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Chapter 1

Introduction

This introductory chapter consists of literature review of various
works that motivated me work in this specific field. In addition, it
contains a brief outline of the entire work and the theoretical aspects

that helps to explain the findings.



Chapter 1

1. Introduction

1.1. Nanomaterials

The prefixnanocomes from the Greek word fdwarf, and hence nanoscience deals with the
study of atoms, molecules and nanoscale particles. Although, beginning of nanomaterials
(NMs) are unclear. The first nanotechnologists may have been glass workers. They used gold
for making various glazes found on @amt and antique glasses. Later, on 1959, Professor
Richard Feynman raises few questions and possibilities which opened a new door of modern
origin of nanoscience. Nowadays, researchers witness the development and advancement of
the new interdisciplinarycsi ent i fi ¢ fi el dinanoscience. I n
deal with the particles between 1 and 100 nanometres (nm) which is termed as nanomaterials.
NMs have a great influence to interrelate chemistry, physics and biology field to develop a
new fundamental knowledge. The new and significant improvement of various properties of
NMs enriches the field comparing with bulk materials [1]. A bulk material has constant
physical properties irrespective of size but at the remabe, size dependent projpes are
observed. The interesting and unexpected properties of NMs are often observed due to the
large surface area to volume ratio which dominates the contribution made by the small bulk
of the material. In fact, properties of NMs differ enormously wtiensize or morphology
changes ranging from spheres, particle, cube, rod, disc, film and wirg. [RMs
significantly influence optical and magnetic properties, chemical reactivity, electronic
excitation and conductivity depending on their size. Duééa nhovel properties, NMs have
become promising candidate to solve challenges in the field of medicine, energy storage,

catalysis, sensing and information technology 53.
1.2. Metal Oxide Nanomaterials

3d transition metal oxide based NMs play a very irtaot role in interdisciplinary areas due

to their unique physical and chemical properties resulting from the small size and a high
density of corner or edge surface sites. Transition metal oxides like H&D, MnO,, CoO,

NiO and CuOnanostructures havattracted key attention due to their cost effectiveness, high
chemical stability, easysynthesis process, optical, electronic, magnetic, catalytic, and

electrochemical properties [123].
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1.3. Crystal Structures of Different Transition Metal oxides

Atoms ina solid try to organize themselves in such a way that the overall energy becomes
minimize. Such arrangements may be extended over large distances. In a crystal, the smallest
repeating pattern is known as unit cell. A unit cell is the repeat unit thateteage 3D
crystal. Crystal structure is described in terms of the geometry of arrangement of particles in
the unit cell. In general, metallic solids tend to adopt efseked structures in which each
atom has 12 surrounding nearest neighbors. Basedeartingement and stacking of atoms

in the layer, hexagonal close packing (hcp), cubic close packing (ccp) and face centered cubic
(fce) structures can be formed. For example, FeO possesses ccp structure WhienesFe

take place octahedral sites. Ferrfies;0,4) is a mixed oxide having cubic inverse spinel
structure, where the oxide ions are in a face centered ccp array. The divalémngeccupy
octahedral sites whereas the trivalent'Fiens are equally occupying tetrahedral and
octahedral sites. tBer members of ferrite are developed replacing’ Bg other divalent
cations such as My C&** and Nf* etc. The spinel structure is typical for a large number of
metal oxides and sulfides of general stoichiometrypXBwvhere X = O or S. A is usually a
cation of charge 2+ and B a cation of charge 3+ but other combinations are also known.
When the A cations normally occupy eeight of the tetrahedral sites and the B cations
occupy half of the octahedral holes, the stitectis called normal spinel which is represented

as A®B,°"X,. Figure 1.1 demonstrates crystal structure of normal spine}dABwvhere

trivalent B ion and divalent A ion stay in octahedral and tetrahedral sites, respectively.

However, in some spinels,dltoordination geometry of A and B cations are reversed. The A
cations displace half of the B cations from their octahedral sites and the displaced B cations
now enter the vacated tetrahedral sites. This is usually referred to as the inverse spinel

structue which is represented a§®BAB)°"X.
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/@@ —

{ Oxygen

@® B-atoms in
octahedral sites

© A-atoms in
AB,O, spinel tetrahedral sites

Figure 1.1.Crystal structure of ARD,. ( red ball is B', green ball is A" and the blue ball is ©).(©
chemwiki.ucdavis.edu)

Some spinels with inverse structure are the iron (lll) oxide spinels likeGAKéhere A may

be C&*, Ni** or Mn**. During the synthesis of nanostructures (NSs), atoms arrange
themselves in such a way that the growth of crystal along preferred orientation leads to the
formation of different crystal phases and/or different shapes of same crystal structure with
same elmental composition. Besides, NSs synthesis is highly dependent on temperature,

pressure, time, nature and amount of capping agent.

1.4. Magnetic Properties

Some of the transition metal oxides like FeO, MnO, NiO and CoO show antiferromagnetism.
Antiferromagnetism arises when the spins on different nuclei interact cooperatively but in
such a way as to cancel out the magnetic moments. For exampétruatpre of CoO where
several linear C®-Co arrangements exist. In each of this, thé atbital on the Co can
overlap with the @, on oxygen, leading to partial covalency. The oxide ion ef0Cmondhas

a closed shell and so there is anothpy €ectron, which must have opposite spin. This
electron forms a partial bond with the next Co, as a comsee, the dzon this Co pairs

with the 2, electron of opposite spin. The net result is thdjacent Co ionsiave opposed

spins. In this case, spins of electrons interact through the oxide ions and the spins align

antiparallel through super exchangen&ally, in cubic spinel structure, ions on octahedral
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sites interact directly with each other and their spins align parallel and they also interact with

those on tetrahedral sites.

For molecular formula of AR©, (where £* = divalent ions of Fe, Mn, Ni, Co etc.), the’Fe

ions on tetrahedral sites are aligned antiparallel to those on octahedral sites, so that there is no
net magnetization from these ions?*Aons, having unpaired electrons, tend to align their
spins para#l with those of F& on adjacent octahedral sites and hence with those of other
A" jons. This produces a resultant ferromagnetic interaction for ferrites wtérbas
unpaired electrons. Ferromagnetism is actually greatly enhanced paramagnetismahkee to c
alignment of magnetic dipoles in the same direction. Magnetic properties of NMs depend on
size and surface of the NMs which give rise to various special features. The dimensions of
magnetic domains are about-1000 nm which are comparable to the siz&lMs. So if the

crystal size approaches to single domain dimension upon scaling down the particle size of
ferromagnetic material, all the spins get aligned to each other, so the demagnetization
becomes very much difficulSuperparamagnetism of NMs isfam of magnetism which
appears in small ferromagnetic or ferromagnedls. In sufficiently small NMs,
magnetization can randomly flip direction under the influence of temperature. The typical
time between two flips is called tiNgel relaxation timeln the absence of an external
magnetic field, when the time used to measure the magnetization of the NMs is much longer
than the Néel relaxation time, theragnetization appears to be in average zero; they are said
to be in the superparamagnetic state. In this stategexéernal magnetic field is able to

magnetize the NMs, similarly togaramagnet

1.5. Surface Modification of Nanomaterials

Surface modification of NMs is necessary to tune the optical, magnetic and catalytic
properties for different applications in the fietd nanotechnology and biomedical field.
There are different types of surface modification strategy such as chemical functionalization
process, plasma assisted coating and scaling down the size of NMs to improve surface to

volume ratio.

Chemical functionization process is carried out for various purposes. For synthesis of NMs,
different types of surfactants are used. Surfactants molecules bind to the surface of the NMs
and stabilize the nuclei and large NMs against aggregation by a repulsive forcetaBtsfa

also control thegrowth of the NMs in terms of rate and final size or geometric size. NMs can

be functionalized with suitable ligands, so that they can be dispersed either in aqueous
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medium or organic solvent due to hydrophilic and hydrophdigicavor respectively [24

26]. Polar molecules are soluble in agueous medium. Tartrate, malate, citrate, amino acids
and glucoseare soluble in water medium #sey havepermanent dipole moment. Ligands
withiCOOH, 1 ONRH,gaumb are suitable for surfacedification of NMs as they are

able to interact further with macromolecules like DNA, RNA and proteins. This modification

strategy is very helpful for biomedical applications of the NMs.

Nonpolar organic solvents like toluene, hexane and chloroformsask for fabrication of cil
soluble type NMs. The most common organic solvents are oleic acid and oleyamine, which
have a G@g tail with a cisdoublebond in the middle, forming a kink. Such kinks are
extremely necessary for effective stabilization of tHesNluring the synthesis process. Some
amphiphilic ligands like poly (ethylene glycol) (PEG), block copolymers (such as HAMAFA
b-DBAM) make the NMs soluble in a number of solvents with intermediate polarit@327

To change the hydrophobic layer of thgaind over the surface of NMs to hydrophilic layer,
ligand exchange method may be useful also. This process exchanges the hydrophobicity of
the ligand. Ligand for surface functionalization of the NMs may be chosen on the basis of
NMs. Carboxylic acid or hyaxyl groups are suitable candidate for surface functionalization
of metal oxide NMs. Gold nanoparticles (NPs) prefer to bind with thiehctylphosphine
(TOP) or its oxide (TOPO) binds preferentially to the zinc or cadmium quantum dots (QDs)
[34-41]. Ligand molecules bind to the NPs by electrostatic interaction. Nowadays,
researchers are interested to use biodegradable polymers like poly (aspartate), poly
(saccharides), gelatin, starch, poly (acrylic acid), PEG, poly (@ctide) (PLA), chitosan,

and mwly (methylmethacrylate) (PMMAas a ligand for functionalization of magnetic
nanomaterials (MNMs) [4B3]. Inorganic materials show absorption, fluorescence,
phosphorescence properties and high magnetic moment whichbe useful for various
purposes. Caang of NMs with these ligands provides the stability of NMs and improves the
optical properties, catalytic efficiency, bio labeling and bio imaging properties. Some
inorganic materials (silica, Au, metal oxides etc.) help biological ligands in binditigeto
NMs surface. Chemically surface functionalization of MNPs and changing of surfactants
tuned the magnetic and fluorescence properties of MNPs. Surface modification of MNMs
with biocompatible ligand and dye makes modified MNMs suitable for imaging dseggno
drug delivery, biomarker and therapy {64]. Also, MNMs coated with specific antibody
help to target selectively tumor or cancer cells-§8. Another aspect for surface

modification of MNMs is to increassurface to volume ratidVith increasing sdace for the
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same volume, theeactivity increases. Enhanced surface area plays valuable role in various

technological application®.g. catalysis, adsorption, electrochemical performance etc.) [70].

1.6. Ligand Field Theory for Chemically Functionalized Metd lons

According to valence bond theory, covalent bond formation occurs for overlapping of atomic
orbitals (usually hybrid orbitals) of the metal and the ligand. This theory can explain the
coordination number of a complex and hybridization state. Althdhightheory has many
drawbacks; particularly it cannot explain the spectral properties and magnetism of a
compound. To explain the color and magnetic properties of salts of metals, crystal field
theory (CFT) was proposed based on purely electrostatraatien between a metal ion and

the ligands. The electrostatic interaction occurs between the positive nucleus of the metal and
the negatively charged electrons of the ligands. Later modifications of the crystal field theory
are sometimes referred to a® tligand field theory. This theory is now used in a broader
sense which is a combination of CFT and molecular orbital theory. It describes the loss of
degeneracy of metal d orbitals in transition metal complexes. Metal d orbitals split in the

following fashion as shown in the Figure 1.2.

In octahedral field, ligands approach from the direction of axes resulting in destabilization of
the orbitals along the axesxz(sj2 and @), and stabilization of the orbitals lying in between
the axes (4, dy;, dx,). In case of tetrahedral field,y, d, Oy, orbitals are nearer to the
direction of approach of the ligands than tka%yﬂand d?orbitals, so the inverse arrangement

is observed [71].

‘ ~~§ v v v €
' dx,V dxz d)/z [ dxz—yz dzz
) Octahedral Tetrahedral

(a) (b)

Figure 1.2. (a) White and black spheres indicate orientation etaind orbitals in octahedral and
tetrahedral coordination spheres, respectively. (b) Energy splitting of d orbitals in octahedral and

tetrahedral field.
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1.7.Spectrochemical Series

A spectrochemical series of the ligands is written as the increasing orheiraplitting of
the d orbitals () value 6&orfiaelgd venr émngtam
almost samein first t r ansi ti on series in the same o0x
increases by about 30% to 50% on passing from Yheabsition series to the®ransition
series, that i s 3d<4d<5d. @ value also inc

given |l igand, met al ions can be arranged ac
Mn**<Ni?*<Co"<Fe&*<V?'<Fe"*<Cr*<v*'<Co®

I n this spectrochemical series of met al I C
charge of met al ions which results in inci

common ligands according to their increasing ligand field strength is:

Increasing ligand strength a
<F <H,0 <NCS-< NH; <en < NO*< phen < CN- = CO
o only ligands n acceptor ligands

Figure 1.3.Spectrochemical series of various ligands in the increasing order of ligand strength.

