeable molecule, CTPB inside the cell in order to modulate
the gene expression.>* Amalgamating glucose derived carbonaceous materials with
magnetic iron oxide would enable them to be used as brain theranostics by coupling MRI
imaging, magnetic based targeting and drug delivery, hyperthermia, etc.>>>° Moreover,
the increasing use of carbon nanomaterials of different morphologies (nanotubes,
nanospheres, nanosheets etc.,) as well as iron oxide in biomedicine stresses the need for
understanding the shape-dependent behavior within the brain cell so as to utilize them for
better theranostic effect.®%% To our knowledge this is the first in vivo report on shape
induced sub-cellular compartmentalisation of nanoparticles within the mice brain.
Furthermore, using this shape-dependent, sub-cellular localization property of

nanoparticle carrier we have demonstrated the importance of delivering small molecule
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HAT activator, TTK21%, inside the mice brain cell nucleus to get better efficacy in

comparison to cytoplasmic delivery.

3.3 Materials and Methods:

a. Materials:

Iron (III) chloride hexahydrate, ammonium hydrogen phosphate, sodium sulphate,
sodium acetate, polyethylene glycol 2000, ethylene glycol were purchased from SDFine
chemicals (India). a-D(+)-Glucose, Poly(sodium 4-styrenesulfonate) (PSS),
Poly(diallyldimethylammonium chloride) (PDADMAC), a-tubulin, DAPI, and HEPES
buffer were purchased from Sigma Aldrich. All the chemicals were used as received from
the company. 21.5 ml Teflon lined autoclave was constructed. MilliQ water and ethanol

was used where ever needed.

b. Synthesis of Fe>0s nanoparticles:

Biconcave: Synthesis of Fe>Os nanoparticles of biconcave morphology was
optimized in our laboratory. In a typical procedure 16.8 ml aqueous solution of 0.02 M
FeCl3.6H,0, 1.8 x 10* M NH4H,PO4, and 5.5 x 10* M NaSO4 was taken in the 21.5 ml
Teflon lined autoclave and heated at 220°C for 48 hours. The autoclave was cooled to
room temperature. Product was centrifuged at 7000 rpm for 10 minutes. Washing was

done using water (4 times) and ethanol (1 time) followed by overnight drying at 60°C.

Spindle: Synthesis of Fe;O3 nanoparticles of spindle morphology was carried out
using a reported procedure®®. To obtain the desired size of the spindles the synthesis

process was optimized. In a typical procedure 16.8 ml aqueous solution of 0.05 M
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FeCls.6H,0O, 0.01 M NHsH>PO4 was taken in the 21.5 ml Teflon lined autoclave and
heated at 220°C for 2 hours. The autoclave was cooled to room temperature. Product was
centrifuged at 7000 rpm for 10 minutes. Washing was done using water (4 times) and

ethanol (1 time) followed by overnight drying at 60°C.

Nanotube: Synthesis of FeoO3 nanoparticles of nanotube morphology was carried
out using a reported procedure®*. To obtain the desired size of the nanotubes the synthesis
process was optimized. In a typical procedure 16.8 ml aqueous solution of 0.02 M
FeCl3.6H,0, 5.0 x 10* M NH4H,PO4, and 5.5 x 10* M NaSOy4 was taken in the 21.5 ml
Teflon lined autoclave and heated at 220°C for 48 hours. The autoclave was cooled to
room temperature. Product was centrifuged at 7000 rpm for 10 minutes. Washing was

done using water (4 times) and ethanol (1 time) followed by overnight drying at 60°C.

c. Synthesis of Fe30, nanoparticles:

The Fe;Os; spindles, biconcaves, and nanotubes were converted to Fe3Os by
heating them in quartz boat at 275°C, 275°C, and 300°C respectively in the flow of dilute

H2 (5% H: in N2) for 7 hours with a heating rate of 2.5°C/min.

d. Synthesis of Fe30y spheres:

The spheres of Fe;O4 were synthesized by dissolving 0.567 g FeCl3.6H20, 5.024 g
of sodium acetate, and 0.42 g of polyethylene glycol 2000 in 16.8 of ethylene glycol and
heating the solution in a 21.5 ml Teflon lined autoclave at 200°C for 6 hours. Resulting
product was isolated magnetically followed by 6 washing and magnetic isolation step

with ethanol. Further, the product was dried at 60°C in a hot air oven for overnight.

100



Shape Directed In Vivo Compartmentalized Delivery of Drug-
Chapter 3 Nanoparticle Conjugates in the Brain Cells

e. Carbon coating on the Fe304 nanoparticles:

The magnetic nanoparticles of different shapes were first coated with
polyelectrolytes poly(sodium 4-styrenesulfonate) (PSS) and
poly(diallyldimethylammonium chloride) (PDADMAC). 25 mg of the nanoparticles
were dispersed in 30 ml aqueous solution of PSS (2 mg/ml) having 0.5 M NacCl followed
by constant vortexing for 30 minutes. The nanoparticles were isolated magnetically and
were washed with water 3 times. The PSS coated nanoparticles were then redispersed in
30 ml aqueous solution of PDADMAC (2 mg/ml) having 0.5 M NaCl and were
constantly vortexed for 30 minutes. This was followed by magnetic separation and three
times washing with water. The polyelectrolyte coated nanoparticles were then dispersed
in aqueous solution of a-D(+)-Glucose (1.5 g glucose in 16.8 ml water) which was then
transferred to a 21.5 ml Teflon lined autoclave and heated at 180°C for 5, 5, 4, and 7
hours for sphere, spindle, biconcave, and nanotube respectively. Further the autoclaves
were cooled to the room temperature and products were isolated magnetically. Washing
with water (3 times) and ethanol (4 times) were carried out and product was dried for 2

hours at 60°C in a hot air oven.

f-  Characterization:

Morphology of the samples was analysed by FESEM (FEI NovaNano SEM-600,
Netherlands). TEM images were acquired with a JEOL JEM 3010 instrument (Japan)
operated with an accelerating voltage of 300 kV. XRD characterization was done at room
temperature with a Bruker-D8 diffractometer employing Cu Ka. Zeta potential and

hydrodynamic size were measured at 25°C using Zetasizer Nano ZS (Malvern
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Instruments). FTIR Spectra were acquired on Bruker IFS 66v/S instrument in the range of
4000—400 cm'. PL spectra were taken with Perkin-Elmer model LS 55 luminescence
spectrometer. Magnetic measurements were carried out with a vibrating sample
magnetometer using the physical properties measurement system (Quantum Design, US).
Confocal laser scanning fluorescence microscope imaging was carried out on a Zeiss
LSM 510 Meta (Carl Zeiss). Inductively coupled plasma optical emission spectroscopy

(ICP-OES) was carried out with Perkin-Elmer Optima 7000 DV instrument.

g. Zeta potential and hydrodynamic size measurement:

Zeta potential and hydrodynamic diameter were measured at pH 7.4 in 10 mM
HEPES buffer. For zeta potential measurement the nanoparticles concentration was 100

pg/ml while for size measurement it was 25 pg/ml.

h. Cell culture:

U87 MG (ATCC® HTB-14™) glial cells and NCI-H1299 (ATCC® CRL-5803™)
lung carcinoma cells were cultured as monolayer on poly(L-lysine)-coated cover slips in
DMEM (Sigma) medium and were treated with 2.5 pg/ml of different shaped
nanoparticles for 12 hours. Cells were fixed with 4% paraformaldehyde after the
treatment. Then primary antibody (o-tubulin) staining (1:1K) for cytoplasm was carried
out for 1 hour followed by addition of A488 dye tagged secondary antibodies for 45
minutes. Hoechst 33258 (10 png/ml) was used for nuclear counter staining. Then the cover

slips were mounted with 70% glycerol after washing twice with PBS having 0.1% Triton
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X-100. Images were acquired on a Carl Zeiss Laser Scanning Microscope (LSM510

META).

i. MTT assay:

5,000 of U87 cells were seeded in 96-well plate and cultured for 12 h. For dose-
dependent experiments, cells were treated with 5 and 10 pg/ml of nanoparticles (Sph, SP,
BC, and NT), for 24 hours, in duplicates. Water was used as a control. This was followed
by incubation with 20 pul of MTT (5 mg/ml) for 3 h. Then 100 pl of DMSO was added to
solubilise formazan obtained from the reduction of MTT by the mitochondrial reductase
of the viable cells. Absorbance was recorded at 570 nm in ELISA reader (VERSA Max
micro plate reader, Molecular Devices). The data was normalized with control and plotted

with mean and standard error.

Jj. Animal Experiments:

BALB/c female mice were intra-peritoneally injected with 1 mg of BC (for 1, 3, 6
and 14 days) and NT (for 3 and 6 days) for different periods. After that the mice were
sacrificed and the brain tissue was fixed in 10% formalin. Then paraffin blocks were
prepared and 15 pm paraffin sections were made for nanoparticle localization study.
Hoechst 33258 was used for nuclear staining and the imaging was carried out on a Zeiss

Laser Scanning Microscope (LSM510 META).

k. Conjugation of TTK21 on the surface of Fe;04@C:

The covalent tagging of TTK21, through the reaction between -NH group of

TTK21 and —COOH groups of nanoparticles, was carried out with nanoparticles of
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biconcave and nanotube morphology. However, the possibility of physical adsorption of
TTK21 on the nanoparticle surface is not ruled out. To a dilute solution (5 mg in 70 ml)
of BC & NT nanoparticles in dichloromethane (DCM) 7 ul of SOCI, and 2-5 drops of
dimethylformamide (DMF) were added. This chlorination process of the surface of
carbon coating was carried out for two hours at 50°C under constant sonication. Excess
SOCI, was removed by washing twice with DCM and evaporating the solvent. The
chlorinated nanoparticles were re-dispersed in 70 ml DCM and 5 mg of TTK21 was
added to this dispersion. This was followed by the addition of 2-4 drops of triethylamine
base. The reaction was carried out for 4 hours at 50°C under constant sonication. The
final product was separated magnetically, washed with DCM 7-10 times and dried in a

hot air oven at 60°C for 1 hour.