In Figure 1.3, ligands arranged on the left end are weak field ligands and form high spin
complexes. On the other hand, ligands lying at the right end aregstrfield ligands and

form low spin complexes. The order of spectrochemical series can also be classified by their
donor and acceptor abilities. Ligands that have occupied p orbitatsdoror ligands. They

have tendency to donatg electrons withthe&l bondi ng el e c éexhilmtingg t o
stronger metaligand interactions and an effective decreasgqdd accept or | i gar
vV a c a*rwith céimparable energy to methbrbitals, can undergé back bondingresulting

in increase ofp Themetalionc an al so be arranged in order
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1.8. Tanabe-Sugano Diagrams

Orgel diagram is suitable for high spin complexes. They show spin allowed transition only. In
general, Orgel diagram is less informative. Tar&hgano diagram is most widely used as
this diagram is suitable for high and low spin complexes. This diagramsshoth spin
allowed and spin forbidden transitionfanab&Sugano diagrams are used in inorganic
chemistry to predict absorption in the UV, visible and IR electromagnetic spectrum of
coordination chemistry. This diagram shows the energy of differergssedtvarious field
strengths including low spin complexes. The state energies and 10 Dq (Dg = Ligand field
splitting parameter) are both expressed in units of the Racah parameter B, denoting
interelectronic repulsion. Since, energies atetted in unitsof B, one Tanab&ugano
diagram may be used for all members of an isoelectronic group. The energy of the ground
state is considered as zero forfadld strength and all energies of all other terms are plotted
with respect to the ground ter@ertain Tanke Sugano diagrams of d, d® and d systems

have a vertical line drawn at a specific Dg/B value, which corresponds with a discontinuity in
the slopes of the excited states' energy levels. This pucker in the lines occurs when the spin
pairing energy (Pis equal to the Dg. Complexes to the left of this line (lower Dg/B values) is
high spin and to the right (higher Dg/B values) are low spin. There is no high spin or low spin
designation for § d® or . For an exampleTanab&Sugano diagram oél* systemis

demonstrated in Figure 1.4.
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3-|-I

°E

EE 3-|-1

i .
D 1 2 3
A/B

Figure 1.4.TanabéSugano diagram af* system.

1.9. Selection Rule

Laporte and spin are two types of selection rule for electronic transitions. In
centrosymmetric environment, an allowed transition must have orbitdifeyent symmetry
with respect to an inversion centre, i.e., geragjed ungeraded) transitions or vice versa

are allowed.g Y g andu Y u are forbidden. Alternatively, allowed transitions for an
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el ect r omh=wl That méaesl Yqp,sY ptransitions are allowed bdtY dorsY

dt ransitions are not. Laporte rule is not
centre of inversion. Laporte rule may be relaxed if the centre of symmetry of octahedral
complex is eliminated by sonmeeans. If the molecule vibrates asymmetrically, the centre of
symmetry will be destroyed. Due to the vibronic coupling, mixing of orbitals results in

electronic transition.

For the spin selection rule, transition is allowed between two energy statds Ivelve the

same spin multiplicity. This means during the electronic transition, the change in the total
number of wunpaired electrons are spin forb
for spin forbidder Bxampte%@‘é ilEg, traimsitian inwpiBing la change

of multiplicity is much weaker tha?Azg\"( 3ng, where multiplicity remains unchangddke

the Laporte rule, spin selection rule also is relaxed in some cases. During tuebgpin

coupling, spin selection rule breaks down

1.10. JahnTeller Effect

Ligand field splitting of the five d orbitals produces degenerate group of five d states. One of
these groups is neither half occupied nor full occupied by electrons.Tédbn theorem

states that any ndimear molealar system in a degenerate electronic state is unstable and
will undergo distortion to remove the degeneracy and to lower the energy. The effect of
Jahri Teller distortion is more prominemthen odd number of electrons occupgg®rbitals

of octahedral cmplexes. This situation arises in complexes with the configuratibftsgh

spin), d’ (low spin) andd® complexes, which are doubly degenerate. Figure 1.5 shows the
changes in Tanab8ugano diagram of M complex due tdJahri Teller distortion [72].In
octahedral complexes of dystem, thesy orbitals point directly at the ligands. So, distortion

of octahedral complexes causes destruction of degeneracy. As a result, large energetic
stabilization occurs. This effect also occurs,yotbital for d* andd? system as they both are

triply degenerate. However, in such cases, the effect is not so prominent because repulsion is
negligible to take ligands further away from thgorbitals. In an octahedral ligand field, no
JahnTeller distortion is expected fat’, o®, & (high spin), lowspin &, &® or d*° electron

configurations; this means that repulsions between different ligands are all the same.
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Figure 1.5.TanabeSugano diagram ford3ions due to JafifTeller effect. (©Aguado et.d&hys. Rev.
B 2007,76, 094417).

1.11. Ligand to Metal and Metal to Ligand Charge Transfer
Bands
Charge transfer transitions are basically movement of electrons from orbitals which have

ligand character to orbitals which have metal character or vice versa. Ligand to raggal ch

transfer (LMCT) is common for both octahedral and tetrahedral complexes. LMCT is most

common for the filled ©Y orbitals of the 1
diagram for octahedral complex is shown in Figure 1.6 where L standigdod. Ligand
procesasneds ©l orbitals. When | igand binds wi

transitions are expected.
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Figure 1.6.Simplified molecular orbital diagram showing charge transfer transitions in an octahedral

complex.

If the metal isin a low oxidation state (electron rich) and the ligand possesselyifayv

empty orbitals then a metal to ligand charge transfer (MLCT) transition may occur. As for

example;CO,CN i gands have vacant UY*
bands. Hence, MLCT transitions
l ight, electrons in the met al

1.12. Catalytic Activity of Nanomaterials

orbitafers whi
are common
orbitals are

Catalysts are essential componentscfegmical synthesis. A catalyst increases the rate of the

reaction and helps to achieve the desired product. Nanocatatgstonsisting of NMs of a
noble metal that is well dispersed onto an oxide support. The usnotatalysts in catalysis
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field is increasing rapidly due to the smaller sizelQD nm) of the NMsThe active metal

atoms are exposed to the surface and thus minimize the specific cost per fit&#sh In

past few decades, the growth of nanocatalysis has increased exponentiallylly;enera

types of catalysis are used for various reaction purposes. One is homogeneous catalysis in
solution and another is heterogeneous catalysis in which the NMs are supported on a
substraté® Homogeneous catalysts are used in the same medium as the reactants. For NMs,
it means a solution or suspension of NMs in the solvent. The dispersed NMs in the solvent
are stabilized by surfactants, ligands, polymelsck copolymers and dendrimers [76].

NMs have a natural tendency to attract each other in the solution medium. Nanocatalysts are
designed in such a way that it can prevent aggregation of the NPs. Otherwise; NMs will
clump together and form a larger pele. To stabilize NMs in the solution medium, generally

long chain molecules are used. Long chain molecules are attached to the surface of the NMs
and stabilize. Sometimes, they can reduce the catalytic activity of the NMs due to the
blocking of surface r@a. Recovery of the catalysis is also a main concern. If NMs are used
for at least 3 or 4 times, it can be beneficial for our ecosystem. The more environmentally
friendly catalysis is heterogeneous catalysis. This catalysis is in the different phaee to th
reactants. The catalyst is usually solid and immobilized on a solid inert matrix.
Heterogeneous catalysts are preferred over homogeneous cdialymise with the former

the reaction productsan be separated and recover easily. NMs are supported ionsvar
substrates like carbon, silica, alumina, titanium dioxide and polymers by chemical methods,
grafting, lithography etc. [886]. Nanoporous materials are manufactured by growing the
solid material around a molecular template. Catalytic activitieslgréapend on their shape

and size of NMsSurface modification of MNMs is a strategic way to make a bridge between
heterogeneous and homogeneous catalysis due to their easy preparation, active surface for
adsorptions or immobilization of metals and ligands and controlled separation by applied
maqetic field the completing the reactiorhe impact on nanocatalysis is graphically shown

in Figure 1.7.Key features of nanocatalysis research are to increase selectivity, activity,
minimize energy consumption and enhance lifetime of catalysts by corgrptire size and
particle characteristics. This can be achieved only by precisely controlling the size, shape,
spatial distribution, surface composition and electronic structure and thermal and chemical
stability of the individual NMs. In can be concluthat nanoatalysts are a crucial part of the
modern chemical industry and are used in a huge number of chemical processes. Researchers
are constantly pushing to improve the performance and lifetime of the new catalysts which

are profitable in chemical mafacturing industries.
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Figure 1.7.Graphical representation of impact of nanocatalysis.

1.13. Surface Functionalization of Nanomaterials

NMs are a new generation of innovative materials, which have advanced applications in
diverse field ofnanotechnology. Mainly, biomedical diagnosis and therapy is innovative and
emerging field which can be traced back through several decades. The proper
functionalization of MNMs has received a great advantage of consideration owing to their
enhanced propeels compared to their base counterparts. Functionalized MNMs rises many
opportunity in the field of biomedical applications. In the realm of multifunctional MNMs,
magnetic metal based system suspended in organic or inorganic liquid has got significant
focus. Also, there are several approaches to construct biocompatible MNMs with desired
functional ligands. Most of the biological functions take place at the molecular level that have
a size range of less than 100 nm. Functionalized MNMs exhibit unique sprizperties

which can be used fobiomedical applications. Size tunability of MNMs frofew
nanometres to tens of nanometeesl functionalizatiorwith biocompatible ligand enable
them to match with the biomacromolecules (DNA, RNA and protein etc.). Thegation of

a ligand to the surface of MNMs is a new tool to recognize antigen and antibody.
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Multifunctional MNMs are fabricated either bghemically with small ligands like proteins,
surfactants, DNA, RNA, antibodies and dyes etc. or by forming nanoitepavith other
functional nanoprobes such as, metal NPBs etc.Colloidal MNMs can be applied igarly
detection, disease diagnosis noninvasive treatment and also in disease prevention. Some
other applicationsnclude:targeting dug delivery to a spécisite with the help of external
magnetic field, facilitate the enhancement of the MRI contrast, gene therapy, hyperthermia,
fluorescence imaging and MRI contrast agent9&}. NMs are solid in nature. Sometimes, it

is difficult to use the NMs for biolgical purposes. The outer surface modification of NMs
with water soluble ligands makes the NMs disperse and stable in the water medium. Further,
depending on the type of applications; DNA, protein, fluorophore, drug and antibody can be
attached to the futional group of ligand [9B7]. Very recently, significant attention has
been given to develop MNMs as sustainable nanocatalyst for specific chemical reactions

having both economic and environmental significance.

1.13.1. Determination of Association Conant (Kgy)

The association constant ) is determined to reaction equilibrium that form do®ne
complex, such as host (fdguest (M) molecular complexation. For the following equilibrium:

O 0 A 00 (1.2)
Where M denotes the concentratiorgagst.

The equilibrium constant for the above equation is,

0 (1.2)

Where, c is the molar concentration of the complex. Since, [M] >> [c], we replacE]M]
with [M].

From the Beet.ambert law, we know

~

1T ¢c— -aa& (1.3)

Where,Uis the molar extinction coefficient.
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Rearranging equation (1.7) and incorporating a correction fagjpthe fg is calculated s

follows:
N — (1.8)

Notice that if there is no change in intensity upon bindiig, equal to one.
Considering the equilibrium for the binding of NHSs to BSA,
0 0O%Yio6"Y&® 0 'OYio Yo (2.9)

The binding constardan be expressed as
0 _— (2.10)

and the dissociation constakty = 1Ky, The equilibrium expression is related to the fraction
of fg

o J— (1.11)
or

— p — (1.12)

1.14. Motivation and Objective of Thesis

The surface functionalization of NMs has attracted an attention because particle surface
chemistry determines their interactions with the drug, DNA, RNA and protein. These
interactions not only play a key role in colloidal stability but also control agggmniicess,
targeting, drug delivery and sensing capabilities. Therefore, long term research has been
focused on the morphology controlled synthesis and functionalization of metal oxides for
advanced physiological properties and technological applicatidagnetic NPs as well as

nano hollow spheres (NHSs) gain enormous attention due to their long range applications
from data storage, energy sector, catalysis to biomedical fieltiq9B

Moreover, outer surface fabricated NPs and NHSs exhibits improved optical, magnetic and
electrical properties compared to their bulk counterparts. In recent years, the performance of
various NPs and NHSs has been improved. MNMs are coated with thiaa, stknia and
polymer etc. In general, all of them are classified within three routes: ligand exchange, ligand
modification and deposition of additional layers. Unfortunately, the coated materials do not

show any fluorescent colours. Some fluorescens digat can be combined with the surface
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of the MNMs, is used for different biological purposes. Application of these probes
including levelling of cells, proteins, diagnosigsherapy andmeasurement of enzyme
activity. Fluorescent nanomaterials with veitga optical properties provide unique
advantages for fluorescence due to their size, composition and surface modification.
Fluorescent MNMs are attractive for bio sensing and bioimaging. For huge applications of
the MNMs in biomedical field, incorporatioof intrinsic fluorescence property to the

magnetic NMs is highly desirable.

To develop new drugs in the active area of medical research, DNA has been targeted
extensively. MNMs can interact with the DNA by electrostatic interaction or intercalation
betwea the base pairs. Similarly, bovine serum albumin (BSA) is a model globular protein to
study the interaction of protein with the NMs. The interaction largely depends on
microenvironment of the system. The interaction study of NMs with the protein or DNA is
very essential for drug development and many other investigations. BSA can interact with

many biological molecules like fatty acids, vitamins, salts and hormones.
The key focus of the thesis is:

V We have synthesized Mng& NPs and NHSs by wet chemicaldasolvothermal

method respectively.

V We have functionalized NPs and NHSs with small organic ligands like disodium
tartrate (T), disodium Dimalate hydrate (M) and trisodium citrate dihydrate (C)
to disperse them in water medium which is an essentialioritéor biomedical

applications.

V We have studied the optical properties of the ligand functionalized NPs and
NHSs. Interestingly functionalized NPs and NHSs show intrinsic multicolour

fluorescence.

V We have explained the origin of multicolour fluorescenufe the ligand

functionalized NPs and NHSs using several spectroscopic techniques.

V We have studied the catalytic efficiency of functionalized nanostructures in
degradation of bilirubin and methylene blue which are biologically and

environmentally harmfulespectively.

V We have studied the interaction of calf thymus DNA with the NPs and the DNA

nuclease activity through systematic study by various spectroscopic tools.
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V  We have studied the interaction of human serum albumin (HSA) with the citrate

functionalizd NPs.

V We have studied the effect of tartrate functionalized NHSs to the BSA by several

spectroscopic techniques.

V We have measured the toxicity of the functionalized NHSs. RAW 264.7 cell line
and Wister rat model were used for vitro and in vivo toxicity analysis

respectively.
1.15. Organization of Thesis

The entire thesis has been divided into seven different chapters. A brief sketch of the chapters

is given below.

Chapter 1 gives a brief introduction about the 3d transition metal oxide dbase
nanostructures, their crystal structures and magnetic properties. Here we have also discussed
the necessity of surface functionalization of NMs for their biomedical application and better
catalytic activity. To explain the multifluorescent color of maaif NMs, we discussed

crystal field theory, ligand field theory, spectrochemical series and T<hwaBno diagram

in this chapter. Moreover, the motivation of the thesis work and the outline is also included

here.

Chapter 2 provides the synthesis procedsrof different NSs, their different characterization

techniques including instrumental details and experimental methods.

Chapter 3 demonstrates the comparative nature of fluorescence intensities due to the
presence ohiydrogyicdrifoxylate grquin the outer surface of the NPs. Here, we
have functionalized Mnk®, NPs with tartrate, malate and citrate. We successfully
explained the reason for getting different fluorescence intensities. Detailed study unveils that
Uhydroxy carboxylate moiety dhe ligands plays key role to generate intrinsic fluorescence
in functionalized MnFgD, NPs through the activation of ligand to metal charge transfer
transitions, associated with ligatdh®*/Fe’* interactions along with -d transition
corresponding to -@rbital energy level spliting of Bé ions on NPs surface. Further,
MnFe,0O4 NPs show a maximum 140.88% increase in coercivity and 97.95% decrease in
magnetization compared to its bare one upon functionalization. The ligands that induce
smallest crystal field splitting of-drbital energy level of transition metal ions are found t

result in strongest ferromagnetic activation of the NPs. Moreover, we noticed that tartrate
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functionalized NPs binds very easily with calf thymus DNA and it cleaves the supercoiled
pBR322 plasmid DNA.

Chapter 4 describes the synthesis of MnBg NPs ly wet chemical method. To disperse
NPs in water medium, surface functionalization has been done with citrate ligand by
cyclomixing. The systematic spectroscopic analysis regardingyisible absorption and
steady state fluorescence emission and excitateweal that the citrate functionalized
MnFe,0O, (C-MnFe,0O4) NPs are capable of emerging multicolor fluorescence starting from
blue, green to red are due to the LMCT and ttansitions. @VnFe,O, NPs also interact

with HSA and show catalytic activity towadmethylene blue, a water contaminant and

bilirubin, a pigment responsible for jaundice.

Chapter 5 exhibits the synthesis of Mng®,; NHSs by solvothermal process. We have
successfully prepared NHSs of diameter of 100 nm. The outer surface modificatibi&sf N
with tartrate ligand makes the nano complex fluorescent. The bright multicolor fluorescence
has been explained on the basis of LMCT and tansitions over the metal ions. The
magnetic measurements through vibrating sample magnetometer demonstrateoitina
temperature superparamagnetic nature of MOF&HSs remains unaltered after surface
modification. We noticed that due to the larger surface area, tartrate functionalizegOylnFe

NHSs are more efficient for waste water treatment.

Chapter 6 unveilsthe interaction of BSA with the tartrate modified MpBg NHSsS using

several spectroscopic techniques which suggest that the interaction occurs by an electrostatic
mechanism. BSA enhances the charge transfer transition from tartrate ligand to the metal ion
along withd-d transition of F& ions on NHSs surfaces at different pH. A very strong salt
bridge formation occurs between the BSA and the surface modified NHSs at pH 10 which is
followed by pH 3 and pH 7. Fluorescence microscopic analysis suggestheh&8SA
significantly enhances the contrast ofMhFe,O, NHSs in UV and blue light excitation
because of extended charge transfer from BSA-MnFe,0O, NHSs. Furthermoren vitro

toxicity analysis using RAW 264.7 cell line amdvivo studies on Wister rat reveales that the
T-MnFe,0O4 NHSs are benign. Furthermore;sMnFe,O, NHSs are also appearing to be an

antimicrobial agent.

Chapter 7 concludes the thesis with an idea about the scope for future work in this direction.
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Experimental Details

In this chapter we have discussed about the different synthesis
procedures of nanomaterials and different techniqtas their

characterization.



Chapter 2

2. Material Synthesis and Characterization Techniques

2.1. Preamble

In this chapter, we described two experimental procedures such as wet chemical and
solvothermal methods to synthesize 3d transition metal oxide based magnetic nanoparticles
(NPs) and nano hollow spheres (NHSSs).

The phase and morphology of the synthesidits and NHSs are studied usingra§
Diffraction (XRD), Field Emission Scanning Electron Microscope (FESEM), Transmission
Electron Microscope (TEM), High Resolution Transmission Electron Microscope (HRTEM),
Energy Dispersive Xay Analysis (EDX) and Selemil Area Electron Diffraction (SAED).
Optical analyses are carried out using -\¥ible spectrophotometer, Fourier transformed
infrared spectrometer (FTIR), fluorescence microscope, steady state and time resolved
fluorometer and circular dichroism (CD) spescopy. The magnetic characterizations are
carried out employing Vibrating Sample Magnetometer (VSM). The melting temperature of
CT-DNA is determined by UWisible spectrophotometer equipped with Peltier controller.

DNA cleavage study is carried out byamose gel electrophoresis.
2.2. Synthesis of Nanomaterials

There are diverse techniques to prepare different nanostructured materials and all of them can
be categorized into two simple groups, (1)-ttgwvn (i.e. bulk to nano) and (2) botteup

(i.e. atomto nano) approaches.
2.2.1. TopDown Approach

Topi down approacinvolves successive fragmentation of a bulk material. This is essentially
the breaking down of a system to gain insight into its compositionakysibms. This
method includes high energy bahilling, etching, electro explosion, sonication etc.
Nanostructuresan be made bytap-down approaclfrom a variety of macrsized particles,

and their actions depend ohemical compositioand the size and/or shape of {harticles

as well as their leemical characteristics. The main disadvantages of this praaess
polydispercity of the final particles, the introduction of many defects (including
contamination by the material used to make the grinding machinery) and imperfection in

surface structuresuch as broad size distribution, undefined shape, impurities, and defects.

Page [34



Chapter 2

2.2.2. Bottomup Approach

Bottom up approach involves to the building up of a material from the bottom: atom by atom,
molecule by molecule or cluster by cluster. The ability to assemble nanoscale functional
building blocks is useful and modular way to design valuable materialspettific physical

and chemical properties. Wet chemical synthesis;assiémbly, molecular fabrication, and
electrodeposition are all examples of bottamtechniques. It is easier and more economical
for forming NSs of smaller geometiyhen it is moremportant to minimize the product cost

and increase component availability, bottapmapproach would be takedowever, there are
some challenges in fabricating complex, robust nanostructured materials using-tgottom

approaches [1].
2.3.Formation of Nanoparticles

Supersaturation refers to the formation of homogeneous nucleation during the uniform
growth of nuclei throughout the parent phase. This condition can be achieved by controlling
the reaction conditions such as solvent, capping agents, teorpeett. The homogeneous
nuclei formation process can be achieved thermodynamically by considering the total free
e n e r &)yof NPspas a sum of surface free energy and bulk free energy. The overall free
ener gy cQ) assogaes with the homogeneougleation process, which is the total
change in free energy between a small solid particle of a solute and the solute in solution. The
excess sur f adsg isfthe exeessesarfaae gnergy bgtween the NPs and the
corresponding bulk material. Exses o | u me f r €5g, is ¢he excessyfree apergy
bet ween a very |l arge particl e arGgandqpGeon sol u
particle size with radiusr) can be observed from Equation 2.1 and also depicted in Figure
2.1[2].

®0O O O i1 T i YO (2.1)

Where,p @ is the free energy change per unit volume aisdthe interfacial tension between

the growing NPs surface and the supersaturated solution.
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Figure 2.1.Freeenergy diagram for nucleation proce®.Kumar et al.Small2006,2 (3), 316329).

A's Ggs always positive angpGi s al ways negati veGforastables po
nucleus having an optimum size (critical radiug, by di f fGwitle redpectatdr i ng
and setting it to zefowhich gives a critical free energy, as shown in Equation 2.2. The
critical radius is defined in Equation 2.3. It is evident from Figure 2.1, that the total excess
free e@ermasseqs t hr o Gg,hcorraspondang to mna onifical gucleus
size,re,

L yir ti YO m wherel i (2.2)
o . (2.3)

From equations (2.1) and (2.Gag, we can obt e
Yo VYO 5 ,Wherel 1 (2.4)

i . e. the minimum energy barrier iGht,anthicha n u ¢

corresponds to the minimum size of a stable spherical nuctgusThis critical radius
corresponds to the minimum size at which a particle can survive in solution without being
redissolved. Crystal structure, size and morphology of the growing particles mainly depend
on the system and reaction parameter. The growhPsfis dependent on two mechanisms:

the surface reaction and the monomer 6s diff
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Different theories have been proposed to explain the nucleation and growth mechanism of
various reactions [3]. Such as, in the LaMer mechanism, thegzrof@ucleation and growth

is divided into three portions. Firstly, a rapid increase in the concentration of free monomers
in solution. Secondly, the monomer under goe
the concentration of free monomers inluson. The rate of nucleation is described as
Afeffectively infinitedo and after this point
of monomers; in third stage growth occurs under the control of the diffusion of the monomers
through solutionOstwald and digestive ripening mechanism say that, growth is caused by
the change in solubility of NPs dependent on their size. According to Ostwald ripening, due

to the high solubility and surface energy of smaller particles within solution, these Inexlisso

and in turn allow the larger particles to grow even more. Digestive ripening, described by Lee

et al., is effectively the inverse of Ostwald ripening, where smaller particles grow at expense
of the larger ones by surface energy controlled processTiH. FinkeWatzky two step
mechanism is a process of nucleation and growth where both steps happen simultaneously
[5]. The first is a slow continuous nucleation, (shown in Equation 2.5) and the sedbed is
autocatalytic surface growth which is not diffusicontrolled, (shown in Equation 2.6).

A Y B
A+ B Y 2B (26)

Shape of the crystallites occurs either in order to minimize the surface energy of the particles
or because of the kinetics thfe growth. If kinetics dominates, the shape is then determined
by the rate at which different crystal faces grow. In thermal equilibrium, crystal shape is

determined by minimization of surface energy.

2.3.1. Wet Chemical Process

Wet chemical is a group &fynthesis method used for producing nano and-disigersed
inorganic powders from aqueous and +a@ueous solutions [6]. This method includesgsal

process, cryochemical synthesis, hydrothermal synthesis, and aerosol spray pyrolykis etc.

main advatage of this process is that smatiesins can be prepared. Moreovdgwer
temperature and shorter duration of phase formation isreqMrad. n |1 y -difp® t metmh o d
is followed to synthesize NPs by chemical reduction of metal salts, electrochemisairtra
through controlled decomposition of different metastable organometallic compounds. This

process is more precise in controlling size and shape of NPs.
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2.3.2. Formation of Metal Oxides by Refluxing Organometallic

Compounds

Figure 2.2.Setup forrefluxing.

Reflux is a technique to prepare chemical products involving the condensation of vapors and
return of this condensate to the system. This process assures the supply of energy in the form
of heat for a period of time. This process is simple awd dost which gives the desired
product precisely controlling reaction parameters. This method is very helpful to prepare
nanoparticles, nanorods, nanowires, nanourchins, and hierarchical nanostructurdss[7].
method one can control the size, morpholagyd crystallinity of the materials by changing
parameters such as the reaction time, concentration of precursors, and the type of solvent
employed in the reaction system. An optimization of order of addition of precursors, the time
of the reflux, and thecooling rate is very essential to obtain the desired phase and
morphology of the nanostructures. In this process, after the initial nucleation, grain growth,
and the phase formation take place simultaneously. Incomplete phase can be formed if the
reactionis stopped early. On the other hand, if teaction time is over, it leads to a larger

grain size and hence bulk crystals will be obtained. Therefore reaction time should be
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optimized for obtaining pure phase nanostructlitee refluxing setup used in olaboratory

is shown in Figure 2.2. MnE®, NPs were prepared by template free wet chemical process
following a previous report with some modification [6] which involves the feghperature
(270 °C) reflux of metal ion salts like Iron (lll) acetylacettné~e(acag) and Manganese

(I1) acetate (Mn(ag) with proper molar ratio. Diphenyl ether was used as an organic solvent
with the capping agents like cetyl alcohol (GgH3:0H), oleylamine
(CH3(CH,)7;CH=CH(CH,)sNH>), and oleic acid (Ck(CH,);CH=CH(CH,);COOH).

2.3.3. Solvothermal Method

Solvothermal method is used for preparing a variety of materials such as metals,
semiconductors, ceramics and polymers. In this method solvent is used under moderate to
high pressure (typically between 1 atm and 10,000 atmd temperature (typically between

100 °C and 1000 °C) that facilitates the interaction of precursors during synthesis. If water is
used as a solvent instead of organic solvents, the method is called hydrothermal synthesis.
This synthetic strategy is imptant for the preparation of nano hollow spheres (NHSs) in
nornraqueous medium by controlling pressure, temperature, capping agent, chemical
composition and reaction time. Different nepolar solvents like benzene, ethylene glycol,
ethylenediamine are useunder high pressure and temperaturemperature above the
normalboiling point of solvent is generally maintained during the reacfiosealed reaction

vessel is used for theeaction and within the vessel pressure is increased dramatically with
temperature. Otheexperimental factors such as the percentage fill of the vessel, any
dissolved salts, and cappiagents are alsmnportant.As for example, the viscosity of water
decreases with increasing temperature under ambient conditions. Thewidest that the
mobility of dissolved ions and molecules in the solvent is higher under solvothermal
conditions than the ambient temperature and pressure. Similarly, the dielectric constants of
solvents are considerably reduced above the critical peeasr temperature. This can have

major implications on the solubility of solid components under reaction conditions.