I.  HAT activation experiment:

BALB/c female mice were treated with 1 mg/ml of BC and NT in triplicates. Mice
were sacrificed after 3 days and brain tissue was collected and fixed in 10% formalin.
Sum sections of the paraffin block of brain tissue were made for immunohistochemistry
(IHC). The slides made for tissue slices were deparaffinised and rehydrated in graded
alcohol. Antigen retrieval was done in citrate buffer for 10 min and kept in 3% H20>
(made in methanol) for 15 min. To avoid non-specific binding, blocking was done with
5% non-fat milk and then incubated with rabbit polyclonal anti-H3K9ac primary antibody
for overnight at room temperature in humid chamber. After washing twice with PBS,
slides were incubated with biotin labelled secondary antibody and then peroxidase

streptavidin was added for 40 minutes. The antigen signal was developed using DAB
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solution and then counter stained with diluted haematoxylin. Slides were mounted with
DPX and observed under Zeiss bright field microscope. Immunohistochemistry (IHC)
was evaluated by counting 300-400 cells from 4 different regions in each tissue sections
and percentage of positive cells (brown colour which was indicative of antibody staining)

was plotted between the groups for analysis.

m. Real-time qRT-PCR:

Paraffin sections of the brain of BALB/c mice treated with different nanoparticles
were made. After de-paraffinizion in xylene the tissues were homogenized with a Dounce
in TRIzol reagent (Invitrogen). RNAs were extracted using chloroform followed by two
times precipitation with ethanol. RNA samples were denatured for 10 min at 70°C. The
cDNA synthesis was performed on 500 ng of total RNA using M-MLV reverse
transcriptase enzyme (sigma). The qRT-PCR conditions were 3 minutes at 94°C,
followed by 40 cycles of 45 seconds at 94°C and 30 seconds at 65°C in BIORAD CFX96
Real Time thermo-cycler using specific primer of BDNF and actin. ACt value were

calculated and plotted with fold change taking mean + SEM.
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3.4 Results and Discussions:

Iron oxide, Fe,O3 nanoparticles with various shapes like spindles (Fe2Os.sp), and
nanotubes (FexOs.nt) were prepared using hydrothermal method reported elsewhere.*’
Fe>O3 nanoparticles of biconcave (Fe2O3.sc) morphology were synthesized in our lab by
modifying the reported synthetic procedure for nanotubes (see methods and materials
section). Field emission scanning electron microscope (FESEM) images (Figure 3) of as
synthesized a-Fe2Os nanoparticles of all the three morphologies show that they are
uniform in size and shape (their dimensions given in figure 4). The peaks in their X-ray
diffraction (XRD) pattern (Figure 5a) can be indexed for pure corundum structure of
hematite (JCPDS no. 33-0664). The hematite particles of different geometry were then
converted to magnetic Fe3O4 by heating them in hydrogen flow at around 270°C

temperatures (see methods and materials section) without affecting their shape and size
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Figure 3: Field emission scanning electron microscope (FESEM) images of different shapes of
Fe,0s. a) Spindle, b) biconcave, and ¢) nanotube. Insets show magnified images of the respective

nanoparticles.
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Figure 6: FESEM images of different shapes of FesO4. a) Sphere, b) Spindle, ¢) Biconcave, d)
Nanotube. The insets show transmission electron microscope (TEM) images of carbon coated

nanoparticles of the respective shape.

(Figure 6b,c,d). FesO4 of spherical (Fe3Oas.sph) morphology (Figure 6a) were directly
synthesized using a reported method.** The XRD patterns (Figure 5b) of all the
nanoparticles (Fe3Oa-sph, Fe3O4.sp, Fe3Osc, & Fe3Os.nt) Were indexed as phase pure
inverse spinel structure of magnetite (JPCDS no. 11-0614). The nanoparticles of four
different geometries were having similar size at least in one of their dimensions (Figure

4).
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The magnetic nanoparticles of different shapes, were then coated with glucose
derived carbon. Since, the nuclei formed in the process of glucose-carbonization process
are negatively charged,® the nucleation of carbon on the surface of Fe3O4 nanoparticles
would be favored, only if the surface charge of nanoparticles is positive. However, the
zeta potential values (pH 7) for all the FesO4 nanoparticles were found to be considerably

negative (Figure 7).

Glucose
Hydrothermal

l

Scheme 1: Schematic showing the process of carbon coating on Fe;O4 spindles. The Fe3O4
particles are shown in orange colour and the gray coating is carbon. The FesO4 nanoparticles of
sphere, biconcave, and nanotube morphology coated with carbon (using similar procedure) are

shown for comparison.
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Figure 7: Zeta potential measurements at various steps of carbon coating. (a) Sphere, (b) spindle,
(c) biconcave, and (d) nanotube. These measurements were carried out in 10 mM HEPES buffer,
pH 7.4.

To achieve a positive surface charge for the nanoparticles, we carried out layer-
by-layer assembly of polyelectrolyte’s, a) Poly(sodium 4-styrenesulfonate) (PSS) and b)
Poly(diallyldimethylammoniumchloride) (PDADMAC) on the surface of the
nanoparticles (Scheme 1). PSS is known to coat on neutral or slightly negative surfaces,®’
and coating PSS shifts the surface charge towards more negative side (Figure 7). Then
PDADMAC coating was carried out to make the zeta potential positive (Figure 7).
Finally, the carbon coating was carried out hydrothermally on the positively charged
nanoparticles, by dispersing the FesOs nanoparticles of desired shape in an aqueous

glucose solution of known concentration, followed by heating the mixture at 180°C. The
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Figure 8: Imaging Fes04@C nanoparticles. FESEM images of (a) Fes0s@Csph, (b) Fes0.@Csp,
(c) Fes0:@Cegc, (d) FesO.@Cnrt. The insets show transmission electron microscope (TEM)
images of carbon coated nanoparticles of the respective shape.

coating thickness of the glucose derived fluorescent carbon layer on different shape
nanoparticles was optimized to be around 10 nm (Figure 8) by varying the time duration
of coating (see methods and materials section). The crystal structure of all the Fe3O4
nanoparticles remained intact as confirmed by their XRD patterns (Figure 9a). The energy
dispersive X-ray (EDX) analysis (Figure 9b) shows the presence of carbon in addition to
Fe and O from Fe3O4 nanoparticles, resulting from the carbon coating. The existence of
phosphorous in the EDX spectra of Fe3O4@Csp, Fe304@Cgc, Fe3s04@Cnr is again due to

Fe304 nanoparticles, as phosphate ions were used as stabilizing agents in their synthesis.
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Figure 9: Structure and elemental analysis of carbon coated magnetite nanoparticles. a) Powder
X-ray Diffraction pattern. b) The energy dispersive X-ray (EDX) analysis.
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Figure 10: Spectroscopic characterization of Fe;0,@C nanoparticles. a) Infrared spectra. b)

Photoluminescence spectra with excitation wavelength being 488 nm.

The presence of O-H, C=0, and C=C stretching vibrations for the Fe;04@C in
FTIR spectra (Figure 10a) suggests that the surface chemistry of carbon shell is similar to
that of carbon spheres prepared from glucose.> The emission at ~590 nm associated with
carbon coating can be seen in all the shapes on exciting the Fes04s@C nanoparticles at

488 nm (Figure 10b). The FesO4@C particles were found to be ferromagnetic and have
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Figure 11: Isothermal magnetization Vs applied field curve for Fe;O,@C nanoparticles. a)
Fe304@Cspn, b) Fes0s@Csp, C) Fes04@Cac, and d) FesO,@Cnr. The measurements were carried
out at 300 K.

similar saturation magnetization values (70 £ 8 emu/g) (Figure 11), at room temperature,
due to the presence of magnetite core. The zeta potential measurements of all the carbon
coated FesO4 nanoparticles of different shapes shows similar values about -44.0 £ 4.0 mV
(Figure 12a) at pH 7.4. To study the effect of serum protein adsorption on the surface
charge of the nanoparticles, we carried out soaking of all different shape nanoparticles
with 10% fetal bovine serum for two hours and measured their zeta potentials. The
adsorption of serum proteins makes the surface charge of nanoparticles less negative,

from -44.0 + 4.0 mV to -19.0 + 2.0 mV, and the extent of change is more or less equal for
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Figure 12: Surface charge and Serum protein adsorption. a) Zeta potential of Fe;0.@C
nanoparticles. b) Zeta potential of Fe;0,@C nanoparticles soaked with 10% fetal bovine serum
for 2 hours in PBS buffer of pH 7.4 at 37°C. Particles were separated magnetically, washed twice
with PBS and were re-suspended in HEPES buffer, pH 7.4 for the zeta potential measurements.
All zeta potential measurements were carried out in 10 mM HEPES buffer, pH 7.4.
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Figure 13: Hydrodynamic size of FesO.@C nanoparticles using dynamic light scattering.
Measurement was carried out in 10 mM HEPES buffer, pH 7.4.
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all the nanoparticles (Figure 12b). Figure 13 shows particle size distribution measured
using dynamic light scattering (DLS). The hydrodynamic diameter of Fe3O4@C for all
the geometries are around same, 220 + 35 nm, which ensures similar diffusive transport

for all the nanoparticles irrespective of their geometry.

The cellular uptake of Fe3;Os@C nanoparticles of different morphologies was
carried out with U87 MG (ATCC® HTB-14™) glial cells as it was shown earlier that the
glucose derived carbon spheres have strong specificity for the GLUT1 receptor
containing glial cells.® The MTT assay (Figure 14) with U87 glial cells indicated that all
the Fe3O4 nanoparticles did not show any significant cytotoxicity. Glial cells incubated

with biocompatible Fe3O4@C nanoparticles of different shapes for 12 hours shows
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Figure 14: Toxicity of Fes0.@C nanoparticle as measured by MTT-assay. The U87 cells were
treated with 5 pg and 10 pg of different nanoparticle (as indicated) for 24 hours and subjected to

MTT assay. Water was taken as control for the experiment.
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Figure 15: Cellular Entry in U87 glial cells. Confocal microscope images of cells treated with a)
Fe304@Cspn, b) Fes0s@Csp, C) FesOs@Csc, and d) FesOs@Cnr. Yellow — nanoparticle
fluorescence, Blue — DAPI staining for nucleus.

significant uptake for all the morphologies (Figure 15). However, the subcellular
localization of Fe3Os@C nanoparticles varied remarkably with shape. While, the
biconcave particles (Fe3O4@Cgc) preferably localized in the nucleus, the spindle
(Fe;O4@Csp) and nanotube (Fe;O4@Cnrt) geometries are seen mostly in the cytoplasm

(Figure 16). Spheres (Fe304@Cspn) were distributed in both cytoplasm and nucleus
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Figure 16: Differential Cellular uptake of nanoparticles in U87 glial cells. Confocal microscope

images showing nanoparticle localization in the different cellular compartments, panel a)
Fes04@Cspn, panel b) Fes0.@Csp, panel c) Fes0:.@Cegc, and panel d) FesO.@Cnr. The yellow
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and white dotted lines define the boundaries of the cell and the cell nucleus respectively. In every
panel the first image shows nanoparticles (red), the middle images show nanoparticles (red) and
nucleus (blue, DAPI staining), and the right most images show nanoparticles (red), nucleus (blue),
and cytoplasm (green, B-tubulin staining). The inset in the first image of every panel shows the

respective nanoparticle morphology.

(Figure 16). Quantitative estimation of number of cells having the nanoparticles of
particular shape inside the nucleus clearly indicates the strong preference of biconcave

particles to the nuclear internalization. More than 95% of the total cells (250) show the
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Figure 17: Percentage of nanoparticles populated cells having their nucleus positive with the

particles for different shape nanoparticles. Counting was done over 250 cells.

nucleus positive for FesO4@Cgc and less than 2% of the total cells show nucleus positive
for the Fe304@Cnr (Figure 17). No nuclear entry for nanotubes (Figure 18), even after 36
h of incubation with U887 MG glial cells strongly suggests that the nanotube morphology
has the difficulty in crossing the nuclear membrane in spite of its presence in the

cytoplasm. We also carried out similar experiments with the H1299 lung carcinoma
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Figure 18: Prolonged treatment of U87 glial cells with Fes0.@Cnt nanoparticles. Confocal
microscope image of FesO4@Cnr treated cells for the duration of 36 hours. Red — nanoparticle
fluorescence, Blue — DAPI staining for nucleus. Arrows point out the red coloured nanoparticles

lying outside the nucleus.

Figure 19: Cellular Entry in H1299 lung carcinoma cells. Confocal microscope images of
H1299 lung cancer cells treated with a) Fes04@Cgc, and b) FesO4@Cnr. Yellow — nanoparticle

fluorescence, Blue — DAPI staining for nucleus and Green-B—tubulin staining for cytoplasm.
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cancerous cell line using nanoparticles with biconcave and nanotube morphologies, and
these cells showed trends similar to those observed with the U87 MG glial cells (Figure
19). Considering that nanoparticles injected into blood vessels would adsorb various
serum proteins and biomolecules®® " and would additionally encounter a variety of cells
(such as endothelial, epithelial, and immune cells)’*"? before entering the brain, it is all

the more important to understand their behavior under in vivo conditions.
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Figure 20: Differential entry of nanoparticle in the brain cell nucleus. After 3 days of intra-
peritoneal injection with Fes0,@Cgc (a) and Fe;0.@Cnr (b) the BALB/c mice was sacrificed and
its brain was processed for confocal microscopy. Blue - nuclear staining with Hoechst and
Yellow — nanoparticle fluorescence. Note: a and b images were taken at 100x magnification from

hippocampal region.