In this method, precursors are dissolved in the solvent under the stirring condition or
sonication and the homogenous solution is trarsflemto the teflon lined stainless steel
autoclave chamber. Figure 2.3 shows the schematic diagram of an autoclave and a teflon
chamber which is used for solvothermal synthesis [8]. The autoclave is sealed and heated to a
desired temperature for severalum When the reaction is over, the system is allowed to
cool down to the room temperature. The sample is washed with water and alcohols to
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removeimpuritiesand then dried into inert atmosphere to obtain final product. Various
nanostructures like nanopiates, wires, hollow spheres, and spindles are prepared by this
method [8]. The main advantage of this method is that almost any material can be dissolved
in the solvent by increasing the temperature and pressure to its critical point, isolation of

metasthle phases not seen at high temperature and the control of crystal form makes this

method suitable for synthesis.

Teflon lid
Stainless steel lid

Teflon liner

Precursor solution

Stainless steel autoclave

Figure 2.3.Schematic diagram of an autoclave and a teflon chamber used in solvothermal synthesis.
(© R. I. Walton, Chem. Soc. Re¥®1, 230(2002)).

We have synthesized Mnk&, nano hollow spheres (NHSs) by solvothermal route where
0.30 g of MnCJ.6H,0 and 0.80 g of FegbH,O were mixed together into a 30 ml solvent
mixture of ethylene glycol and ethanol in 2:1 ratio and after that we have added 0.53 g of
urea as base and 3 ml of oleylamine as capping agent in the miktermixture was stirred

for about 10 min to form hongeneous slurry. Then the suspension was transferred into a 50

ml teflon lined autoclave and heated at 200 °C for 24 h.
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2.3.4.Functionalization Procedure of Nanostructures

(a) OH
COO-Na*
*Na-OOC
OH
(b) COO-Na*
*Na-OOC
OH
(©) COONa*
*Na-00C COONa*
OH

Figure 2.4.Chemical structures of a (a) tartrate (b) malate and (c) citrakecules respectively.

As-prepared nanostructures were cyclomixed with small hydrophilic organic ligands like
tartrate, malate and citrate. 0.5 M solution of different ligands was prepared rQ\Miditer

at pH ~ 7. Figure 2.4 shows the structure oféet malate and citrate. The nonfunctionalized

| arger nanostructures were filtered out Wi
obtained filtrate was tartrate, malate, and citrate functionalized nanostructures- i.e. T
MnFe04, M-MnFe04 and GCMnFe,O, respectively. Sometimes, to amplify the optical
response, pH of the solution increases to ~ 12 by drop wise addition of NaOH. Further the
solutions were heated at about 65 °C for several hours depending on the requirement. Heating
at higher pH turndhe color of the solution darker and showed intense fluorescence under UV
light irradiation. For FTIR and magnetic measurement (VSM), powered sample was prepared
by dialysis and lyophilization of the functionalized nanostructures solution (to remove excess

ligands) followed by drying over a water bath.
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2.4.Phase and Morphology Characterization Techniques

2.4.1.X-ray Diffraction (XRD)

X-ray diffraction (XRD) is an analytical technique used for phase identification of a

crystalline material and can proviggormation on unit cell dimensions.

This method is based on constructive interference of monochromasigsxand a crystalline
sample. These -Xays are generated by a cathodg tube, filtered to produce monochromatic

radiation and directed toward teample.

Now, measuring the intensity and angle of the diffracted beams, a three dimensional idea of
the density of electrons within the specified crystal can be understood. The density of
electrons varies due to the random orientation of the electrdhe material. Considering all
possible diffraction directions of the lattice, mean position of the atoms can be determined.

According to Figure 2.5, monochromatic beam cfa¥s collimated and directed onto a
sample. The interaction of incident rays wille sample produces constructive interference

when the sample satisfies Braggbés Law (Eque
€ _ ¢Qi Q¢ R.7)

Where,n is a positive integer-is the wavelength of the incident wawkis the interplanar

spacing andfis the diffractionangle.

The angles and intensities of the diffracted beams are recorded electronically using a detector,

resulting in intensity vs.@®plot for a specific sample.

The grain size (D) of particle of crystal can be calculated by using Betlyerrer equation
(Equation 2.8)

]

(2.8)

where,b is the full width at the half maximum intensity of the diffraction peak at a diffraction

angle of 2. XRD patterns of our samples were recorded by Rigaku miniflex Il diffractometer
equipped with CIKU( & 1.54 A) radiation (at 40 mA and 40 kV) applying a scanning rate

of 0.02° &% in the 2 range from 20° to 80°.
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Figure 2.5.Schematic diagram of-¥ay diffractometer.

2.4.2. Electron Microscopes

In electron microscope, electron is used to inthgeobjects. Advantage of using electrons is
that their wavelength can be tuned to a very small value, just by changing their energies so
that the resolution can be increased. There are two types of electron microscopes i.e.
Scanning Electron MicroscopeHSI) and Transmission Electron Microscope (TEM) which

we have used to analyze our samples as described below:

2.4.2.1. Scanning Electron Microscope (SEM)

In a SEM, backscattered electrons or secondary electrons are detected. The electron beam can
be focusedo a very small portion using electrostatic lenses [9]. The fine beam is scanned on
the surface of the sample using a scan generator and back scattered electrons are collected by
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a detector. Signal from the scan generator along with detector from theorelecllector
generates the image of sample surface. To avoid the oxidation, contamination of filament,
and collisions between air molecules and electrons; filament and sample is kept in a vacuum
chamber. Surface morphology, topology, and compositionbeaabtained from SEM. For
imaging, 2 to 50 kV of voltage is used in this microscdpe interactions between electrons

and ions in solids results into back scattering of electrons (BSEs), production of secondary
electrons (SEs), Xays, Auger electrons,isible light, and cathadoluminescence etc.
depending upon the energy of electrons, type, and thickness of sarafastic events occur

when an incident beam electrons interact with the electric field of sample atom electrons,
resulting transfer of enerdgading to potential expulsion of an electron from that atom as a
SE. SEs by definition are less than 50 eV. If the vacancy due to the formation of a SE is filled
from a higher level orbital, an-Kay characteristic of that energy transition is produced.
Elastic events occur when a beam electron interacts with the electric field of the nucleus of a
specimen atom, resulting in change of direction of electrons without altering energy of the
electronsignificantly (< 1eV). Among thelastically scattered eleons which are deflected
backward are called BSE. BSEs have energy in between 50 eV to the energy of incident
beam. Generally, the image displayed by a SEM is a mapping of the varying intensity of the
signal produced by the SEs into the image in a pos@wresponding to the exact position of

the beam on the specimen. Whereas the characteristaysXare used to obtain the
composition of sample using a technique known as Energy Dispersive Analysisagé X
(EDX). Morphology of our samples was tested fgld emission scanning electron
microscope (FESEM, FEI QUANTA FE@50) operating at-20 kV.
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Figure 2.6.A typical sketch of a scanning electron microscope.
2.4.2.2. Transmission Electron Microscope (TEM)

TEM is suitable for investigating NSs due the very high resolution of this instrument.
Electrons of very high energy (typically50 keV) are transmitted through the specimen and

a series of magnetic lenses. Interaction of electrons mvétter is illustrated in Figur@.7.

The transmission ofinscattered electrons is inversely proportional to the specimen thickness.
The thick area of the specimen will have fewer transmitted unscattered electrons and will
appear darker. On the other hand, the thinner areas will have more transmitted and thus wil
appear lighter. This mode of operation to grow contrast in image is known as bright field

imaging mode.

TEM has the advantage that one can not only obtain the images of the specimen but
diffraction patterns also. Diffraction pattern helps to analyzaildelt crystal structure of the

sample.

El ectron beam undergoes Bragg scattering
2.7). All incident electrons enter the specimen perpendicularly with the same energy to its
surface. Now, the scattered electrbiysthe same set of parallel planes can be collected using

magnetic lenses to form a pattern of spots. Each spot is corresponding to a specific atomic
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spacing or crystalline plane. This pattern bears information about the orientation, atomic

arrangements,na phases present in the area being examined.

Electron source

!

|

<] —l_‘_".‘.> Condensor lens
|

1

C 3 Sample

C__'l_"_'.b Objective lens

I
i Back focal plane of

objective lens

Movable screen
Image

Figure 2.7.Schematic diagram of a transmission electron microscope.

In case of high resolution TEM (HRTEM) mode, we can achieve a resolution around 0.2 nm
which is very efficient in observing the latticanges of the specimen. When the electron
beam is transmitted through the thin section, a number of transmitted electrons, elastically
and inelastically scattered (ene#iggs) electrons, SEs, BSEs, auger electrons, ainayX
photons produce. TEMased elemntal analysis techniques useray photons in EDX and
inelastically scatt erled s 6l edtercamsone-loss h heel

spectroscopy (EELS) and Energy filtered transmission electron microscopy (EFTEM).

In case of TEM, samples areegpared by drop casting NSs in ethanol or water orn3€§h
carbon coated copper grid and dried overnight in air. Particle size was calculated from TEM
micrographs and elemental analysis was carried out from EDX spectrum recorded by a FEI
Tecnai TF20 field-emission high resolution transmission electron microscope operating at
200 kV.
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2.5. Magnetic Characterization Techniques

Vibration unit

Detection coils

Sample

-

55777

Figure 2.8.Schematic diagram of VSM.

Vibrating Sample Magnetometer (VSM) is a technique to determine magnetization of a
sample inpresence of magnetic field. VSM is based on the principle that an oscillatory
magnetic field is created by vibrating a magnetic sample. A uniform magnetic field is applied
to the sample to induce magnetization in the sample. The induced changes in teécmagn
field are detected by a search coil. Although applied magnetic field is quite large, but it is not
detected by search coil. Generally the constant magnetic field is not really constant but
slowly varying magnetic field as compared to vibrating fieldzj. Figure 2.8 shows the
schematic diagram of a typical VSM. In most of the instrument, a large electromagnet with 0
to 2.5 tesla field is used. For the magnetieasurement of our sample, a Lake Shore VSM
equipped with arelectromagnet, capable of gerterg field of up to 1.6 T at 300 K was
used.
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2.6. Optical Characterization Techniques

2.6.1. U\visible Absorption Spectrometer

. / l

Exit slit Detector

Dispersion device

Entrance slit

Source !I

Figure 2.9.Schematic diagram of a UWMsible absorption spectrometer.

Absorptions in the UWis absorption spectrometare associated with electronic transitions
from the ground level to an excited state. This technique is often used to calculate the

concentration of an absorbing species in solution using Beabert law:
6 11 COro -aa (2.9)

Where,A is the absorbance of the samglgis the intensity of the incident light at a given
wavelength] is that for the transmitted lightjs the path length of light covered through the
sample,c is the concentration of the absorbing species, ldisdthe molar absorptivity or

molar extinction coefficient that is characteristics of a particular absorber and constant at a
particular wavelength. The schematic diagram of the-Vi$ible spectrometer is
demonstrated in Figure 2.9. UXsible absorbance spectod our samples were obtained
from a Shimadzu Model UA2600 spectrophotometer using a quartz cuvetté om path
length. We have studiecatalytic and photocatalytic activities of our samples by using UV
visible spectrophotometer.
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transition region as compared to during the transition region itself (region of large absorption

c h an ga ) ¢arddexpressed as follows, where T represents temperature.

- ®  ®"Y (2.13)

- ® 0y  (2.14)

The temperature becomegWhen U = 1/2, and t hi sy(melsngwh at
temperature) from the melting curve. The baseline is determined with respect to-the pre
transition region and pos$tansition region. Next, the median of the 2 baselines is drawn, and

the temperature ¢J) at which this line intersects with the hngg curve is obtained.

Figure 2.10.Temperature controlled cell holder.

2.6.2. Fluorescence Spectroscopy

Fluorescence spectroscopy is a widely used scientific tool in biophysics, biochemistry and in
material science as in last few years several applications based on fluorescence have

been developed.
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In this instrument, a specimen is excited with a particular wavelength of light. Absorbing the
light, the excited photons of particular energy emit with different energies. Quantum
mechanically, thisan be described as excitation of an electron to a higher energy state by
absorbing photons and then return to a lower energy state with the emission of photons. The
period between absorption and emission is very short, in the order of 10 nanoseconds.
Schematic diagram of the fluorescence spectrometer is shown in Figure 2.11. Steady state
fluorescence emission and excitation spectra of different samples were recorded on Horiba

Jobin Yvon Model Fluorolog fluorometer.

Emission

|
' |
: ' :
| | Excitation \
|
' I
|

Monochromator

light
source

Figure 2.11.Schematic diagram gfhotoluminescence spectrometer.
2.6.3. Fluorescence Microscope

A fluorescence microscope is similar to the conventional light microscope with added
features to enhance its capabilities whtu®rescence can be used as a label or tag when
preparing specifi biological probes. The fluorescence microscope uses visible light with very
high intensity light source (Xenon or Mercury dlischarge lamp) to illuminate
fluorochromes in a sample of interest. Fluorochromes in turn emit a lower energy light of a
longerwavelength that produces the magnified image instead of the original light source. In
fluorescence microscope, several light filtering components are used. Specific filters are used

to isolate the excitation and emission wavelengths of a fluorochronse, thie microscope

Page |51



Chapter 2

has a filter that only lets through radiation with the specific wavelength that matches the
fluorescing material. A dichroic beam splitter (partial mirror) isolates the emitted light from
the excitation wavelength by reflecting shorteawelengths of light and allowing longer
wavelengths to pass. To become detectable (visible to the human eye) the fluorescence
emitted from the sample is separated from the much brighter excitation light in a second filter
(Figure 2.12). This works becausige emitted light is of lower energy and has a longer
wavelength than the light that is used for illumination. Most of the fluorescence microscopes
used in biology. Fluorescence micrographs of NPs were captured using an Olympus BX61

fluorescence microscomanploying UV, blue, and green filters.

8 €——— Detector

1

| | €=——————Emission filter

Dichroic mirror )é = *
o \Light source

Excitation filter

€—— Objective

Sample

Figure 2.12.Schematic diagram of a fluorescence microscope.
2.6.4.Time Correlated Single Photon Counting (TCSPC)

Timeresolved fluorescence spectra were recorded using a commercially available

spectrophotometeflifeSpecps) from Edinburgh Instruments, UK. For the 320 nm laser
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source, the instrument response function (IRF) was 90 ps. The data were fitted using Igor Pro
6.34A data analysis softwaréhe emitted light from sample was collected at a right angle to
the direction of the excitation beam maintaining magic apglarization (54.7°) with a band

pass of 2 nm. All the optical studies were performed at room temperature (298 K). The
schematic block diagram of a TCSPC system is showrignre 2.13.The LED £nds an
excitation pulse to the sample and at the same time sends an electrical start sigrtahts the
to-amplitudeconverter (TAC) which is responsible for anatogdigital conversion (ADC)

of the final signal. Now the sample absorbs the excitatiosepahd after a short period of

time reemit photons in the direction of the detectdihese photons pass through a
monochromator and detected by a photomultiplier tube (PMT). In short, a photon of light
generates a free electron inside of the PMT. Thereleds then multiplied to become many
electrons which are received at the TAC/ADC as the stop signal for the experithent.
TAC/ADC, which is essentially just a highly accurate stggich, begins building a voltage
when it receives the start signal amaps building the voltage when it receives the stop signal
from the PMT. The voltage built during the absorptioremassion and detection processes

is the correlated to a time and plotted as one count (one photon) at the correlated time that is
recordedby the TAC/ADC. Based on the repetition rate (up to 1 MHz), this photon counting

is repeated many times per second generating a plot of the number of photons counted at each

time interval.
Pulsed source \j\" \j\' Sample
Start signal ;
Monochromator
TAC/ADC

Z i

=

2 Stop signal

@]
PMT

Time (ns)

Figure 2.13.Schematic block diagram of a TCSPC system.
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2.6.5.Fourier Transformed Infrared Spectroscopy (FTIR)

Fixed mirror

IR source ] " "

Beamsplitter — e e

Movable mirror

C—— —— Sample

4

Detector

Figure 2.14. Schematic sketch of the essential features of a Fourier transform infrared (FTIR)

spectrometer.

FTIR is a powerful tool to identify functional groups and chemical bonds within a molecule,

is acalled molecular fingerprint. When the frequency of a polar vibrational mode of a bond
matches with the incident IR frequency then due to absorbance of IR, FTIR signal is
obtained. Additionally, the peaks get shifted or broadened due to interaction ebriahct
groups with solvent molecules or NSs surface. Figure 2.14 shows the basic components of
FTIR instrument and schematically show how to generate the spectroscopic information.
Radiation from a polychromatic source collides into a beam splitter andidedl into two

beams: one of them is reflected to a fixed mirror while the other is reflected to a moving
mirror (the exact position of this movable mirror is measured with alaser on the internal
compartment of the instrument). After being refleca&dach mirror, the beam recombines,

producing constructive or destructive interference depending on the separation distance
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between the movable mirror and the static mirror. This process produces again two beams:
one returning back to the source of powed the other that goes towards the sample and is
measured by the detector. This information accumulates as an interferogram in the memory
of the computer. Due to the speed (usually less than 1 s) anédughacy throughout the
process, hundreds or theands of interferograms can be accumulated, and then added and
converted through a Fourier transform in a conventional transmittance (or absorbance)
spectra against wavenumbers. A JASCO F&ERO0 spectrometer was used to carry out
FTIR studies. For the FRI measurements, powdered samples were mixed with KBr powder
and pelletized. The background correction was made using a reference pure KBr pellet before

every measurement.
2.6.6. Circular Dichroism (CD) Spectroscopy

CD is observed when refraction indicesagel as absorption coefficients are different for left

and right circularly polarized light. Figure 2.15 shows the schematic diagram of a CD
spectroscopy where CD is measured by passing left circularly polarized light (LCPL) and
right circularly polarizedight (RCPL) consecutively through the sample and subtracting the
observed intensities. The difference in left and rigblarized absorbance is usually in the
range of 0.0001, corresponding to an ellipticity of approximately 0.01°. CD is a very
sensitivemethod to study molecular conformation, in particular for analyzing secondary
structures of protein and nucleic acids in solution. Because different conformations have their
characteristic CD spectra, the CD spectrum of a protein gives quantitative atitorrabout

each kind of secondary structure. Moreover, CD is suited to a study of the rate of structural
changes and it can probe interactions such as piligaimd, proteirprotein or protein

nucleic acid.

e = | | I | | S0 ot | o, s | 010, o [

RCPL LCPL | RCPL LCPL | RCPL LCPL

_ )

Light —
ight source T CD active medium

Monochromator and
linear polarizer

Linear polarized light

Figure 2.15.Schematic diagram of a CD spexdcopy.
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2.7. Catalysis

Bilirubin (BR) is a yelloworange breakdown product of normal heme catabolism in
mammalian systems [10]. We have chosen this harmful pigment for catalytic study. Chemical
structure of BR (GsH3sN4Os) is demonstrated in Figure 2.1Both antioxidant and toxic
properties have been attributed to BR, which is normally conjugated with glucuronic acid and
then excreted in the bile. However, when its conjugation with glucuronic acid is inhibited, as
in neonatal jaundice and in hereditarynmis of congenital jaundice, excess BR bind and
deposit to various tissues, giving rise to severe hyperbilirubinemia and neurotoxicity. During
the study of catalysis, aqueous NSs solution were added in the aqueous solution of BR kept in
a quartz cuvette ithe dark maintaining the pH of the solution ~ 7, with stirring condition.
After few minutes, wemeasured absorbance of BR in the reaction mixture in an interval of

time by the UVvisible spectrophotometer.

HOOC COOH

Figure 2.16.Chemical structure of bilirubin.

2.7.1. Photocatalysis

Figure 2.17.Chemical structure of methylene blue.
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Methylene blue (MB) (@&H1sCIN3S) is a heterocyclic aromatic chemical compound which is
used in different fields. It is an odorless, dark green powder which yields a blue solution
when dissolved in water. It is also a water contaminant. So, we have chosen MB for
photocatalytic degradatn study [11]. Its structure is given in Figure 2.17. When MB is
dissolved in water, three absorption peaks are observed at 246, 291 and 663 nm. The
maximum absorptionagay at 663 nm was used for analyzing of decolorization of MB dye.
During the study ofphotocatalysis, we useah 8 W UV lamp as UV light and a 100 W
incandescent light bulb as visible light source from Philips. Aqueous solution of MB and
agueous NSs solution were homogeneously mixed for 1 h in a quartz cuvette in the dark
maintaining the Bl of the solution 3. Then the cuvette was kep2-em apart from the light
source and the absorbance of MB in teaction mixture was recorded time to time by the

UV-visible spectrophotometer.
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Chapter 3

Surface Functionalization of MnFeQO,
Nanoparticles with Three Different Ligands
for Comparative Fluorescence Study and
DNA Nuclease Activity

In this chapter we haveexplained why the tartrate ligand
functionalized MnFgD, nanoparticles show highest fluorescence
intensity but lowest saturation magnetization comparing with malate
and citrate ligand functionalized Mnj&#, nanoparticles. Besides, we
have noticed that tagte functionalized MnFE©®, nanoparticles bind
calf thymus DNA by intercalative mode and cleave pBR322 plasmis
DNA.



Chapter 3

3. Desi gn and Dev el olpadneayn t
Carboxylate Group Modified MnFe,O, Nanoparticle:
Comparative Fluorescence Study, Magnetism and DNA

Nuclease Activity

3.1. Preamble

3d-Transition metal oxide based magnetic nanoparticles (MNPs) have gained tremendous
research interest due to their several applications in different grdieidg ranging from
magnetic resonance imaging (MRI) [1], AC magnetic field assisted hyperthermia [2],
targeted drug and gene delivery [3,4], biosensor for clinical diagnosis [5], cell labeling and
tracking [6], and tissue engineering [7] owing to theiique characteristics, including
efficient contrast effect, biocompatibility, chemical stability, fioricity, inexpensive and
simple preparation method, versatile surface capability, and controlled manipulation under
external magnetic field. Among themrmvierse spinel type ferromagnetic manganese ferrite
(MnFeQ,4) nanoparticles (NPs) have attracted enormous concern because of their highest
saturation magnetization which strengthens their activity as magnetic probes. Further, the size
tunability of MnFeO4 NPs from a few to tens of nanometres helps to enhance their effective
interaction with differentbiological entities having similar size dimension. However, the
agglomerative nature and insolubility of MNPs restrict their biomedical application which
can ke easily overcome through proper surface coating or functionalizaitbnnontoxic

and biocompatible ligand.

Properly functionalized MNPs can provide highly weateluble and weltispersed MNPs

which can facilitate their penetration through cell ansusbarriers and offer orgapecific
therapeutic and diagnostic modalities [8]. Pal and her research group have developed
MnFeO, NPs as a biocompatible novel multifunctional biological probe through their
surface functionalization with small organic tate ligand. The tartrate modified MR

NPs are found to exhibit simultaneously superparamagnetism as well as intrinsic bright
multicolour fluorescence covering from cyan, green to red in addition to water solubility
which improves the efficiency of MNPs for their application in ovasive bomedical
diagnosis [9]. In recent years, generation of novel property through judicious surface

functionalization of MNPs has been the subject of key research and opens up new
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opportunity on the study of metaleligand interaction which is found to signilfycdepend

on the size, shape, surface chemistry of MNPs as well as the nature of surface binding
ligands. For example, Lee et al. [10] demonstrated the effect of citric acid and various citrates
on the formation of different ZnO structures based on pkh®fsolution. Zhang et al. [11]
described the magnetic behaviour of AOT functionalized Mn doped ZnO nanorods on the
basis of ligand to metal charge transfer (LMCT) effect and ligand field multiplet theory. In
spite of numerous reports on the effect oafigs on NPs, the studies regarding microscopic
origin of ligand modified novel properties of nearly monodispersed MMWRPs through

systematic variation of surface-oodinating ligands are scarce in the extant articles.

Recently, engineered MNPs repeat a cuttingedge tool in medicine and have found
immense applications in DNA binding and delivery in vitro [12], gene therapy [13], and
nanomedicines [14]. DNA is well studied macromolecule which is the key target for
anticancer and antiviral therapied. long term research unfolds that fluorescence and
chemiluminescence are the beneficial tools for DNA detectionlfl5 Due to non
fluorescent nature of DNA [18,19], it becomes very essential to employ extrinsic fluorescent
probes for identifying DNA [2@2]. The enhancement of emission intensity in fluorescence
spectra of a given probe in the presence of DNA is more advantageous than the radioactive
labelling for detecting DNA [225]. In recent years, so many researchers have shown the
binding of gold (A1) or silver (Ag) NPs withmacromolecular DNA [2&8] where these

noble NPs are found to highly interact with nucleotides through the functionalization of
stabilizing capping layer with fluorescent moieties. Furthermore, numerous researches on the
interacton of nanostructured materials such as carbon NPs [29] and MNPs [30] with DNA
have been started for exploring novel pathogenic bacteria detection, imaging, biosensor, and
drug delivery applications. The structure and compositions of NPs, the pH at wKiih D
interacts with the NPs, and the functionalization of NPs are found to play significant role in
determining the nature of interaction between DNA and NPs and have become a main area of

research interest.

In view of aforementioned advantageous aspeckdNiPs, we focus on the synthesis as well

as functionalization of MnkE©,4 NPs by systematic variation of the nature of suHaioeling
ligands, named disodium tartrate dihydrate (T), disodiumni2late hydrate (M), and
trisodiumcitrate dihydrate (C) which lipeto solubilize and disperse the mepared MnF£©,

NPs in aqueous medium as well as generate multiple intrinsic fluorescence. We have

explained the optical response of functionalized MEEeNPs in the context of LMCT
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transition from ligand to the lowesnoccupied energy level of Mhor F€* of NPs and el
transition, centred over Eeions of MnFeO, NPs. We have been able to explain the origin
of subtle changes in the optical and magnetic responses of functionalizedOMihNFs by
rational variationof functional groups and steric hindrance of the ligand. Finally, we report
the nuclease activity and the DNAnding properties of structurally characterized tartrate
functionalized MnFgD, NPs with maximum optical response in order to have a broad
undersanding of their binding mode with DNAs as well as for exploring new anticancer
agents, biomolecular modification and detection agents.

3.2. Experimental Section

3.2.1. Materials Used

Iron(lll) acetylacetonate [Fe(acal;) manganese(ll) acetate [Mn(gg) oleylamine and
sodium hydroxide were purchased from Sigma Aldrich whereas oleic acid, cetyl alcohol,
ethanol, disodium tartrate dihydrate, trisodium citrate dihydrate and the solvent diphenyl
ether were obtained from Loba Chemie. Disodiumrbdlate hydratevas purchased from

TCI, Japan. Calf thymus (CT) DNA (sodium salt, type Xl, 42 mol % GC content) and
ethidium bromide (EB) were purchased from Sigma Chemical Company, USA, whereas
supercoiled (SC) plasmid pBR322 DNA was obtained from Bangalore Genei (8&nga
India). The whatman syringe and millipore membrane filters of 0.22 mM porewsre
purchased from Sigma Aldrich and Millipore, India Pvt. Ltd., Bangalore, India, respectively.

All the reagents are of analytical grade and used without furthergatiii.
3.2.2. Synthesis and Functionalization of MnE©, NPs

MnFeO,; NPs were synthesized by wet chemical method [31], involving the high
temperature of 270 °C reflux of Fe(acaahd Mn(ac) salts in presence of diphenyl ether,
oleic acid, cetyl alcohol, and oleylamine for 1 h. Thepeepared NPs were vigorously
cyclomixed with 0.5 M Nadartrate, Namalate, and Naitrate solutions in separate vessels

for 12 h at room temperature. In orderremove non solubilized larger Mrfel NPs, three
different solutions were passed through separate syringe filters of 0.22 mm diameter and the
filtrates were termed as tartrate functionalized M€ T-MnFeO,4), malate functionalized
MnFe0, (M-MnFe,0y), and citrate functionalized Mng®, (C-MnFe0,4) NPs solution.
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3.2.3. DNA

3.2.3.1. Structure of DNA

Schematic diagram DNA

Axis of helix

One turn

3.4 nm

(10.5 bp) — /
Major groove - /

é}o&t nm
y A

Minor groove
Y

2nm

Figure 3.1.DNA double helix (Diagrammatic).