To know whether such shape dependent, subcellular localization of Fez;0.@C
nanoparticles occurs inside the animal brain in the complex physiological conditions, we

have carried out in vivo experiments with BABL/c mice by intra-peritoneally injecting the
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Figure 21: Processing of Fe3O4s@Cgc nanoparticles in the mice brain. Confocal microscope
images of the brain section of BALB/c mice treated with Fe3O4@Cgc for different time durations.

Blue — nuclear staining with DAPI and Red — nanoparticle fluorescence.

aqueous dispersions of nanoparticles of two different shapes (biconcave & nanotube).
BALB/c mice separately injected with FesO4@Csc and FesOs@Cnt were sacrificed at
different time durations (3 & 6 days), and their brain sections were processed for the
confocal microscope imaging (materials and methods section). Nanoparticles of both the

morphologies entered the mice brain by crossing the BBB and were accumulated in the
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cerebral cortex region. This is possibly due to higher preference of glucose derived

carbon shell (over Fe30s) for the glial cells.’® After 3 days of injection, nanoparticles of

Figure 22: Processing of Fes0.@Cnt nanoparticles in the mice brain. Confocal microscope
images of the brain sections of BALB/c mice treated with Fe;0,@Cnr for 6 days. Blue — nuclear

staining with DAPI and Red — nanopatrticle fluorescence.

biconcave geometry were found mostly in the nucleus of the brain cells (Figure 20c). This
is in sharp contrast to nanotube particles which were present only in the extra nuclear
region and on the periphery of the nucleus (Figure 20d). Very few Fe304@Cgc
nanoparticles were present in the brain on day 6, while day 14 shows complete absence of

nanoparticle fluorescence (Figure 21). In the case of nanotube morphology, the particles
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were cleared within 6 days (Figure 22). The quantitative estimation of iron present in the
brain of the mice treated with Fe304@Cgc and Fe3O4@Cnr for 3 days was carried out by
digesting the brain in concentrated nitric acid followed by inductively coupled plasma
mass spectroscopy (ICPMS) analysis. The amount of iron present in brain of Fe3O4@Cgc
& Fe3;04@Cnr treated mice were 0.24 + 0.03 pg and 0.282 + 0.003 ug respectively per
mg of the brain tissue, indicating slightly higher uptake for nanoparticles with nanotube

morphology in the brain (Figure 23).
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Figure 23: Quantitative estimation of nanoparticle entry level in the mice brain using ICPMS.
Amount of iron present in the mice brain (ug of iron per mg of the brain tissue) treated with
water, Fes04s@Cgc, and Fes0.@Cnr for 3 days. For ICPMS measurements, brains of the mice
treated with nanoparticles were first digested in 4 ml of 67-70 % HNO3 (Alfa Aesar) at 80°C, till
the solution became completely clear, followed by complete drying at 120°C. The sample was
then diluted with 2 % HNOs and ICP mass spectra was recorded followed by calculations of the
iron content from the standard curve. The standard intensity vs Fe concentration curve was plotted

from serial dilutions made from the iron standard (Alfa Aesar) in 2% HNOs.

Further, we tested the in vivo subcellular compartmentalizing ability of the

Fe;04@C nanoparticles of biconcave and nanotube geometry for the compartment
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specific drug delivery. We selected specific activator of p300, a nuclear lysine
acetyltransferases (KAT) enzyme, TTK21 (N-(4-chloro-3-trifluoromethylphenyl)-2-N-
propoxy-benzamide)** as a model compound. Acetyltransferases are known to carry out
acetylation of histone proteins of the chromatin, which is a highly compact and dynamic
nucleoprotein structure composed of DNA, RNA, and different proteins (histones and
nonhistones).”® Controlled acetylation of histones plays a significant role in the dynamics
of chromatin, and regulates transcription.”* However, the imbalance in the enzymatic
activity of acetyltransferases leads to diseases such as cancer, diabetes, cardiovascular

diseases, and asthma.”* Thus activators or deactivators of the enzymatic activity of

acetyltransferases are potential drugs.”” TTK21 was loaded on the surface of Fe;04@C

Scheme 2: Schematic for conjugation of small molecule TTK21 to the nanoparticles surface. The
-NH group of TTK21 reacts with —COOH group on the nanoparticles surface. The possibility of

physical adsorption of TTK21 on the nanoparticle surface is not ruled out.

126



Shape Directed In Vivo Compartmentalized Delivery of Drug-
Chapter 3 Nanoparticle Conjugates in the Brain Cells

% Transmittance (normalized)

-OH
—— Fe;0,@Cy @TTK21L .c=c ©O
— Fe,0,@C\;@TTK21 Fe- O/
_— Fe3O4@CBC
— Fe;0,@C;
35|00 | 30|00 | 25|00 | zoloo | 15|oo | 1o|oo | 5(|)o

Wavenumber (cm™)

Figure 24: Infrared spectra of Fes0,@C nanoparticles attached with drug molecule TTK21.

nanoparticles of both geometries biconcave and nanotube (Fe3Os@Cpc@TTK21 and
Fe304@Cnt@TTK21 respectively) through an amide bond formation (Scheme 2 and
materials and methods section). The physical adsorption of the TTK21 was also observed.
The presence of TTK21 on the nanoparticles surface was confirmed by FTIR spectra and
EDX mapping. The bands near 1200 cm™ and 800 cm’!, in the IR spectra of TTK21
attached nanoparticles, corresponds to the C-F and C-Cl stretching vibrations respectively
(Figure 24). While the respective particles without TTK21 showed no such IR bands
confirming the presence of TTK21. Additionally, EDX elemental mapping (Figure 25)
showed presence of Fe, C, O, F, N, and CI, in which F, N, and Cl are from the TTK21.
The TTK21 conjugated and un-conjugated Fe;Os@C nanoparticles of biconcave and
nanotube morphologies were then injected intra-peritoneally to BABL/c mice. All the

four treated mice were sacrificed after 72 hours of injection, their brain was collected and
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brain slices were prepared for the immunohistochemistry (IHC). The state of H3K9
acetylation in two different regions of the mice brain viz. hippocampus and cerebellum

was examined under the microscope. As shown in the figure 26 I (¢ & d) and figure 26 11,
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Figure 25: Elemental mapping for a) Fe30,@Cec@TTK21 and b) FesO.@Cnt@TTK21. Energy
dispersive X-ray mapping (elemental mapping) was carried out using TEM. The top black and
while pictures are TEM images of different samples and down colored images are the elemental
maps for different elements. Beside every colored elemental map are given the intensity profile,

along the line drown in the map, indicating relative presence of various elements in the sample.
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Figure 26: Activation of nuclear CBP/p300 KAT acetyltransferases in the hippocampus and
cerebellum. (1) Microscope images (20X). The immunohistochemistry images of mice brain
(hippocampus and cerebellum): upon sub peritoneal injection of Fe;0.@Cgsc (a and b),
Fes0:@Cec@TTK21 (¢ and d), FesO.@Cnr (e and f) and FesO.@Cnt@TTK21 (g and h) for
72hrs, mice were sacrificed and subjected to IHC analysis by indicated antibody. (1)
Quantification of immunohistochemistry. (I11) Activation of p300/CBP KAT activity induces
expression of several genes related to neurogenesis and memory. bdnf is one such marker gene.
gRT-PCR of bdnf mRNA level (fold change) was investigated upon injecting
Fes0,@Cec@TTK21 and Fe;0s@Cnt@TTK21 normalized with control (FesOs@Cec &

Fes0.@Cnr) using specific primer for bdnf and actin.
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acetylated H3K9 level is significantly induced in the brain of the mice treated with
Fe3:04@Crc@TTK21 suggesting activation of p300 acetyltransferases activity in the
nucleus. The quantification of the acetylation level showed that the H3K9ac signal is
nearly threefold higher as compared to the control FesO4@Cgc particles (Figure 26 1 (a &
b) and Figure 26 II). On the other hand, Fe3O4@Cnt@TTK21 treated mice showed nearly
similar H3K9ac level (Figure 26 1 g & h and Figure 26 II) as that of control particles
Fe304@Cnr treatment (Figure 26 1 e& f and Figure 26 II). Collectively, these data
confirms that nuclear delivery of the KAT activator by the Fe;04@Cpc@TTK21.
Activation of acetyltransferase p300, should lead to over expression of several genes,
related to neurogenesis and memory such as bdnf, neuroD1, Egr-1, Arc, cFos , and
CREB1 etc.”®"® To confirm the functional delivery of the KAT activator in the nucleus,
further we analyzed the bdnf gene expression upon FezOs@Cec@TTK21 treatment by
real time PCR (qRT-PCR). It was found that the mRNA levels of bdnf genes was nearly
threefold higher in the brain of the mice treated with Fes;04@Cec@TTK21 as compared
to the mice treated with FesOs@Cnt@TTK21 (Figure 26 I11). Taken together, these
results established the role of Fes04@C particles of biconcave shape as a functional
nuclear delivery vehicle of the brain. On the other hand nanotube morphology, being
cytoplasm specific, could not enhance the enzymatic activity and thereby gene expression

(transcription).
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3.5 Conclusions:

In conclusion, here we have presented the first in vivo report on shape directed
subcellular compartmentalization of nanoparticles in the animal brain. The core-shell
biocompatible FesO4@C nanoparticles (with similar size and surface properties) of
biconcave and nanotube morphology specifically localized in the nucleus and cytoplasm,
respectively, of the brain cells. FesO4s@C nanoparticles of biconcave and nanotube
geometries, tagged with a small molecule lysine acetyltransferases activator TTK21 were
demonstrated with their ability to effectively deliver the drug in the specific subcellular
compartment. Biconcave nanoparticles, being nuclear specific, could deliver the drug in
the nucleus of the brain cells hence enhancing the enzymatic activity and corresponding
gene expression. The nanotube morphology of FesOs@C could be exploited for the
specific delivery of molecules in the cytoplasm. Furthermore, the functionally rich carbon
surface would facilitate the loading of many therapeutic molecules like HIV drugs,
SiRNA, proteins, DNA, etc on Fes04 @C nanoparticles and hence their spatial delivery

inside the brain cells.
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Summary:

Stimuli responsive organic-inorganic hybrid spheres were synthesized by coating
the colloidal polystyrene spheres with polyelectrolyte protected aminoclay, Mg
phyllo(organo)silicate layers in a layer-by-layer (LBL) method. The clay layers are
sandwiched between the polyelectrolyte layers. The aminoclay swells in water due to
protonation of amino groups and the degree of swelling depends on the pH of the
medium. As a result, the hybrid spheres undergo a size increase up to 60 % as the pH is
changed from 9 to 4. The stimuli responsive property of the hybrid spheres was used for

the release of ibuprofen and eosin at different pH.

e
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NG . PR o
~1.6 um ~1.3 um
pH 4 pH 7

A paper based on this chapter has been published as an article in ACS Nano 2010, 4, 5921.
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4.1 Introduction:

Advanced futuristic technologies are expected to encompass devices that can
operate and even make logical decisions on their own. A successful design of such a
technology must certainly involve individual components that are not only capable of
sensing small changes in their environment, but also can respond to such changes.
Materials with such abilities are broadly termed as smart materials or stimuli responsive
materials.' Materials that can respond to various types of stimulus such as mechanical
stress,” temperature,®’ pH,*!? electric field,!> magnetic field,'* redox potentials,'
light,'®!'7 and certain chemicals'®!® have been synthesized in the past.!®!” Organic
materials like polyelectrolyte multilayers,® block copolymers,?! phospholipids** and
gels®® possess functional components that can respond to an external stimulus by
significantly altering their own physical or chemical properties. For example, the block-
copolymer photonic gels, made of Polystyrene-b-quaternized poly(2-vinyl pyridine) (PS-
b-QP2VP), were shown to reversibly change their stop-band position from the ultraviolet-
visible region to the near-infrared region in response to aqueous solvents.”> The
hydrophilic layer of these one-dimensional periodic lamellar structures swelled by
absorbing aqueous solvents, resulting in an increase in both the polyelectrolyte block
domain spacing and the refractive-index contrast (Figure 1), accompanied by strong

reflectivity and a shift of the stop band position to longer wavelengths.