Nucleic acid is present within the nucleus. Nucleic acids are of two types: DNA and RNA.
There are three major components in the nucleus: pentose sugar (deoxyribose), phosphoric

acid and nitrogen bases (adenine, guanine, cytosine and thymine).

DNA is themost important chemical compound of living organisms, it is the blue print of life
carrying hereditary information from generation to generation. It carries all the important
information for controlling all the biological activities like growth, cell digis and protein

synthesis.
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The DNA is a long double stranded macromolecule where each strand is made up of 4 types
of nucleotides joined end to end and twisted in plectonemic fashion (Figure 3.1). The
orientation of the two strands is antiparallel. Thamgement of the DNA double helix is like

a spiral staircase, where the railings are formed by joining of alternate molecules of
deoxyribose sugar and phosphoric acid, the steps are formed by joining of purine and
pyrimidine bases. Adenine (A) is joinedttoymine (T) with the help of two hydrogen bonds
while guanine (G) is joined to cytosine (C) by three hydrogen bonds. The distance between
two stands is fixed (2 nm). Each base pair forms an angle of 36° with the previous one, so in
a complete turn of 360there will be 10 base pairs, separated by a distance of 0.34 nm. The

helical distance of DNA in a 360° complete turn is 3.4 nm.

3.2.3.2. Deproteinization of DNA

DNA was deproteinized by phenathloroform extraction method [32] followed by
precipitationusing ethanol. Initially, the dried DNA sample was dissolved in 10 mM CP
buffer at pH 7 which was filtered through
The filtrate was then sonicated in order to have uniform size of about 280 + 50 basé pairs
DNA by using a Labsonic 2000 sonicator (B. Braun, Germany) with a titanium ultrasonic
needle probe (4 mm in diameter, 127 mm long) [33]. The sonicated DNA sample was
dialysed several times against the experimental buffer under sterile conditionsritodrde

DNA sufficiently from protein contamination. The characteristic UV absorption spectra of
DNA with Asgo/Axgo ratio between 1.88 and 1.92 anekf 3o ratio between 2.12 and 2.22
confirm the absence of protein from DNA and the concentration oDiw& sample was
calculated from absorption spectroscopy by using the molar absorption coefficient value of

13200 M* cm* (base pairs). All experiments were performed at 25 + 0.5 °C.

3.3. Results and Discussions

3.3.1. Phase, Morphology and CrystallinityStudies of MnFeQO,
NPs

Figure 3.2.(a) shows the XRD pattern of MpBgNPs, where all the diffraction peaks match
with the cubic inverse spinel structure of MpBgNPs as reported in the literature [31]. The
EDX analysis of MnFe,O, NPs as shown in Figure 3.2.(b), confirms the presence of

manganese (Mn), iron (Fe) and oxygen (O). The TEM sthdg been carried out to
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understand the morphology of Ml NPs as shown in Figure 3.2.(c), indicating their
almost spherical shape with asge size of 14 nm. Figure 3.2.(d) shows the high resolution
TEM image where the calculated inf@anar distance between the lattice fringes is found to
be 0.253 nm, which corresponds to the distance between the (311) planes gbMmizstal
lattice. Thecorresponding selected area electron diffraction (SAED) pattern is shown in

Figure 3.2.(e), confirming the pabyrystallinity of the agrepared NPs.

(a) C FeMn
o
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Cu
Cu Mn

~311
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Figure 3.2.(a) XRD pattern, (b) EDX spectrum indicating the presence of Mn, Fe, and O, (c) TEM
image,(d) high resolution TEM image of lattice fringes, indicating high crystallinity, and (e) SAED
pattern of aprepared MnF&, NPs.

3.3.2. UMvis Absorption Study of Functionalized MnFeO,4 NPs

It is well known that the surface modification of nanostructumegterials has extensive
impact on their surface electronic structures and may give rise to many novel optical,
electrical, and magnetic properties which are completely absent in its bare form [36,37]. We
have carried out surface functionalization of MgBeNPs with three different naturally
occurring organic ligands which are tartrate, malate, and citrate as shown in Figurg(®.3.(a)
where the tartrate ligand is found to havav ehyddoxy carboxylate groups and both malate
and citrate ligand have only n ehydibxy carboxylate group. However, citrate ligand is
found to be more steric in nature than the malate dteetpresence of three carboxyl group

in citrate. Three di f f-ydrexy tarbdxylajeanoietysanchstenci n g
effect have been employed in order to identify the exact functional group which is
responsible for strong optical response from the functionalized NPs. In order to investigate

the change in optical response of MpgBeNPs upon attachment with tartrate, malatej a
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citrate ligands, we have carried out Wi$ absorption spectra of-MnFe,04, M-MnFe0,,

and CMnFe0O4 NPs at pH ~ 7 along with bare Mnfag NPs, tartrate, malate, and citrate as
shown in Figure 3.3.(d). From the WUXs spectra, a clear broad absorptltand at around
3001400 nm is obser ved O oli’'s wherel the fbaren Igandso n a |
including MnFeO,4 NPs do not show any absorption spectra within that wavelength range of
analysis which completely support the interaction of ligands with #a&. Nhe comparative
absorption spectra show the maximum absorption fdinFe,O, NPs followed by M

MnFe,0O, and GMnFeO4 NPs. The broad absorption is due to the LMCT from the highest
occupied energy level of the ligands to the lowest unoccupied enerdyofetree surface
dangled metal ions (M# and F&") and dd transitions centered over ¥dons in the NPs

[9,38]. Different absorption spectra of tartrate, malate, and citrate modified NPs imply that
the structural differences of individual ligands hawtable impact on the electronic structure

of surface transition metal ions of MnEga NP s . It is found that th
hydroxy carboxylate group exhibits maximum absorption with distinct absorption feature
upon attachment with MngE®; NPstman t wo ot her | igands,- mal a
hydroxy carboxylate group. Interestingly,-MhFe,0O, NPs show minimum absorption
spectrum comparing with absorption spectra eMfFe0;, M-MnFeO, NPs with no

di stinguishabl e p e ahgkdroxyrcarbexylatd geoupo If carhba explaingd o0 n ¢
in the context of steric effect offered by bulky ligand. Chen and his research group have
demonstrated that the steric influence of ligand can destgncomplexes with optimized
properties since it affects structure, reactivity and selectivity of reactions significantly [39].
Therefore, big size effect of citrate)liga
groups causes more steric hindrmaror the interaction of ligand with the surface metal ions

of MnFeO, NPs, leading to obscure LMCT transition. The comparative study reveals that

t he pr e s-aydroxg cadxylate mbiety in the ligands plays keje for the optical
response of funmnalized MnFgO, NPs through activation of LMCT, associated with
Mn%*/Fe** -ligand interactions along with-d transitions corresponding to theorbital

energy level splitting of P&ions on the NPs surface.
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Figure 3.3.Schematic diagrams of tlehemical structure of (a) tartrate, (b) malate and (c) citrate. (d)
UV-vis absorption spectra of-MnFe0,, M-MnFe0,, C-MnFe,0, NPs along with tartrate, malate
and citrate.

3.3.3. Photoluminescence Study of Functionalized MnE®@, NPs

z T-MnFe;0, b T-MnFe;0,
g @) .\l-)lnFcz(;4 (b) .\l-.\lnFez(;4
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Figure 3.4. Fluorescence emission spectra eMhFe0,;, M-MnFeO, and CMnFe,0O, NPs after
excitatixwen380 6 a)=a4MUnm(réspectively. The photographs of aqueous-(c) T
MnFe&0,, (d) M-MnFe&0, and (e) GMnF&0, NPs solution under visible (I) and U\ght (II).
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Excellent results in the UVis absorption spectra of-MnFe0;, M-MnFeO,, and C

MnFe,O, NPs lead to carry out fluorescence study in order to get additional evidence
regarding the origin of their optical properties. Figure 3.4.(a) ansh@) the emission study

upon exciting T™MnFe0O,;, M-MnFeO, and GMnFeO, NPs at 300 and 400 nm,
respectivel y. Upon exci ti nge*300 rarethedemibsfore r e n 1
in the wayehger@tOlr T 41 nm pr ovepopatha thd | uor
samples. Different peak intensities of different metale ligand complexes are found to be
consistent with the obtained results of Wi absorption spectra. Photoluminescence peak
arisighg d071411 nm assigns tramstionifrony FOMODe me n t
(Highest occupied molecular orbital) of the ligand to the LUMO (Lowest unoccupied
molecular orbital) centered over metal ions Mn?/Fe**. When the functionalized NPs are
excitedeg=aghadbshma the emid83i 407 spmcwrahadif
intensities, similar as UW¥is absorption demonstrate one of the transitions of surface

Fe* ions. Although the i transitions of F& (3¢?) containing materials are formally dipole

and spin forbidden transitions; however can have considerable strength due to the
relaxation of selection rules by octahedral distortion and-efit coupling [40,41]. Further,

identical intensity difference was obtained in the photographs of aqueous solutions of T
MnFe0,4, M-MnFe0,4, andC-MnFe0O4 NPs under visible and UV light, as shown in Figure
3.4.(c}(e). The distinct absorption features from WK absorption spectra and its
corresponding emission intensities from fluorescence spectra clearly indicate that the strength
of interactionb e t w ehgdnoxy(darboxylate group of the ligand and the surface transition
metal ions of the NPs plays key role in developing novel optical response in functionalized
MnFeO4 NPs.

3.3.4. FTIR Study of Functionalized MnFgO4 NPs

The recorded FTIR spectfar one of the ligand functionalized Mnf, NPs, as shown in

Figure 3.5.(a) confirm the attachment of the functional group of tartrate to the;®yIRES

surface. In case of tartrate, two sharp peaks at 1068 and 11312rendue to the stretching

viorai on of Ci OH bond. Anot her 't arise dpecta khe at
symmetric and asymmet ri c greups; respeactivelyi4®,43). Ther at i
TOH stretching Vislpertared significantly aldng @ith oticerrbands for
T-MnFe,0O4 NPs assuring the attachment of the functional groups of the tartrate ligand to the

NPs surface. In a similar way, FTIR of the ligands (malate and citrate) having similar
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functional groups attach to the NPs as the tartrate ligand are shownune Bi&.(b) and
Figure 3.5.(c) respectively. For disodium DL malate dihydrate, the characteristic peaks at
1400 and 1585 chhare correspond to the symmetric and asymmetric stretching vibrations of
iCOJ group. A broad absorption band at around 3400"ésdue to thé OH stretching
vibration. When MnFg€, NPs are modified with malate, symmetric and asymmetric
stretching modes become red shifted. This clearly confirms the attachment of malate to the
NPs. For trisodium citrate, three peaks at 1391, 1590 3% cm' are due to the
symmetric, antisymmetric stretching of CO@nd stretching vibration GfOH respectively.

In citrate modified NPs, all the bonds are perturbed through red shifting of symmetric and
asymmetric stretching modesic®OJ group, confiming the functionalization of MnE6,

NPs with citrate.
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Figure 3.5.FTIR spectra of (a) ‘MnFe&0,, Natartrate, (b) MMnFe,0, NPs, Namalate and (c) €
MnFe,0, NPs, Nacitrate along with as prepared MnBg NPs in each cases.

3.3.5. Magnetic Analyses of Bare and Functionalized MnFg,
NPs

Figure 3.6.(a) and (b) show the room temperature magnetic measuremervsreyaasd
MnFe,0O, and FMnFe,0O4, M-MnFe, 0,4, and CMnFe, 0, NPs, respectively. The insets of
Figure 3.6.(a) and (b) show the zoomethge which helps to calculate the coercivity of
MnFe,O,4 and functionalized MnF®, NPs accurately. The hysteresis loops epeepared

and all functionalized NPs indicate their ferrimagnetic nature and Table 3.1 indicates the
change in coercivity and magization of functionalized MnkE©®, NPs with reference to the

bare NPs. The coercive fields for-mepared MnF£,, T-MnFe,04, M-MnFe,0,, and G
MnFe,O4 NPs are found to be 30.62, 61.97, 69.62, and 73.76 Oe, respectively whereas some
their magnetizationsra not found to reach their saturation values,jMvithin the applied
magnetic field range. The maximum magnetization,{Mvalues of aprepared MnF£,

and CMnFe0O4 NPs at 12 kOe are found to be 31.93 and 2.72 emu/g whergasaMes of

the "MnFe0O, and MMnFe,O4 NPs are found to be 0.82 and 1.14 emu/g, respectively at 12
kOe. It is found that the functionalization of MnEg NPs with different ligands has a

notable impact on the ferrimagnetic properties of bare MDHASPs at room temperature.
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Table 3.1.List of coercivity and maximum magnetization at 1500 Oe girapared and ®nFeO,,
M-MnFeO, and MnFe,O, NPs.

Sample Coercivity (Oe) Maximum Magnetization at 12 kOe
MnFeO4NPs 30.62 31.93
C-MnFe&04 NPs 73.76 2.72
M-MnFe&,0O4 NPs 69.62 1.14
T-MnFeO4 NPs 61.97 0.82

The ligand ceordination with the NPs causes a very strong pinning to the surface unpaired
magnetic moments of M ions, leading to a strong surface anisotropy which therefore
enhances the coercivity of functionalized naystem with reference to bare NPs [44].
Moreover, the surface binding of ligand leads to quenching of unpaired magnetic moments of
surface MA" ions due to LMCT and causes to significant reduction of magnetization of
modified NPs with respect to the bare one [45]. Moreover, the distinct changes in magnetic
properties of functionalized Mng®, NPs are found to exhibit a profound dependence on the
natue of surface binding ligands.