On the other hand, inorganic shape-memory alloys,>* piezoelectric and

2527 smart window materials®® achieve their smartness by virtue of

pyroelectric materials,
their ability to reversibly alter the crystal structure or lattice volume in response to an

external stimulus. For example, WOs, an electrochromic (EC) material,?® when present in
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PS-b-QP2VP
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Figure 1: Schematic diagram of the structure of photonic gel film and the tuning mechanism. The
photonic gel film was prepared by self-assembly of a diblock copolymer (PS-b-QP2VP).
Swelling/de-swelling of the QP2VP gel layers (blue) by aqueous solvents modulates both the
domain spacing and the refractive-index contrast, and accordingly shifts the wavelengths of light
(hv) reflected by the stop band. The hydrophobic and glassy polystyrene layers (red) limit
expansion of the gel layers to the direction normal to the layers. Adapted with permission from
reference 23. Copyright 2007, Nature Publishing Group.

an electrochromic device, changes its color in response to an applied electric voltage,
which is associated with an electrochemically induced oxidation—reduction reaction
within the WO; crystals.>® Tungsten trioxide has a cubic crystal structure with large
number of interstitial sites. With the help of cathodic polarization, metal atoms gets
inserted, as metal ions, into these interstitial sites with expansion of the crystal lattice, and
the injected electron reduces some of WV! sites to WV sites (WOs (transparent) + x(Li* +
e") — LixW—y'WxVOs (blue)) . The charge transfer between WY!' and WV sites imparts
blue color to the WOs crystals. The electrochromic materials could be used for smart
windows, information displays, ski goggles and motorcycle helmet visors. Figure 2 shows
a visor with variable transmittance that gives a biker the comfort provided by a dark visor
in sunlight and the safety provided by a clear visor in the dark. The colour change takes

place in a few seconds.?®
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Figure 2: Motorcycle helmet with visor based on electrochromic foil, in dark and transparent
state. The clear-state transmittance was deliberately set to 50%, although new EC materials can
give more than 80% transmittance. Adapted with permission from reference 29. Copyright 2006,

Nature Publishing Group.

Recently, there have been interests in the synthesis of stimuli responsive
composites materials that are made up of organic and inorganic hybrids.>!® The
composites, besides offering a wider range of options to tune the functionality at the
molecular scale (organic component), also provides remarkable robustness (inorganic
component).’! When such systems are tuned to respond to changes in a window of
physiologically relevant conditions, many applications in biodiagnosis and controlled
drug delivery can be achieved.>® For example, mesoporous silica nanoparticles when
loaded with iron oxide superparamagnetic nanocrystals with the help of DNA, was able to
perform on-demand stimuli-responsive dosing of therapeutic molecules (Figure 3).%%4
Single-stranded DNA was immobilized onto the silica nanoparticle (loaded with
fluorescein, model drug) surface. The complementary DNA sequence was then attached
to magnetic nanoparticles. The DNA/magnetic nanoparticle conjugates are able to cap the
pores of the magnetic silica particles upon hybridization of both DNA strands. When

subjected to alternating magnetic field, progressive double-stranded DNA melting as a

result of temperature increase gave rise to uncapping and the subsequent release of
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fluorescein. Further, this system could reach hyperthermic temperatures (42-47°C) under
an alternating magnetic field, generating an advanced drug delivery systems for

thermochemotherapy against cancer.

MSNP
pore

oele
)
——

Loading

Magnetic
Capping nanoparticle

DNA

Figure 3: Actuation mechanisms based on the heat generated by an alternating magnetic field
(AMF) leading to on-demand pulsatile drug release from mesoporous silica nanoparticles.
Capping system based on complementary DNA sequences. Adapted with permission from

reference 38. Copyright 2013, Nature Publishing Group.
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4.2 Scope of the present study:

In this chapter, we describe the synthesis of stimuli responsive composite spheres
composed of organoclay layers protected within the polyelectrolyte matrix. There have
been examples in the literature where layered inorganic materials have been used as one
of the components of stimuli responsive material. Brinker et al. reported a reversible
change in the interlayer spacing of hybrid layered silicate derived from an azobenzene-
bridged silsesquioxane,*! in response to photophysical stimuli. Nevertheless, the change
in the interlayer spacing is restricted by the dimensions allowed by cis-trans isomerism of
azobenzene moiety. Mann et. al. reported the transformation of perforated microspheres
of Mg phyllo(hexadecyl)silicates to apple-shaped structures by prolonged swelling in n-
octane.*> However, the hydrophobic nature of these materials limits their use in the
controlled delivery of hydrophilic drugs/molecules in the physiological environment.
Therefore, making hydrophilic layered materials in the form of spheres/capsules which
could respond to external stimuli will have an added advantage as they can be used to
encapsulate and control the release of drug molecules within the layers as well as from
the core. Though there are very few reports on the synthesis of clay hollow spheres, to our
knowledge they were not shown any stimuli responsive behavior with respect to chemical
or physical environment.*** Here, we have shown a clay, having the ability to swell at
different pH, wrapped in a polyelectrolyte matrix could reversibly change the size of the

spheres with pH which has been used in a controlled release of small molecules.
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4.3 Materials and Methods:

a. Materials:

Styrene monomers (Aldrich), potassium persulfate-K>S>Og (Merck, India),
poly(diallyldimethylammonium) chloride-PDADMAC (Aldrich, Mw < 200 000) and
poly(styrenesulfonate)-PSS (Aldrich, Mw 70 000), magnesium chloride-MgCl, (Merck,
India), 3-aminopropyltriethoxysilane (Aldrich), ethanol (HPLC grade), tetrahydrofuran,
ethylenediaminetetraacetic acid, calcium chloride-CaCl,.2H,O (Merck, India), sodium

carbonate-Na2COj3 (Ranbaxy, India).

b. Synthesis of polystyrene spheres (PS):

Monodisperse polystyrene spheres (PS) were synthesized as described
elsewhere.*® 3.92 ml of styrene monomer was added to 50 ml water, maintained at 70°C,
followed by slow addition of aqueous solution of K»S>0sg (0.082 g in 3.57 ml water), with
continuous stirring in nitrogen atmosphere. The resulting solution was stirred for 24 h.
Finally, the emulsion was naturally cooled to ambient temperature and filtered to get PS

spheres.

c. Synthesis of clay:

An aminopropyl-functionalized magnesium (organo)phyllosilicate clay was
synthesized*” at room temperature by drop-wise addition of 3-aminopropyltriethoxysilane
(1.3 ml, 5.85 mmol) to an ethanol solution of magnesium chloride (0.84 g, 3.62 mmol in
20 g ethanol). The white slurry obtained after 5 min was stirred overnight and the

precipitate was isolated by centrifugation, washed with ethanol (50 ml) and dried at 40°C.
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d. Fabrication of composite PSL4 and PSL13:

Polyelectrolytes and clay were coated on polystyrene colloids (~680 nm) using
layer by layer method. For PSL4 the four layers were coated in the order PDADMAC
(+ve), PSS (-ve), Clay (-ve) and PSS (-ve) and for PSL13 the 13 layer coating in the order
(PDADMAC/PSS)3-clay-(PSS/PDADMAC);. The concentration of the polyelectrolytes
and clay solutions used was 2 mg/ml. The adsorption of polyelectrolytes was carried out
in 0.5 M NaCl solution for 20 min followed by centrifugation at 13500 rpm for 15 min.
This was followed by three cycles of centrifugation/washing in water. The clay coating

was done in 0.5 M NaCl solution for 1 h followed by washing with water.

e. DLS size and Zeta potential measurements:

The hydrodynamic diameter and the zeta potential measurements at different pH
were carried out using Zetasizer Nano ZS (Malvern Instruments). The temperature for the
measurement was kept at 25°C. The concentration of the samples was 0.03% w/v. The pH

of the solutions was adjusted using 0.5 M aq. HCI/NaOH solutions.

f. Confocal Imaging:

Confocal laser scanning fluorescence microcopy of PSL4 was done on a Zeiss
LSM 510 Meta (Carl Zeiss). The instrument was equipped with 100X oil immersion
objective with numerical aperture of 1.3. Dilute solutions of PSL4 were maintained at the
desired pH using 0.5 M aq. HCI/NaOH solutions. To 100 uL of these solutions, 2ul of
0.1% w/v rhodamine 6G solution was added. Samples were excited using a He-Ne laser,
wavelength 543 nm. For precise size measurements of spheres at different pH,

fluorescence profiling was done along a diametric line. Size of the sphere was calculated
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by taking difference between the intensity minima positions at the two ends of the

diametric line.

8. Adsorption and Release of Ibuprofen/Eosin:

The ibuprofen (or eosin) adsorption and release studies were done by monitoring
photoluminescence (PL) intensity at emission wavelength of 303 nm (or 538 nm)
(Aex=219 nm for ibuprofen and 515 nm for eosin). To load ibuprofen drug, 1.7 mg of
PSL4 was dispersed in 1 ml of aqueous solution containing 63 pg of the drug. This was
allowed to equilibrate for 10 h at pH 6.3 followed by syringe filtration (Puradisc 4,
Whatman). The amount of drug adsorbed at pH 9 was calculated using a calibration plot
(PL intensity Vs drug concentration). This pH was chosen to avoid the experimental error
likely to occur in the measurement of PL intensity due to large fluctuations in dissociation
near the pKa value of the drug/dye. Finally the drug or dye loaded PSL4 (1.7 mg) was
dispersed in MilliQ water (1 ml) at different pH (4, 7, 9) for 1 h and was filtered. Based
on the PL intensity of the filtrate measured at pH 9 the amount of released drug or dye

was calculated.

h. Capsule preparation:

The capsules were prepared from the polyelectrolyte and clay coated CaCOs
spheres by dissolving the template. The CaCOs3 spheres, 3-4 um in size, were synthesized
as described elsewhere.”” These spheres were coated with multiple layers of
polyelectrolytes keeping the clay layer in the middle in the following order,
(PSS/PDADMAC)3-PSS-clay- (PSS/PDADMAC),-PSS. To dissolve the CaCOs3 core of

this polyelectrolyte/clay coated spheres, 10 mg of the sample was added to 1 ml of 0.2 M
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EDTA solution. The solution was stirred for 30 min and then centrifuged at 2000 rpm for
5 min. The solid precipitate was dispersed in MilliQ water and centrifuged. Washing with

water was done thrice.