According to ligand field theory (LFT), there is a LMCT from HOMO of the ligand to the
LUMO centered over metal ions i.e. KihFe** upon interaction with the ligand where the
field strengths as well as the number of funaidigands are found to play significant role in
determining the magnitude of LMCT [46] . Al
hydr oxy carboxyl at e groups wher e a-Bydroayo t h r
carboxylate group. The enhanced ligandil interaction in case of-MnFe,O4 NPs favours

the quenching of orbital magnetic moments oftizohsition metal ions and subsequently
reduces both itgnagnetization as well as spimbit coupling more in comparison to-M
MnFeO, and GCMnFeO, NPs. Accordig to StoneiWohlfarth theory, the
magnetocrystalline anisotropy enerdsa) of singledomain MNPs extensively depends on

its spinorbit coupling K) which can beexpressed a&a = KVsin'd ~ wV ds kolume of the

NP and d, betiwéee magnetigatienirdction and easy axis of NP. Therefore,
maximum reduction of spiorbit coupling causes huge decrease in EA or the coercivity of T
MnFeO,; NPs. In between ®™MnFeO, and MMnFeO, NPs, the functional groups of
smaller ligands can interact with surface ioofs the NP more efficiently than larger

counterpart. Therefore, greater interaction of functional groups of malate ligand results in its
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higher crystal field splitting energy (CFSE) obdbital energy levels of transition metal ions

and causes more decsean both coercivity and magnetization than the citrate one.

Having developed magnettuorescent MnFg0, NPs through surface functionalization, we

are interested to exploit their broad optical response throughout thaslégion for non
invasive biomedical applications. In general, MNPs are broadly used in diagnostic
immunoassays and various reactions imviy enzymes, proteins, and DNA due to their
advantages of easy isolation from biological materials. For instance, Shan et al. [47] have
demonstrated an isolation of genomic DNA present in urine sample at a concentration of 50 x
10 ® mol/L using carboxylled MNPs as adsorbent. Gersting et al. [48] have reported the
delivery of plasmid DNA to human respiratory epithelial cells using superparamagnetic
particles, indicating gene therapy using nucleic -A&¢MP nanocomposites which is a good
alternative to virkvectors with no risk of immune response and development of infective
diseases. Therefore, in order to investigate the efficiency of biocompatible multifunctional
MnFe,O4 NPs for improving diagnosis and therapy of disease, we have chademr&O,

NPs wih maximum fluorescence intensity upon specific wavelength excitation and carried
out DNA binding study with CIDNA and nuclease activity study with Sffasmid pBR322

DNA for exploring their biomedical applications as a DNA detector as well as anticancer

drug.
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Figure 3.6. Room temperature magnetization versus applied magnetic fieldl)(lurve of (a)
MnFe,0O, NPs and (b) eMnFe,0,, M-MnFe,0, and TMnFe0, NPs. Inset shows the zoomed image

indicating the coercivity of bare and respective functionalized NPs.
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3.3.6. Spectroscopic Studies on DNA Binding

The binding of TMnFe,O4 NPs with DNA was investigated through spectrophotometric and
spectrofluorometric titrations where the interaction is revealed by changes in the absorbance
and fluorescence spectra. The electronic absorption-MhHRFe,0O, NPs was monitored in
presence andogence of CIDNA as shown in Figure 3.7.(a). An isosbestic point at 285 nm

as pointed by an arrow mark in Figure 3.6.(a) was observed indicating a strong interaction of
T-MnFeO, NPs with CFDNA. There is a considerable increase of 252 nm band and
decreasée n t he absorption band at ar otDNA THe7 01 4 C
association constant of the [N A] tMnHAe0O. NPs] complex species was obtained
from BenesiHildebrand (BH) plot as shown in Figure 3.7.(b) and calculated to be (8.71 +
0.02)x 10° M'%. The association constant ofMnFe,O, NPs is comparable to other classical
intercalators and metal complex intercalators [49]. In recent past, Bouffier et al. [50] have
shown FeO, MNPs (average size of 24 nm) sequentially functionalized with
trimethoxysilylpropyldiethylenetriamine and Shloro-4H-pyrido[4,3,2kl]acridin-4-one as a

DNA interacting agent with the binding affinity of 2.8 x°1M'* which imply that our
developed IMnFe, 04 NPs play excellent role in DNA bindingvidence for the sociation

of NPs to CTDNA was also derived from fluorometric titration. TheMnFe,O, NPs are

found to exhibit fluorescence maxima at 495 nm when excited at 400 nm. The steady state
fluorescence of the NPs in the range 480 nm increased remarkably upaddition of CF

DNA as shown in Figure 3.7.(c). This kind of spectral pattern was observed due to the
complexation of TMnFe,O4 NPs with CFDNA. Modified BenesiHildebrand (BH) plot as
shown in Figure 3.7.(d) is used for the calculation of the bindingtaohbetween NPs and
CT-DNA. The binding affinity value wasstimated to be (6.18 + 0.02) x*1@', which was

in good agreement with the binding constant evaluated from the data of absorption

spectroscopic analysis.
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Figure 3.7.(a) Absorbance titration profile of-MinFe,0O, NPs complex with increasing concentration
of CT-DNA (molar ratio [DNAJ/[NPs complex] = 0:2.5) (b) Modified BenesHildebrand plot for
the complexation of DNA with NPs from absorbance titration (c) Fluorescéiration of NPs
complex with increasing concentration of ©NA (molar ratio [DNAJ/[NPs complex] = 0:2.5) and

(d) Modified BenesHildebrand plot for the complexation of DNAitw NPs from fluorescence data.

3.3.7. Ethidium Bromide Displacement Assay

In order to establish the binding mode eMhFe,0O, NPs with CFDNA, the fluorimetric
measurements using ethidium bromide (EB) were carried out. Ethidium bromide emits
intense fluorescence in the presence of DNA due to its strong intercalation between the
adjacent DNA baseairs [51,52]. This enhanced fluorescence can be quenched by the
addition of a third molecule which can bind DNA by intercalative mode through
displacement of EB [53,54]. The emission spectra of EB bound to DNA in the absence and
presene of the TMnFe,0O, NPs are presented in Figure 3.8.(a). The addition-®hFeO,4

NPs to DNA pretreated with EB causes a gradual quenching in emission intensity, indicating
that the TMnFe0O, NPs compete with EB in binding DNA and lead to a quenching in
fluorescence intensity of EBNA complex system. Further, the increase in concentration of

T-MnFe,0O4 NPs gradually quenches the fluorescence intensity eDEB. complex system
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which further confirms the displacement effect properly. Significant decrefls®iaescence
intensity lends strong support in favour of intercalation é¥ifFe,0, NPs into CFDNA
double helix by displacing EB. Fluorescence quenching study in presence eMhE€IO,
NPs was analyzed further by Sté&fnlmer equation: ¢l = 1 + Ksy [Q] [55]; where ¢ and |
are the fluorescence intensities in the absence and presence of the quetdhEe(d,
NPs), respectively; [Q] is the concentration of the quenchey, iK the Sterrvolmer
guenching constant, which is obtained from the slopeaifadlly/I vs. [Q]. A plot of b/l vs.
[T-MnFeO4 NPs)/[EB-DNA] appears linear as shown in Figure 3.8.(b) and the Steimer
quenching constant g) was found to be (6.31 + 0.02) x®1@'* at 37 °C. This data is also
in agreement with the value obtainbg electronic spectral studies. The inset of Figure
3.8.(b) indicates the stages ofMnFeO, NPs binding with the C'DNA where clear
replacement of EBrom the base pairs of EBNA complex is presented by theMnFeO,
NPs.

750 2.24 ;;) ?‘ EB
~ 45 S - @ NPs=
= 600 2.0 ., _.; —«.—»; s
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Figure 3.8.(a) Fluorescence emission spectra of the®BA complex in the presence of EB of 15
mM and CFDNA of 10 mM; (al) the ratio of [FMnFe,0O, NPS]/[EB-DNA] = 0.2-2.5. Herein, the
excitation wavelength = 490 nm. (b) Plot ¢fl is. [T-MnFe,0, NPs]. Inset indiates the schematic
diagram of EB replacement byMnFe,O, NP at the base position of €ONA.

3.3.8. Optical Melting Study with CT-DNA

Optical melting study of C-DNA in the presence of -MnFe,O, NPs can give the
information about the stability of the cotap when the temperature is increased, as well as
the strength of interactive forces existing betweeMnlFe,O, NPs and DNA. The

intercalative interaction of different types of natural or synthesized organic and metallo
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intercalators generally results dte considerable increase in melting temperature5Sj6

The melting curves of GDNA in the absence and presence cMmFe,O, NPs are
presented in Figure 3.9. Here, the thermal denaturation experiment for DNA in absence of T
MnFe,0O, NPs revealed the mety temperature () value of 65.41 (0.2 °C) under the
experimental conditions, whereas the observgfTDNA in the presence of-MnFeO4

NPs in turn increased to 82.81 (0.2 °C). Addition é¥iiFe,0O, NPs to DNA resulted in a
significant increase in mihg temperature by 17.4 = 0.2 °C which revealed that the binding
of T-MnFe, O, NPs to CFDNA occurs through an intercalation binding mode [59].

1.4 -
g
= -
=
2 1.3 - §
' (7]
N A 7]
[*] (7]
g @
= 1.2 = @
[ (1]
2 @
z $
< 1.1 - K
+¥)
2 i rﬁ’
=
< 1.0
=
T T T T T T °T1°

30 40 50 60 70 80 90 100
Temperature (°C)

Figure 3.9. Melting profile of free CTDNA (black curve) and in the presence oMhFeO, NPs

(red curve).
3.3.9. DNA Cleavage Studies Using Agarose Gel Electrophoresis

The DNA nuclease activity of any molecule is assessed by monitoring the relaxation of
supercoiled circular form | (SC) of pBR322 plasmid DNA into the nicked circular form Il
(NC) and the lineaform Il (LC). The doublestranded plasmid pBR322 DNA exists in a
compact supercoiled (SC) form. The gel electropherogram reveals that if one strand is
cleaved, the super coiled form will relax to produce a relatively slow moving nicked circular
form, while if both the strands are cleaved, a linear form will be produced which will migrate
between SC and NC [60]. The ability of theMinFe,O, NPs to induce DNA cleavage was
studied by gel electrophoresis using super coiled pBR322 DNA irHRGIsbuffer (pH ~ 7.

The breakage of DNA strands, induced by various concentrationsMifFEO, NPs (as

shown in Figure 3.10) was quantified by the appropriate software; the results are presented in
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Table 3.2. Controlled experiment suggests that untreated DNA (lane &p¥atorm | (SC)
and 15% form 1l (NC), whereasMnFeO, NPs induce nicking from 29 to 53% (lane$R
Li and his group have demonstrated the effects of various NPs (Au, Ag, ZnQ, ey,
SiO,) on DNA replication in vitro indicating their less nucleas®ivity than our developed
T-MnFe,O4 NPs [61].

Table 3.2.Results of the cleavage of pBR322 DNA determined by gel electrophoresis study.

Lane Amount of T- Form | (% Formll Formlll
MnFe,O4NPs in DNA SC) (%NC) (%LC)
Lane 1 control DNA 85 15 0
Lane 2 DNA+T-MnFe04NPs 71 18 11
(4 uM)
Lane 3 DNA+T-MnFeO4 NPs 65 22 13
(6 uM)
Lane 4 DNA+T-MnFe,0O, NPs 53 29 18
(8 uM)
Lane 5 DNA+T-MnFe0O; NPs 47 32 21
(10 pMm)

Multifunctional magnetiefluorescent MnFgD, NPs are found to be a promising biological
probe for the vast area of research in nanobiotechnology. We have found that the mode of
binding of mMnFe0O, NPs with CFDNA exhibits intercalation interaction with the base
pairs present in DNA whereas the DNAeavage activity in presence ofMnFe,O4 NPs
indicates that the nuclease activity occurs through breakage of DNA strands which can
contribute significantly to the design and development of new advanced biomedical
applications such as DNA detection, gémerapy, and anticancer drug agents etc.

Ll 12 L3 14 L5

Figure 3.10.Cleavage of super coil pBR322 DNA byMnFe,0O, NPs in CP buffer (pH 7). Lane 1:
DNA control, lanes 5: DNA + T-MnFeO,NPs (41 0 & M) . SC: super coi l
linear coil.
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3.4. Concluson

We have carried out surface modification of MglBeNPs with three small organic ligands,
named tartrate, mal at e, a n ehydmoxy tarbaxylate ghoapv i n g
along with steric effect for studying the effects of surface chemistry on the optical/magnetic
responses of the NPs. It is fal that tartrate modified MnE®,; NPs show better
fluorescence property comparing with malate and citrate modified ¥afé¢Ps due to the
presence of ma xhydmoxyrcarboxylstb group in fartraik ligand, indicating
Uhydroxy carboxylate moietyplays key role to generate intrinsic fluorescence in
functionalized MnFgD, NPs through activation of LMCT transitions, associated with ligand
Mn?*/Fe** interactions along with-d transition corresponding to theodbital energy level
splitting of FE€* ions on the NP surface. Moreover, the comparative magnetic study of T
MnFe04, M-MnFe,0O, and CMnFeO, NPs reveals that the ligand that induces largest
splitting of dorbital energy levels of surface transition metal ions results in nethermost
enhancement ofoercivity and upmost decrement of magnetization of bare MOHEPS.
Finally, we have utilized our developed biocompatible, multifluorescent, and magnetic probe
for DNA binding and nuclease activity studies which clearly indicate tHgnFe,O, NPs

bind and stabilize the DNA helix due to intercalation and induce cleavage on plasmid DNA.
This may be taken into account for designing new biomolecular detection agents and anti
cancer drug which can open up a new door toward diverseinmasive biomedical

apdications.
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Citrate Modified MnFe ,0,Nanoparticles:
Optical Property, Protein Adsorption and
Catalytic Activity

In this chapter we have demonstrated chemical functionalization
strategy of MnFg), nanoparticles with a small organic ligand
(citrate) to induce inherent fluorescence propgptptein absorption

ability and catalytic activity.
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4. Surface Engineered Magnetd-luorescent MnFeQO,

nanoparticles in the Realm of Biomedical Applications

4.1. Preamble

The tremendous application of 3d transition metal oxide based magretaparticles
(MNPs) in diverse fields like energy storage [1], catalysis [2], sensing [3], they have grabbed
a wide research interest for long. Due to biocompatibility, -tooucity, chemical and
mechanical stability in addition to control transport propethey rise their opportunities in

the biomedical fields also. However, insolubility and agglomerative nature of these MNPs in
agueous medium restrict their application in biomedical field. Proper functionalization and/or
surface coating of MNPs with ccompatible ligand helps to overcome these problems and
find tremendous application as a magnetic resonance imaging (MRI) contrast and

hyperthermia agents and drug delivery vehiclés]4

In recent years, the development of magtktorescent compositeanoparticles (NPs) has
attracted immense attention to the current researchers due to an increasing demand of
nanomaterial based molecular markers for tumor diagnostics [8]. The optical property, in
addition to magnetism of magnefloorescent NPs, providethe capability of remote
vectorization and sensitive detection through light. The usual architecture consists-of core
shell structures where an inorganic magnetic core is surrounded by fluorescent units.
However, main limitations of these systems gemheraly on spatial dilution of the active

units, photobleaching of fluorescent dye in addition to theirlionompatibility.