4.4 Results and Discussion:

Polystyrene spheres (PS) used in this study were synthesized by standard emulsion
polymerization technique.*® The polyelectrolytes used were
poly(diallyldimethylammonium) chloride (PDADMAC) and poly(styrenesulfonate) (PSS)
(Figures 4a and 4b). The aminoclay used in this study is Mg phyllo(organo)silicates
having a structure analogous to 2:1 trioctahedral smectites and was synthesized by a
chemical method.*”*® Its structure consists of a central brucite sheet of octahedrally
coordinated MgO/OH chains sandwiched between tetrahedral organosilicate network
containing covalently linked propylamine pendant groups with an approximate unit cell
composition of RgSigMgeO16(OH)4, where R = -CH,CH>CH>NH; (Figure 4c).*® In water,
the clay layers are positively charged over a wide range of pH due to protonation of
amine groups (Figure 5) (alkylamine pKp ~ 3.4).*> As a result, the electrostatic repulsion
between the protonated clay layers exfoliates the clay and form a transparent dispersion in
water. The extent of protonation of amine groups (and hence the exfoliation) increases
with decrease in pH which, in turn, increases the charge density on the individual clay
layers. The decrease in clay particles size observed in dynamic light scattering (DLS)
with decrease in pH further supports the exfoliation of clay layers due to increased level

of protonation at low pH (Figure 5).

The composite spheres were synthesized by a well established electrostatic layer-

by-layer technique (LbL)>°>* (Scheme 1). This technique usually involves the sequential
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adsorption of polyelectrolytes of opposite charges on a charged planar surface or around

the colloidal spheres. The method has been successfully applied to generate composite

a
e NHz NH;  NH, NH, O silicon
® magnesium
@® oxygen
;\I n @® hydroxyl
HyaC' 'CHy
PDADMAC NH, NH, NH, NH,
I
b _ =
NH, NH, NH, NH
| SO3 |p NH; NHz  NHz NH,
PSS Aminoclay Layer

Figure 4: Molecular structure of a) PDADMAC b) PSS ¢) Aminoclay.
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Figure 5: Basic information about Aminoclay. Plot of zeta potential of clay vs. pH (orange

circles) and hydrodynamic diameter of clay particles vs. pH (olive diamonds).

films from nanoparticles,®® nanotubes and nanowires,®®®" nanoplates,’®>* DNA,®
proteins,®1:2 viruses,®® lipids® etc. This method was further extended to make nano- and

micro-capsules using sacrificial colloidal spheres as templates.®>%” In Scheme 1, we
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describe the experimental protocol to synthesize the stimuli responsive composite of clay
and polyelectrolytes. The as prepared PS spheres were used as cores around which the
polyelectrolytes and clay were sequentially coated. Initially, colloidal PS spheres were
coated with PDADMAC as layer 1 followed by the adsorption of PSS as layer 2. The first
two coatings of charged polyelectrolytes over PS are essential to facilitate the subsequent
adsorption of clay as the third layer. Finally, the clay layer was wrapped with a layer of
negatively charged PSS. The as prepared samples were designated as PSL1, PSL2, PSL3
and PSL4 respectively, depending on the number of layers coated on the PS core. A
control sample, PSL4-NC (PSL4—No Clay), was also synthesized where in, the third layer

of clay was replaced with a layer of PDADMAC.

Polycation ‘/‘y&%@x Polyanion
‘ > § p——>

PDADMAC %’%/
) S

Amino Clay
sheets

(=)

Scheme 1: Scheme to show the making of PSL4 spheres.

The as synthesized PS colloids were in the range of 680 + 40 nm in diameter as
measured by DLS and field emission scanning electron microscopy (FESEM). The

success of the coating of each layer of polyelectrolyte and clay was verified by
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monitoring the changes in the surface charge using zeta potential measurements at pH 7
(Figure 6a). As expected, the zeta potential for PSL1, PSL2, PSL3 and PSL4 varied
between positive and negative values (+40mV to -60 mV at pH 7) depending on the
charge on the polyelectrolyte or the clay on the outer layer. However, in case of PSL3,
increase in the positive charge on the surface was minimal (+10 mV), probably due to the

less charge density on the clay layers compared to the polyelectrolytes at pH 7.

As a next step, we followed the size changes of the spheres brought about by the
coating of polyelectrolytes and clay (Figure 6b). From the DLS data, it is evident that

each layer of coating of polyelectrolyte increased the thickness of the sphere by 100 nm
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Figure 6: Monitoring coatings. a) Zeta potential variation with number of layers on PS. b)
Hydrodynamic diameter of aminoclay, PS, PSL1, PSL2, PSL3, PSL4 and PSL4-NC. c¢) Variation
of hydrodynamic diameter of PSL3 with time. d) Variation of hydrodynamic diameter of PSL4
with time. For ¢), and d) diameter measured at pH 4 (blue squares), pH 7 (red circles), and pH 9

(olive triangles).
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(for PSL1 and PSL2). The size of PSL3 from DLS suggested an increase in the layer
thickness corresponding to the clay coating is around 250 nm. However, the size of PSL3
was found to be unstable over a period of time due to dissociation of clay layers from the
surface of the spheres (Figure 6c¢). In order to stabilize the size of PSL3, it was necessary
to protect the clay layers from getting stripped away completely. Therefore, an additional
layer of negatively charged PSS over the positively charged clay layers was essential to

reduce the stripping of clay. The significant increase in the size-stability of PSL4 is
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Figure 7: FESEM image and statistical sizing using these images. FESEM images of a) PS, c)
PSL4-NC, e) PSL4. Inset in each image shows a magnified single sphere. Statistical sizing of b)
PS, d) PSL4-NC, f) PSL4.
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shown in Figure 6d. Moreover, it is to be mentioned that the thickness of layers obtained
from DLS is from the change in hydrodynamic radius of the PS spheres on coating with
polyelectrolytes and clay layers and can be influenced by the density of charges on the
surface. We have also calculated the size increase due to polyelectrolytes and the clay

layers coating from the FESEM images of the spheres in a dried state.
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Figure 8: Characterization of PSL4. a) High resolution FESEM image of PSL4, b) High

resolution TEM image of PSL4. ¢) High resolution FESEM image of PS. d) EDAX plot of PSL4.
e) XRD pattern of PSL4 (i) and native clay (ii).

The average sizes calculated from FESEM for PS, PSL4 and PSL4-NC spheres
(Figure 7) were found to be 685 nm, 890 nm and 720 nm respectively. From the size
differences between PS and PSL4-NC, it is estimated that the thickness of 4 layers of

polyelectrolyte coating is around 18 nm which is nearly same as the thickness reported
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Figure 9: Breathing behavior of PSL4. a) Size variation, of PSL4 with increasing pH (olive stars)
and with decreasing pH (wine circles), of PSL4-NC (violet pentagons), of PS (blue diamonds).
Cartoon in inset shows the size variation of PSL4, due to swelling/deswelling of clay in the 3rd

layer, with respect to pH. b) Reversible size change, for four cycles.

(~4 nm per layer) in the literature.?>? The thickness due to clay coating comes around 89
nm (measured from the size difference between PS and PSL4 spheres giving the room for
the three polyelectrolyte layer thickness ~14 nm). It suggests that the thickness associated
with the clay coating is roughly equivalent to 64 layers of clay considering the dooi
spacing of 1.4 nm for the aminoclay in the XRD pattern (Figure 8e). The higher
magnification FESEM (Figure 8a) and TEM image of PSL4 (Figure 8b) further shows
increased surface roughness as compared to PS (Figures 8c) due to the presence of the
inorganic clay structure. Energy dispersive X-ray analysis on PSL4 showed the presence

of Mg and Si originating from the clay sheets (Figure 8d). The broad, low-angle peak
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appeared in the powder XRD pattern of PSL4 (Figure 8¢) was due to the reflection from
(001) planes of clay resulting from the turbostatic stacking of the layers. The dynamic
role played by clay layers in PSL4 spheres was studied in its colloidal state using DLS
technique. The high dispersibility (zeta potential -40 mV at pH 7) and the monodispersity

of PSL4 allowed the study of volume changes easier using DLS. DLS technique has been
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Figure 10: Confocal images and fluorescence profiling of PSL4 for size measurement at different

pH. a) pH 4, b) pH 7, ¢) pH9.
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commonly used in the past to study colloidal systems of size less than Sum.%*7! The
hydrodynamic radius of PSL4 was monitored over a wide range of pH from 3 to 12 and
the data is presented in Figure 9a. It can be observed that the size of PSL4 increased
steadily from 1 pm to 1.62 pm as the pH was decreased from 9 to 4. The size change was
reversible over the pH range from 4 to 9. A slight increase in size at pH values beyond 10
was also observed probably due to the repulsive interactions of the alternate PSS layers.
The absence of pH-dependent size oscillation in case of PS and PSL4-NC spheres
highlights the importance of clay in the breathing of PSL4. The oscillation of size of PSL4
was repeatable for several cycles of pH changes between 4 and 9 (Figure 9b) and is
significant that it occurs in a physiologically relevant pH range. The size change was also
observed directly under a confocal microscope with the aid of rhodamine 6G labeled

PSL4 (Figure 10). The sizes of a number of PSL4 spheres were measured (from the
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Figure 11: Statistical sizing at different pH using confocal images. a) PSL4, b) PSL4-NC.
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confocal images of spheres) at pH values 4, 7 and 9 and a plot of histogram is shown in
Figure 11a. The sizes of the PSL4-NC spheres at different pH were also measured for
comparison (Figures 11b). The histogram clearly shows a shift, in the size distribution
maxima for PSL4 (compared to PSL4-NC) towards larger sizes with decreasing pH.
Further, the shift was reversible between pH 4 and 9 (Figure 12), a trend which was

similar to the one observed in DLS measurement.

The unique property of size oscillation of PSL4 is a phenomenon arising out of the
confinement of clay layers (or bundle of layers) in the polyelectrolyte matrix. It is
important to note that the free aminoclay in water is getting exfoliated more and more if

the pH is getting reduced. However, when the clay is confined in a smaller volume the
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Scheme 2: Schematic, showing swelling and de-swelling of aminoclay layers inside the

pHY

polyelectrolyte matrix, which results in size changes of PSL4 with pH.

extent of exfoliation is greatly reduced. Unlike free aminoclay, the clay in PSL4 is
sandwiched between polyelectrolyte layers which physically entrap the clay layers and
prevents their free exfoliation. Rather, it swells with decrease in pH by the inclusion of
water molecules around the protonated amine groups (Scheme 2). Such swelling effects
are observed in the polyelectrolytes only at a very low pH (<2.5) or at a very high pH

(>11.5) and are not stable for a longer period.’>"?

The size-oscillation resulting from the degree of protonation of amino groups
present in the clay is effectively used to demonstrate a pH dependent release of oppositely
charged molecules. In an acidic pH, the clay sheets inside the PSL4 would be positively
charged and can intercalate negatively charged molecules.*® To demonstrate the

application of PSL4 for small molecule delivery, a model drug Ibuprofen (pKa = 4.4)
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which is commonly used in the treatment of arthritis, primary dysmenorrhea, fever etc
was chosen. After an equilibration time of 10 h, at pH 6.3, the amount of ibuprofen
adsorbed per gram of PSL4 was around 3 mg (Figure 13). The release properties of the
drug over PSL4 was monitored for lh at different pH 4, 7 and 9.8 and the results are
given in the bar diagram in Figure 14c. The release behavior of the drug over PSL4-NC
was also studied for comparison. From the Figure 14c, it is clear that nearly 40 % of the
drug was released at pH 7, a slightly higher pH than the drug loading pH, 6.3. As the pH
was increased to 9.8, the release was about 90%. However, at pH 4, the release of the
drug was around 55%, significantly lower than the release at pH 9.8, but still higher than
the release at pH 7. On the other hand, the sample without the clay layer (PSL4-NC) did
not show any appreciable variation over the entire pH range studied. At high pH, the
extent of protonation in aminoclay is low and therefore, the electrostatic interaction
between the negatively charged ibuprofen molecules and the clay layers in PSL4 will be
very much reduced. The repulsion between the negatively charged ibuprofen molecules

combined with the shrinking of spheres contributes to the higher release at pH 9.8. At
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Figure 13: EDAX analysis of hollow spheres/capsules.
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dye, eosin. Cyan bar for PSL4 and purple bar is for PSL4-NC.

neutral pH, the strong electrostatic interaction between the protonated aminoclay and the
negatively charged ibuprofen reduces the release level. As the pH goes below 4.4, the
pKa value of the ibuprofen, the drug molecules are becoming neutral while more number
of amino groups in the clay layers are getting protonated whereas. This again reduces the
electrostatic interaction between the clay layers and the drug molecules and hence
enhances the drug release.”* This release behavior is different from the release of
ibuprofen from the mesoporous materials, where the rate of release was increased with
increase in pH in the first one hour due to increased solubility of the drug molecule.”
However, when the dye, eosin (pKai = 3.25) 7® was used to study the release properties of

PSL4 spheres, it shows a different behavior (Figure 14d). About 70 % of the dye was
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released even at pH 7 which was more or less equal to the amount released at higher pH,
9.8 (~75 %). Reducing the pH of the medium to 4 markedly reduces the release of the
eosin molecules to 27 %, a distinct deviation from the ibuprofen behavior. At pH 4, the
dye molecules are still negatively charged’® which will have strong binding to the highly

protonated clay layer and therefore, reduces the dye release to the observed lower level.
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Figure 15: Capsule preparation. a) Size variation of PSL13 spheres with respect to pH, b)

Capsules prepared from CaL 13 (inset shows a single buckled capsule).

Our efforts to get hollow capsules by dissolving the PS core of PSL4 in
tetrahydrofuran failed due to the disruption of fragile walls of the spheres. Fortification of
the walls by increasing the number of layers to 13 (PSL13) with the clay layer in the
middle (7" layer), still show the reversible volume oscillation with respect to pH (Figure
15a). However, dissolution of polystyrene spheres once again leads to their collapse,
probably due to osmotic swelling as the dissolved PS leaves large polymer fragments
which cannot permeate out through the polyelectrolyte layers.?’ We therefore made
composite spheres similar to PSL13 using CaCOj3 spheres as cores. It was possible to

successfully produce hollow capsules of polyelectrolyte-clay composite by dissolving the
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CaCOs core using ethylenediaminetetraacetic acid (EDTA)’’ (see Experimental section)

(Figure 15b). The absence of Ca in the EDX analysis (Figure 16) confirms the complete
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Figure 16: EDAX analysis of hollow spheres/capsules.

removal of CaCOj leaving the hollow spheres intact due to the presence of inorganic clay
component. This is in contrast to the collapsed spheres usually obtained for
polyelectrolyte capsules. The buckled morphology (shown in the inset of Figure 15b)
templated from a very large calcium carbonate sphere reveals the hollow nature of the

spheres after removal of the template.
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4.5 Conclusions:

In conclusion, we have demonstrated for the first time the utility of organoclays to
form pH responsive spheres. The composites were shown to reversibly expand and shrink
in size by 1.6 times over a wide range of pH (4 to 9) due to the protonation of amino
groups in the clay layers. This unique behavior of composite spheres was used to
demonstrate pH dependent release of negatively charged drug molecule like ibuprofen in
the physiologically relevant pH range i.e. 4.5 to 7.5. It was also shown that the composite
sphere could be successfully used to adsorb eosin quite effectively. The future
development of this material could involve changing the hydrophilicity of the clay layers.
By increasing the length of the alkylamino pendent groups, one can load both
hydrophobic and hydrophilic drug. Furthermore, the hollow capsules prepared after core
dissolution can have special advantage over the existing microcapsules as it can be loaded
with two different kinds of guest molecules, reactants, or drugs for dual delivery

applications.
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Summary:

Metal free catalysts are highly sought after as the metal based catalysts suffer
from severe disadvantages such as high cost, poor durability, and detrimental
environmental effects of their residues. Here, we report, for the first time, on the catalytic
activity of, so called inert, boron nitride materials. Hexagonal boron nitride having high
specific surface areas were synthesized using different methods and characterized. Their
catalytic activity towards propane oxidative dehydrogenation (ODH) reaction was found
to improve with the surface area. The catalytic activity of high surface area BN was found
to be stable up to five hours and could be regenerated by heating in dilute ammonia flow.
Oxidation of surface B-N bonds in oxygen leads to the diminishing catalytic activity,
which on heating in ammonia reduced back to their native form regaining the indigenous
catalytic activity. Metal nanoparticles (Au and Pt) supported boron nitride however, did

not show better performance for propane ODH in comparison to the BN materials.

Manuscript based on this chapter is under preparation.
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5.1 Introduction:

Propene is one of the key commodity chemicals, as it forms a versatile building
block and is the feed stock for a wide range of important monomers, polymers,
intermediates, and chemicals.! This versatility stems from the chemical structure of
propene (Figure 1a).? Propene contains a carbon-carbon double bond which could

undergo addition reactions and an allylic methyl group which could undergo substitution

90 -
. 80
AI Iyl IC _CH3 2 Polypropylene ,’J\.l/ Propylene oxide &
604 60% "
50 Acrylonitrile \//’ & Cumene 6
H 40 10)
04 Oxoalcohols "¢ Acrylic acid HO)J\/
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Figure 1: Propene. a) Structure and b) various industrial propene derivatives. Adapted with

permission from reference 3. Copyright 2014, American Chemical Society.

reactions resulting in a variety of important industrial derivatives (Figure 1b).23
Consequently, the global propene demand has increased at an average annual growth rate
above 6% and is projected to increase significantly in the future (50 million tons in 2011
to 132 million tons in 2025) (Figure 2a).* At present, the main sources of propene are:

steam cracking (of propane, butane, and naphtha), fluid-catalytic-cracking (of gas oil and
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Figure 2: Propene demand and supply. a) Increasing global propene demand (the red line is the
projection for future propene demand) with time, and b) ton of propene per ton of ethene for
various steam cracker feeds. P/E in the ordinate stands for propene/ethene and E/P in the abscissa
stands for ethane/propane. Adapted with permission from reference 1. Copyright 2014, American

Chemical Society.

propane), and catalytic dehydrogenation (of propane).® In the first two methods, the main
product is ethylene, while propene forms as a byproduct in smaller quantities.>® The
fraction of propene in the product increases with increasing molecular weight of the
paraffin (Figure 2b).! However, the advent of shale gas, which mainly consists of
methane and natural gas fadliquids (ethane, propane, and butane), is driving the ethene
industry away from heavier feedstock (like naphtha) towards low cost ethane feedstock

which essentially is putting pressure on the propene market thus making producing
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propene from propane, highly competitive.*® The catalytic dehydrogenation (DH) of
propane’ is the premier technology in use for on purpose propene production.®® But, this
reaction is highly endothermic (CsHs —— CsHe + H2;  AHa0sk = +124 kJ/mol) and
operates at high temperatures.®® Also, the rapid catalyst deactivation due to coke
deposition is a major concern as it requires frequent catalyst regeneration which
significantly adds to the cost of the process.>® Therefore, the present methods of the

propene production are not expected to fulfill its increasing demand in the future.

The catalytic oxidative dehydrogenation (ODH) of propane is a promising
alternative process, for on-purpose propene production, to close the growing gap between
the demand and production of propene.®® The advantages of the propane ODH reaction
are that the reaction is (i) exothermic (CsHs + 1/202 — CsHs + H20; AHa2gsk = -117
kJ/mol), (ii) thermodynamically unrestricted, (iii) operates at much lower temperatures,
and (iv) minimizes coke deposition (due to presence of oxygen in the feed) ensuring long-
term stability of the catalyst.®> There are number of catalysts reported for the propane
ODH reaction, (Figure 3) among them supported vanadium oxides and molybdenum
oxides being the most efficient and selective catalysts.® In spite of extensive scientific
efforts, the maximum propene yields obtained till date are around 30%, which is
insufficient to justify the economic feasibility of the propane ODH method.® This is
mainly due to undesirable parallel (complete oxidation, burning, of propane in oxygen to
give carbon oxides) and consecutive (being more reactive propene burns relatively easily
in oxygen) side reactions which limit the olefin selectivity. Thus, clearly there is an
inherent need to develop catalysts which could minimize unwanted side reactions and

improve the yield and selectivity of propene at higher propane conversions.
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5.2 Scope of the present study:

In this chapter, we have studied the catalytic activity of high surface area layered
hexagonal boron nitride (BN) materials for propane ODH reaction. BN is iso-structural to
graphite with in-plane covalent bonds and a weak van der Waals attractions between the
planes (Figure 4).8! BN materials exhibit unique features such as high thermal
conductivity, excellent mechanical strength, remarkable chemical stability, magnetism,
and electrical conductivity due to which they are frequently used as refractory, electronic,
and lubricant materials.®* Also, BN materials have been demonstrated for their
applications as, multifunctional fillers, ultrathin dielectric separation layers, dielectric and
sensing substrates, highly durable field emission devices, superhydrophobic surfaces for
self-cleaning, drug delivery, etc.8'%® Importantly, these commonly accepted ‘inert’
materials with high chemical and thermal stability and high thermal conductivity, are
being extensively explored as catalyst support, under relatively harsh conditions, as it
could avoid the sintering of the supported catalyst on hot spots.'®2® However, to our
knowledge, the application of high surface area BN materials as a catalyst has not been

reported till date.

Recently, there have been growing interests towards the development of metal
(supported metal/metal oxides-most widely used ones) free -catalysts of high
performance.?3! This is because, the metal-based catalysts often suffer from multiple
competitive disadvantages, including their high cost, low selectivity, poor durability, and
detrimental environmental effects caused by catalyst residues and/or undesirable side-

products.?®3! Carbon nanomaterials such as carbon nanotubes, nanofibers, nanodiamonds,
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Figure 4: Structure of hexagonal boron nitride. Adapted from www.substech.com.

graphene, etc. are studied as ideal candidates for metal-free catalysts.>33 These
nanomaterials were shown to catalyze the ODH reaction of ethylbenzene, butane,
propane, ethane, etc. with their performances nearly comparable to the traditional
catalysts.3*3 However, the poor stability at higher temperature in presence of oxygen
limits their applications in ODH reactions.*** To this end, catalytically active, high
surface area BN is an efficient alternative for ODH reactions. This is the first report
establishing the catalytic behavior of BN at the nanoscale, which is otherwise well known
as an inert material for all the purposes. Further, BN supported metal (Au and Pt)
catalysts were also synthesized and tested for their catalytic activity towards propane

ODH.
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5.3 Materials and Methods:

a. Materials:

Boric acid (H3BOgz), urea (NH2CONH), melamine (C3HeNg), dicyanamide
(C2HaNa), chloroauric acid (HAUCIs), chloroplatinic acid (H2PtCls.6H20), sodium
borohydride (NaBH4) were purchased from Sigma Aldrich. Propane (2%, He balance),
propene (2%, He balance), ethane (2%, He balance), ethene (2%, He balance), butane
(2%, He balance), methane (2%, He balance), oxygen (99.99%), hydrogen (99.99%),
helium (99.99%), nitrogen (99.99%), air (zero grade), ammonia (99.99%), carbon dioxide
(10.1%) gasses were purchased from Chemix, India. All the chemicals and gasses were
used as received from the company. Water and methanol were used as solvents wherever

required.

b. Synthesis of BN:

Hexagonal boron nitride materials with high specific surface area were

synthesized using reported methods.*>**” The detailed procedures are given below:

BN from boric acid and urea®: 0.3 g of boric acid and 7.2 g of urea were
dissolved in 50 ml hot water (~85°C) under constant stirring (Figure 5b). The stirring was
continued till all the solvent got evaporated and the samples were completely dry. This
resulted in a molecular mixture of the precursors which was thoroughly grinded using
mortar and pestle. The dry powder was heated in a tubular furnace (Elite Thermal
Systems Limited, TSH15/50/180-2416cg) at 900°C for 5 hours in the nitrogen flow (~ 20

sccm) (Figure 5a,b). The rate of heating and cooling was maintained at 10°C/min. The
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white boron nitride powder obtained was characterized further. This sample was

designated as BN-u.

BN from boric acid and melamine*®: 5 g of boric acid and 2.5 g of melamine
were dissolved in 100 ml hot water (~85°C) under constant stirring (Figure 5b). The
stirring was continued till all the solvent got evaporated and the samples were completely
dry. This resulted in a molecular level mixing of the precursors which was thoroughly
grinded using mortar and pestle. The dry powder was heated in a tubular furnace (Elite
Thermal Systems Limited, TSH15/50/180-2416cc) at 1000°C for 3 hours in the ammonia
flow (~ 20 sccm) (Figure 5a,b). The rate of heating and cooling was maintained at
10°C/min. The white boron nitride powder obtained was characterized further. This

sample was designated as BN-m.

BN from boric acid and dicyanamide*’: 1 g of boric acid and 3 g of
dicyanamide were dissolved in 100 ml hot water (~85°C) under constant stirring (Figure
5b). The stirring was continued until all the solvent got evaporated and the resulting
mixture was thoroughly grinded using mortar and pestle. The dry powder was heated in a
tubular furnace (Elite Thermal Systems Limited, TSH15/50/180-2416cg) at 1000°C for 3
hours in the ammonia flow (~ 20 sccm) (Figure 5a,b). The rate of heating and cooling was
maintained at 10°C/min. The white boron nitride powder obtained was characterized

further. This sample was designated as BN-d.

¢. Synthesis of BN supported gold and platinum nanoparticles:

BN supported metal nanoparticles were synthesized using wetness incipient

impregnation method.*8*° In a typical procedure, 300 pl of methanol solution of the metal
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a
900°C
H;BO; + Urea =3 Non-porous BN sheets (BN-u)
5 hours, N,
Weight ratio 1:24
1000°C

H;BO; + Melamine =———>  Porous BN microbelts (BN-m)
3 hours, NH;

Weight ratio 2:1

: . 1000°C .
H;BO; + Dicyanamide =3 Porous BN microsponges (BN-d)
Weight ratio 1:3 3hours, NH,
b
Precursors 900°C/1000°C
Room Room
temperature temperature
‘
Solid mixed Furnace
Hot Water precursors

Figure 5: Synthesis of boron nitride. a) Chemical equations for the synthesis and b) schematic

representing a typical synthesis procedure.

precursor (HAuCls, or H2PtCls.6H.0O) was added to 200 mg of BN-d (highest surface area
(1380 m?/g) sample, synthesized from boric acid and dicyanamide) sample. The amount
of metal in the methanol solution of the metal precursors was fixed at 3 wt% and 1 wt%

for gold and platinum respectively. The resulting mixture was dried overnight in a
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desiccator under vacuum. The yellow colored dry powder was reduced in hydrogen
(99.99%) flow for 2 hours at 400°C (heating rate 2°C/min, cooling rate 5°C/min). The
final gold (violet color) and platinum (dark brown color) loaded BN samples were

characterized and tested for their catalytic activity towards propane ODH reaction.

d. Characterization:

Morphologies of the samples were analysed by field emission scanning electron
microscopy, FESEM (FEI NovaNano SEM-600, Netherlands). Transmission electron
microscope, TEM images were acquired with a JEOL JEM 3010 instrument (Japan)
operated with an accelerating voltage of 300 kV. Powder X-ray diffraction (XRD) pattern
were acquired at room temperature with a Bruker-D8 diffractometer employing Cu Ka.
Fourier transform infrared (FTIR) Spectra were acquired on Bruker IFS 66v/S instrument
in the range of 4000-400 cm™. Specific surface area of the samples was measured using
N2 sorption analysis performed at 77K on Autosorb iQ2. BN samples were out gassed at
150°C under vacuum for 24 hours before the N2 sorption study. The thermo gravimetric

analysis (TGA) was carried out on PerkinElmer Pyris 1 TGA.

e. Catalyst testing:

Catalytic activity of all the samples for propane ODH reaction was tested by
fixing 100 mg of the catalyst at the center of a steel tube reactor (of 30 cm length and
6.35 mm inner diameter) with the help of quartz wool on both the sides (Figure 6a). A
mixture of 10 sccm of 2% propane in He and 10 sccm oxygen (99.99%) (CzHs:O2 = 1:50,
total flow rate 20 sccm) was passed, with the help of mass flow controllers (MFC, MKS

systems Singapore), through the reactor at 1 atm (Figure 6b,c). The temperature of the
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Figure 6: Catalyst testing. a) Packing of the catalyst in the reactor, b) schematic showing typical
propane ODH reaction setup used in this study, and c) photograph of the reaction setup. MFC

stands for mass flow controller, GC stands for gas chromatogram, and ID is inner diameter.
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reactor was controlled by heating it inside a tubular furnace (Carbolite, MTF 12/38/250).
The products were analyzed using online gas chromatograms (GC, Agilent 6890N and
7890A) systems fitted with alumina (Rt®-Alumina BOND/Na2S04, 30m x 0.32mm x
5um) and molecular sieve (HP MOLESIEVE, 30m x 0.32mm x 12um) columns. Figure
6¢ shows the entire reaction system. The performance of the catalyst in the propane ODH
reaction was examined on the basis of propane conversion and product selectivities which

are defined in the equations given below.>

Moles of propane remaining

% Conversion _ 1. at temperature T X 100

(attemperature T)

Total moles of propane

[ Moles of propane converted
% Selectivity — _ to producti X100
(ofaproducti) ~

Total moles of propane
L converted

-(% Conversion) X (% Selectivity
% Yield - of product i)

(of a product 1)

100
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5.4 Results and Discussion:

The as synthesized BN samples were named as BN-u, BN-m, and BN-d, based on
the nitrogen source used for their synthesis viz. urea, melamine, and dicyanamide
respectively (Figure 5a). The field emission scanning electron microscopy (FESEM) and

transmission  electron  microscopy (TEM) images reveal the morphology

Figure 6: FESEM and TEM images of BN-u (a and d), BN-m (b and ¢), and BN-d (c and f).

and porosity of the BN samples (Figure 7). FESEM image shows that BN-u forms sheet
like nanostructures which are non-porous in nature as revealed by TEM (Figure 7a,d).
BN-m have belt like morphology (FESEM in figure 7b) which are porous (TEM in figure
7¢). BN-d showed irregular polygon structures in the FESEM image (Figure 7¢) and were

porous (TEM image, Figure 7f). The crystal structures of the BN samples were deduced
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Figure 8: XRD pattern (a) and FTIR spectra (b) of the BN samples.

from the powder X-ray diffraction pattern (XRD) (Figure 8a). The two broad diffraction
peaks corresponding to (002) and (100) planes confirms the hexagonal structure for all
the BN samples. The interplanar d-spacing values are close to that of the turbostatic BN
materials (0.356 nm)®* and are in good agreement with the reported values.***" The
Fourier transform infrared (FTIR) spectra (Figure 8b) of all the as-synthesized samples
showed presence of prominent bands at around 1385 cm™ and 800 cm™ corresponding to
stretching and bending modes of B-N vibrations respectively, characteristic of hexagonal
BN materials.>>®® The broad absorption bands near 3405 cm™ and 3180 cm™ can be
attributed to the stretching vibrations of O-H (from adsorbed water) and N-H (from
surface NH2 groups) bonds respectively.®?*® The very weak band around 925 cm for

BN-u and BN-m samples corresponds to B-N-O bending mode.>?

The specific surface area (SSA) of the various BN samples was determined by

measuring N adsorption-desorption isotherms at 77K (Figure 9). Commercially available
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Figure 9: Nitrogen adsorption-desorption isotherms, at 77K, for different BN samples.

Sample SSA (m?/g)

BN-c 48

BN-u 590
BN-m 930
BN-d 1380

Table 1: Specific surface area for various BN samples calculated using multipoint BET analysis

of the N, adsorption-desorption isotherms of the respective samples.

bulk hexagonal boron nitride (Sigma-Aldrich) was used for comparison and was

designated as BN-c. Both BN-c and BN-u showed type Il isotherm and H3 hysteresis
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loop, typically observed for non-porous/macroporous layered boron nitride materials.>
For BN-m the isotherm could be classified as type | with H4 hysteresis loop, indicating
microporosity and slit-shaped mesopores. The BN-d sample was microporous as the
adsorption-desorption isotherm was type | with no apparent hysteresis. The SSA for all
the BN materials were calculated by carrying out multipoint Brunauer-Emmett-Teller
(BET) analysis in the relevant pressure range* and are listed in table I. The SSA values
increased in the following order BN-c (48 m?/g) < BN-u (590 m?/g) < BN-m (930 m?/g) <

BN-d (1380 m?/g). In the propane ODH reaction one of the reactants is oxygen, so in

= BN-d = BN-m e B N-U

100.: R //-

0 I 2(I)0 I 460 I GCI)O I 860 I 1000
Temperature (°C)

Figure 10: TGA plots for different synthesized boron nitride samples in the oxygen (99.99%

pure) environment.

order to test their thermal stability, the thermogravimetric analysis (TGA) for all the
synthesized BN samples was carried out in the oxygen environment up to 1000°C. As can
be seen in figure 10, all the samples showed similar patterns in TGA. Up to 200°C BN
materials showed weight loss of around 14-17% which could be attributed to desorption

of adsorbed water molecules from the samples.?* Between 200°C to 800°C no change in
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sample weight was observed confirming stability of the samples in this temperature range
in presence of oxygen. From 800°C to 1000°C, however, the weight of the samples

increased by nearly 25-28% probably due to oxidation.
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Figure 11: Control reactions. a) Blank tube and b) tube with packing material i.e. quartz wool.
The total gas flow rate for these reactions was 20 sccm and the ratio of propane and oxygen was

0.02

The catalytic activity of the BN samples towards propane ODH reaction was
tested by passing a mixture of propane and oxygen (in a ratio of 1:50 i.e. 0.02) through a
steel reactor loaded with the catalyst, at different temperatures and analyzing the products
on an online GC system. At first, the control reactions with blank reactor tube and tube
loaded with the packing material (quartz wool) were carried out. As can be seen in figure
11, propane conversion started above 400°C and reached its maximum value (100%)

around 700°C. However, no selectivity for olefins (propene or ethene) was observed and
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Figure 12: Propane oxidative dehydrogenation reactions over various BN catalysts. For every

reaction 100 mg of the catalyst was used, the total gas flow rate was 20 sccm, and the ratio of

propane and oxygen was 0.02.

the only product was carbon dioxide due to complete burning of propane in both the

cases. In the case of BN-c (commercially obtained BN material, with SSA = 48 m?/g)

also, more or less complete conversion of propane to CO2 occurred above 500°C (Figure

12). On the other hand, the BN-u, BN-m, and BN-d showed propane conversion starting

from 400°C and the products observed were propene, ethene, methane, and carbon

dioxide (Figure 12). With increasing temperature, the conversion of propane increases
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and at 525°C all the samples shows above 50% conversion (Figure 12). However the
selectivity to propene decreases with increasing conversion for all the catalyst probably
due to increase in side reactions (cracking, burning of propane and propene, etc.) at high
temperature as supported by the increase in selectivity for both ethene and CO- at higher
temperature (Figure 12). The total olefin selectivity i.e. summation of the propene and
ethene selectivities was found to decrease with increase in temperature for all the BN
materials (Figure 12). Methane was formed only in trace amounts (less than 1%) in all the
BN catalysts. The carbon balance (calculated using the calibration plots for propane,
propene, ethene, methane, and carbon dioxide) for all the reactions in this study was

found to be around 98.8 + 0.8%.
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Figure 13: Conversion of propane and the product (various olefins) yield with respect to

temperature over BN-¢, BN-u, BN-m, and BN-d.
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In figure 13, we plot % vyield of the olefins (propene, ethene) and carbon dioxide
against temperature for each BN sample. The propene yield increased with increasing
temperature and reached a saturation level above certain temperature in all the catalysts
(600°C, 480°C, 510°C, and 525°C for BN-c, BN-u, BN-m, and BN-d respectively).
However, the ethene yield constantly increased with increasing temperature, so did the
CO. vyield. The increase in ethene formation with increase in CO: yield at higher
temperatures suggests that the cracking reactions dominates over dehydrogenation
reactions at high temperatures. In figure 14 we plot propane conversion and the selectivity

for various products with respect to surface area of BN samples. At 525°C BN-c shows
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Figure 14: Conversion and selectivity vs specific surface area of the BN samples at 525°C. The

total olefin selectivity was calculated by adding the selectivity for propene and ethene.

conversion around 30%, which was similar to the value observed for the control reactions
(Figure 11) i.e. blank tube and tube with packing material. On the other hand BN-u, BN-
m, and BN-d show propane conversion above 50% at 525°C indicating the superior

activation of propane by these samples (Figure 14). The propene and ethene selectivity,
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show increasing trend with respect to surface area, whereas the CO> selectivity decreased
with increasing surface area. For BN-d, the highest SSA (1380 m?/g) BN material used in
this study, the propene selectivity observed was around 52% and the total olefin

selectivity was ~71% at a conversion of ~53% at 525°C (Figure 14).
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Figure 15: Effect of propane to oxygen ratio on, a) propane conversion and olefin selectivity,
and b) olefin yield for BN-d catalyst. The amount of catalyst used was 100 mg and the reaction

was carried out at 525°C with a total gas flow rate of 20 sccm.

Figure 15, plot the conversion of propane and the selectivity of products obtained
at 525°C over BN-d sample for different propane to oxygen ratio. With increasing
C3Hs:O2 ratio beyond 0.02, propane conversion sharply decreased, from ~52% to ~10%
for C3Hs:O> ratio of 0.4 (Figure 15). The propene selectivity increased from ~53% (for
0.02 ratio) to ~73% for CsHs:O> ratio of 0.4 (Figure 15). On the other hand, when
C3Hg:O2 ratio was reduced to 0.01, the conversion increased from ~52% to ~62% with a

decrease in selectivity from ~53% to ~36%, Hence, C3Hg:O- ratio of 0.02 appears to be
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optimal for propane ODH reaction over boron nitride catalysts. Though this high amount
of oxygen in the reaction feed is expected to result in less olefin selectivity due to its

burning, evidently it was necessary for the reaction to occur.

We further carried out propane ODH reaction over BN-d catalyst using air as
oxidant (CsHs:02=0.1). At 525°C, the propane conversion was around ~20%, with a total
olefin selectivity of ~85% (Figure 16a). The conversion of propane and selectivity for
olefins varied with temperature, and at around 660°C, it shows ~43% conversion with
total olefin selectivity of ~72% (propene 42% and ethene ~30%). The yield of olefins
increased with temperature, with propene yield being around 20%, ethene yield around

10%, and total olefin yield reaching around 30% at 660°C (Figure 16b).
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Figure 16: Propane oxidative dehydrogenation reaction over BN-d catalyst using air instead of
oxygen. For this reaction 100 mg of the catalyst was used, the total gas flow rate was 20 sccm,

and the ratio of propane and oxygen was 0.1.

We studied the stability of the catalytic activity by carrying out time-on-stream
(TOS) reaction with BN-d sample at 525°C. As it is evident in figure 17 the catalytic
activity was preserved upto 5 hours. After 5 hours, the propane conversion gradually

decreased, while propene selectivity increased at first and then reached a saturation level.
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Figure 17: Time on stream reaction over BN-d catalyst. Conversion/selectivity vs time. For this
reaction 100 mg of the catalyst was used, the total gas flow rate was 20 sccm, and the ratio of

propane and oxygen was 0.02.

The ethene selectivity decreased constantly (Figure 17) and at lower conversion there is
no formation of ethene. After 24 h of TOS reaction the less active BN-d (TOS) catalyst
was characterized thoroughly. At first we carried out the thermogravimetric analysis of
the BN-d (TOS) sample to understand any carbon deposition. The TGA of BN-d (TOS)
was similar to that of BN-d, with nearly 12% weight loss upto 200°C after which the
sample was stable upto 800°C, suggestive of no carbon deposition (Figure 18a). This
observation is in agreement with the high carbon balance (98.8 +0.8%) for the propane
ODH reaction. The XRD pattern of BN-d (TOS) sample showed pure hexagonal phase of
the BN materials (Figure 18b). The TEM image in figure 18c shows that BN-d (TOS)
sample was highly porous. However, the FTIR spectra of BN-d (TOS) showed weak but
significant IR bands corresponding to the B-O and B-N-O stretching/bending modes
(Figure 18d), in addition to the characteristic IR bands of BN-d (Figure 8b), suggesting

oxidation of B-N bonds. The BN-d (TOS) sample was regenerated by heating it in the
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Figure 18: Characterization of BN-d (TOS) sample. a) TGA plot, b) XRD pattern, ¢) TEM
image, and d) FTIR spectra.

ammonia flow at 900°C for 2 hours. Very interestingly, the regenerated boron nitride
sample, BN-d (Reg), showed similar catalytic behavior, in terms of the propane
conversion, olefin selectivity/yield, and stability of the catalytic activity, as the original
BN-d materials (Figure 19). This clearly confirms the complete regeneration of the
catalyst. The FTIR spectrum of BN-d (Reg) was very similar to that of the BN-d sample,
without any B-O and B-N-O stretching/bending modes (Figure 20). This indicates that the
oxidized B-N bonds are reduced back to their native form by heating in ammonia.
Increasing catalytic activity of BN samples with increasing surface area, along with

oxidation of B-N bonds resulting in diminished catalytic activity which returns back after
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Figure 19: Propane oxidative dehydrogenation reaction (a) and time on stream reaction (b) over
BN-d (Reg) catalyst. For these reactions 100 mg of the catalyst was used, the total gas flow rate
was 20 sccm, the ratio of propane and oxygen was 0.02, and the TOS reaction was carried out at

525°C.
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Figure 20: FTIR spectra of BN-d, BN-d (TOS), and BN-d (Reg) samples.
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reducing them, strongly suggests that surface B-N bonds are the active catalytic sites for
propane ODH reaction. However, a thorough experimental and theoretical study is

needed in order to completely understand the mechanism of this reaction.

We also synthesized BN-d supported metal (Au and Pt) nanoparticles and tested
their catalytic performance towards propane ODH reaction. Gold nanoparticles (<5 nm)

were selected as they are well known oxidation catalysts for reactions like carbon
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Figure 21: Characterization of BN-d@Au sample. a) TEM image, b) histogram showing
particles size distribution for gold nanoparticles (measured from TEM images), and c) XRD

pattern.

monoxide oxidation, epoxidation, direct hydrogen peroxide synthesis, etc.’*>® The
platinum nanoparticles on the other hand were selected as they are industrial catalyst for
the propane dehydrogenation reaction.>®-%® The BN-d supported Au and Pt nanoparticles

(BN-d@Au and BN-d@Pt) were synthesized using wetness incipient impregnation
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method.*®*° Figure 21a shows TEM image of Au nanoparticles supported over BN. The
nanoparticles of gold were mostly below 5 nm in size (Figure 21b). The XRD pattern of
BN-d@Au showed broad peaks corresponding to the (111) and (200) planes of cubic
structure of gold in addition to (002) and (100) reflections of the hexagonal BN material
(Figure 21c). The particle size of the BN-d supported platinum nanoparticles was around
1.5 nm (Figure 22a,b). The XRD pattern of BN-d@Pt showed peaks corresponding to
FCC crystal structure of the platinum (Figure 22c). The BN-d@Au catalyst showed
similar catalytic behavior, as BN-d sample, towards propane ODH reaction, however, at
higher temperatures (around 180°C higher). The reaction started above 600°C. The

conversion of propane over BN-d@Au was around 42% and the propene selectivity
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Figure 22: Characterization of BN-d@Pt sample. a) TEM image, b) histogram showing particles

size distribution for gold nanoparticles (measured from TEM images), and ¢) XRD pattern.
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Figure 23: Propane oxidative dehydrogenation reactions over BN-d@Au catalyst. For this

reaction 100 mg of the catalyst was used, the total flow was 20 sccm, and the ratio of propane and

oxygen was 0.02.
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Figure 24: Propane oxidative dehydrogenation reactions over BN-d@Pt catalyst. a) Catalytic
behavior with increasing temperature i.e. conversion/selectivity vs temperature. For this reaction
100 mg of the catalyst was used, the total gas flow rate was 20 sccm, and the ratio of propane and
oxygen was 0.02. b) Catalytic behavior, at 400°C, with increasing propane to oxygen ratio. For

this reaction 100 mg of the catalyst was used, the total gas flow rate was 20 sccm,

observed was about 48% at 680°C. The ethylene selectivity was around 28% at this

temperature (Figure 23). For BN-d@Pt catalyst the ODH reaction for propane started at
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comparatively very low temperature around 200°C and the conversion reached nearly
80% at temperature value of 475°C (Figure 24a). However, the only product observed
was carbon dioxide with no observable unsaturated hydrocarbons, suggesting complete
burning of propane. We have also carried out the reaction with lower proportions of
oxygen. As it can be seen in figure 24b, with increasing propane to oxygen ratio, the
conversion progressively decreased, though no improvement in the olefin selectivity was
observed. Thus, towards propane ODH reaction, BN-d@Au showed similar catalytic
activity as BN-d but at higher temperature, whereas BN-d@Pt showed complete
conversion of propane to CO. with no olefin selectivity, clearly indicating superior

catalytic property of BN-d.
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5.5 Conclusions:

In conclusion, in this chapter we present, for the first time, the catalytic behavior
of a generally received inert material, hexagonal boron nitride, for propane oxidative
dehydrogenation reaction. Catalytic performance of boron nitride materials improved
with increase in their specific surface area or in other worlds, with increase in the edge
and dangling B-N bonds. The catalytic activity of these materials was found to be stable
for nearly 5 hours after which it decreases. However, the activity of the catalyst could be
regained by regenerating the catalyst in ammonia flow at elevated temperature. Oxidation
of the dangling B-N bonds at the edges and in the nanopores was found to be responsible
for the diminished catalytic activity, which reduced back to its original form on heating in
ammonia flow. This suggested that the surface B-N bonds could be the active catalytic
centers for the propane ODH reaction. Incorporating metal (Au and Pt) nanoparticles with
the boron nitride didn’t show any promising improvement in the catalysts activity. The
boron nitride catalysts could prove to be very competent as metal free catalysts and could
be explored for various reactions, such as oxidative dehydrogenation, oxidation,
epoxidation in which oxidation is the major step, over relatively a wide range of reaction

conditions compared to the metal free carbon catalysts.
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