Therefore, it was necessary to develop an approach to make a well dispersed, water soluble
MNPs with intrinsic fluorescence for dhr application in biological imaging.
Superparamagnetic materials especially with intrinsic multifluorescence, have drawn gamut
of attention in the use of MRI. Beside the magnetic saturation of the MRI particles, the bio
compatibility of the material isfgore-eminentimportance. It majorly depends on the size,
shape and protein absorption. Reportedly, particles of greater than diameter 200 nm are
generally taken up by the macrophages resulting in decrease inditoolhtion time while
particles with dimneters~10 nm are removed through renal clearance, suggesting that the
particles ranging from @00 nm are suitable for MRI application. After timerusion of the

MRI nanopatrticles, blood, containing thousands of different proteins, is the first plyysiblo

Page |86



Chapter 4

environment they go an interaction for. Thus, the absorption of abandoned proteins on the
nanomaterials (NMs) is very like to take place which in turn reduces the efficiency of the said
material. Surface functionalization of the nanoparticles playsrg significant role here to
reduce the protein absorption on the particle surface. Reportedly, ferrite NPs are found to be a
good catalytic agent for selective chemical reactions, both economically and environmentally
benign in terms of their low cogreat stability, high activity, easy preparation metraa

controlled separation technique using an external magnetic ficl@][9

Considering the aforementioned advantageous aspects of ferrite nanostructures, we have
focused on the synthesis and saefdunctionalization of MnFE©,4 NPs for the generation of
intrinsic fluorescence. Interestingly, citrate modified MsB£ NPs found to exhibit
multicolor fluorescence at room temperature starting from blue, green to red. A detailed
explanation regarding ¢hoccurrence of aforesaid is given in the light of ligémdetal

charge transfer (LMCT) and Jafiieller (3T) distortion concept. The citrate modification on
MnFe,O, NPs is found to be beneficial for the MRI applion due to the less protein
adsorption on its surface than the pristine MnBg. In addition, we have inspected the
catalytic efficiencyof C-MnFe&0, towards the methylene blue (MB) and bilirubin (BR) for

wastewater as well as therapeutic treatment.

4.2. Experimental Section

4.2.1. MaterialsUsed

Iron(lll) acetylacetonate, manganese(ll) acetate, oleylamine, sodium hydroxigdP®la
NaH,PO, and human serum albumin (HSA) were purchased from Sigma Aldrich whereas
oleic acid, cetyl alcohol, ethanol, trisodium citrate dihydrate and the solyameil ether

were obtained from Loba Chemie. All the reagents are of analytical grade and used without
further modification.

4.2.2. Synthesis and Functionalization of MnFE®,Nanoparticles

Synthesis of MnF£©, NPs following a previous report [13] has bebscussed thoroughly in

the experimental section of chapter 3. Thereepared NPs were then cyclomixed with 0.5 M
Na-citrate solution for 12 h at room temperature, resulted a pale yellow colored solution
containing citrate functionalized Mnkg, (C-MnFe,O,4), named as fl. modified ®nFe04

NPs. In order to remove the nonsolubilized larger MOEENPs, it is passed through a
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syringe filter of 0.22 em di ameter. To

functionalized NPs, continuous heating was perforfoed5 h at 70 °C.
4.2.3. Human Serum Albumin (HSA)

HSA s theprimary protein present in humaiood plasma which constitutes about half
of serumprotein. It binds to water, cations (such a$’Cla” and K), fatty acids, hormones,
bilirubin, thyroxine (T4) etc. Albumin transports hormones, fatty acids, buffers pH and
maintainsoncotic pressureduman albumin is a small globular protein (molecular weight:
66.5 kDa), consisting of a single chain of 585 amawids organized in three repeated
homolog domains (sites I, Il and Ill). Each domain comprises two separats#ins (A

and B) which are shown in Figure 4.1.

Figure 4.1.The ribbon model of the HSA.
4.2.3.1. HSA Adsorption

To deploy thesuperparamagnetic and fluorescent ferrite materials for MRI application, the
preliminary protein adsorption test was performed using HSA. 0.1 g of HSA was dissolved in
distilled and deionized water under mild shaking and stored at 4 °C. Both,®Oin&ed G
MnFeO4,NPs at varying concentrations (50, 100,
into 15 ml of PBS at a fixed temperature of 37 °C and a shaking rate of 150 rpm. 5 ml of the

prepared HSA solution was added to the solutions containing differeceroation of NPs
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as mentioned above. For each concentration of particle three batches of experiments were
performed. After the incubation for 2 h, the mixed solutions were centrifuged and
supernatants were collected. The concentrations of residual HSAds&rmined from the
absorbance of the mentioned upper clear solutions at 278 nm. HSA adsorbed on nanoparticles

were calculated using the equation:
q = (GiCy) VIm

wheri@ &afd arC the initial HSA and f i naad HS A
after HSA adsorption, respectively; OVO0 i s

of NPs added into the solution.
4.2.4. Photocatalysis

For photocatalytic study of MB, an 8 W UV lamp and a ¥@0ncandescent light bulvere
purchasedrom Philips as the UV and visible light sources respectively. An aqueous solution

of MB (5 ewlheOsaNlPds @ 50 ¢ L, containing 0. 6(
homogeneously for 1 h in a quartz cuvette in the dark, maintaininD Brbf the solution.

Then, the avette was kept approximately 2 cm away from the light source and the
absorbance of MB in the reaction mixture was recorded periodically using theisUV
spectrophotometer. Similarly, for studying the catalysis of BREMiEe, O, NPs (50 ¢ L
containing0.6ng NPs) were added to a 13.4 &M aque
dark in a quartz cuvette maintaining the pH under the stirring condition. The absorbance

of BR in the reaction mixture was measured time to time.

4.3. Results and Discussion

The crystallographic study of the prepared materials is presented in Figure 4.2 where all the

diffraction peaks match the cubic inverse spinel structure of MOyFe¢Ps [14].
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Figure 4.2.XRD pattern of MnFgD, nanopatrticles.

The well dispersity of MnFE©®, NPs is seen in TEM micrograph (Figure 4.3.(a)). In Figure
4.3.(b), the high resolution TEM (HRTEM) image shows the interplanar distance between the
lattice fringes is 0.253 nm, upon calculation which corresponds to the distance between the
(311) planes oMnFe O, crystal lattice. The corresponding selected area electron diffraction
(SAED) pattern in inset of Figure 4.3.(b) confirms the polycrystallinity gfrapared NPs.

Figure 4.3.(a) TEM image of well dispersed Mnf&& NPs of the range of 102 nm, (b) lattice

fringes (SAED inset) of the nanocrystals.

The EDX analysis of MnR©®, NPs as shown in Figure 4.4.(a) confirms the presence of
manganese (Mn), iron (Fe) and oxygen (O). The presence of the elemental fingefprints o

Mn, Fe and O are also obtained from EDAX mappings are shown in Figuree).4.(b
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Figure 4.4.(a) EDAX spectrum indicating the presence of Mn, Fe and O. (b) SEM microghaph of the
MnFe 0, nanoparticles for the EDAX elemental mapping of O, Fe and Mn, shown in (c), (d) and (e)

respectively.

Figure 4.5 shows the UVis absorption spectra of citrate;MhFe,O4, and fl. Mod. C
MnFe,0O, NPs, indicating the presence of absorption band -NnEeO, NPs which is
completely absent in sole citrate ligand. To enhance the intensity of the absorption spectra of
C-MnFe0O4 NPs, it is further modified through heat treatment at 70 °C for 15 h at pH ~ 12. At
this pH all thei COOH groups convert intoCOQO groy. The fl. Modified GMnFe0O4 NPs

is found to exhibit absorption peaks at 310, 425, and 454 nm, indicating a significant

variation in the electronic structure of the NPs surface upon modification with citrate ligand.
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Figure 4.5.UV-vis absorption specti@f citrate, GMnFe,0O,, and fl. Mod. GMnFe,04 NPs.

Figure 4.6.(a) shows the normalized multicolor fluorescence emission spectra acquired upon
exciting the fl. Mod. GMnFe,04 NPs atex, = 310, 425, 454and 494 nm which give rise to
fluorescence abem = 413, 495, 516 and 595 nm respectively whereas Figure 4.6.(b) shows
the corresponding excitation spectra. The observed fluorescergg at413 nm, may be
attributed to the ligand to metal charge transfer (LMCT) transition where charge is
transferring fom the highest occupied energy level of citrate to the lowest unoccupied energy
levels of Mf”**orFé*met al i on centers on the NPs®& sur
peaks (495, 516, and 595 nm) might be due to tterdnsitions involving Mfi”** or F&*

metal ions in the fl. Mod. @nFeO, NPs surface. However, the possibility of-cd
transitions in the case of both’t¢d®) and Mrf* (d°) ions is forbidden for Laporte and spin
according to the selection rule of fundamental atomic spectrodd@py7]. In general, 3+
oxidation state of Mn ion is absent in MnBg NPs, however, under pB 12, it is possible

to form 3+ oxidation state of Mn iofi18]. As Mn®*" is d* system and in the high spin
octahedral field, there is twiold degeneracy ingdevel but degeneracy could be lost due to
JahnTeller (3T) distortion. Therefore, these three bands (495, ah@ 595 nm) can be
explained on the basis of spectroscopic term symbols, involving the transitiong,of 5B

5Ey, 5By Y 5Bygand 5By Y 5A4respectively [19]. The fluorescence images of fl. Mod. C
MnFe,0O4 NPs are shown in Fig. 4.6.(¢®), indicating fluorescent colors such as blue, green

and red upon exciting the NPs using proper filters.
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Figure 4.6. (a) Normalized steadsgtate fluorescemc emission spectra at four different excitation
wavelengths of 310, 425, 454nd 494 nm, (b) fluorescence excitation spectra at four different
emission wavelengths of 413, 495, 5Hhd 595 nm of fl. Mod. @InFeO, NPs. Fluorescence
microscopic images of the same NPs powder under (c) UV (d) blue and (e) green light irradiation.
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We performed the comparative FTIR study of bare M@keC-MnFe,O, NPs along with
Na-citrate ligand to confirm the attachment of the ligand to the NPs. As shown in Figure 4.7,
for trisodium citrate, two strong characteristic peaks at 1590 and 139Temespond to the
symmetric and asymmetric stretching of carboxylate group (COO ) respectivedy maak

at 3400 crht* is due to the stretching vibration of hydroxyl group (OH) [20,21]. The peak at
617 cm* proves the presence of alkyl group of citrate. All these different peaks are perturbed
significantly for GMnFe&0,4, which imply the attachment oitate to the MnFg), NPs.
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Figure 4.7.FTIR spectra of MnkE©®, NPs, CMnFe,0O, and citrate.

To study the effect of ligand on the magnetic properties of bare }MafPs, we measured

M-H curve of MnFeQO, as well as @MnFeO, NPs at room temperature. The inset of Figure

4.8 indicates super paramagnetic nature of bare MH¢Ps. The saturation magnetization

of bare MnFgO, is 28 emu/gm. Superparamagnetic natures remained unchanged in case of
C-MnFe0O, NPs with a huge decreage saturation magnetization (0.14 emu/gm) due to

LMCT, leading to reduction in the numbers of unpaireglattrons of the surface ions [22].
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Figure 4.8. Field dependent magnetization {N) at room temperature of-BnFeO, NPs. Inset
shows MH plot of bare MnFgD, NPs.
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Figure 4.9.(a) and (b) show the representative-iidvabsorption spectra of HSA in the
supernatant of different concentrations (batch 1) of MOFeNPs and @MnFeO, NPs
respectively. For the MnE®, NPs, lower absorbance peak is observed comparing with C
MnFe0O4 NPs. That means HSA is more adsorbed on the surface of bare®4rHes than

the surface of @&MnFe,O, NPs. The same results are observed for batch Il and Il of samples

which are provided in Figur.9.(c, d) and (e, f) respectively.

The adsorbed amount of HSA on both MstBeNPs and @MnFe,O, NPs with of different
concentrations is represented in Figure 4.10.(a) and (b) respectively which also reveals that
the HSA adsorption is more for Mnf, NPs comparing to @MnFe0O4 NPs. A linear
increase of the amount of adsorbed HSA is found with the increase in particle concentration.
Comparing the amount of adsorbed HSA for both M@kend GMnFe,O4 NPs, it is found

that the amount of adsorbed HSA is reeltl by three times in citrate functionalized MsBe

than the pristine Mnk©, NPs (Figure 4.11). The bulk citrate ligand plays a very significant
role to reduce the proteiadsorption on the surface ofMInFe,0O4 NPs exercising its steric

hindrance.
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Figure 4.9.UV-vis absorption spectra of HSA in the supernatant solutions of (a, c, e),®yde

(b, d, f) GMnFe&0, for batch I, II, Ill respectively where the concentration of the particles are of 50,

100, 200, 250, 500 and 1089/ml.
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Figure 4.11.Comparative representation of amount of adsorbed HSA on }@&ed CMnFe,0O,

After studying the multiple fluorescenpeoperties of @MnFe,04 NPs, we tried to utilize its

UV absorption band in the degradation of environmentally harmful dye, methylene blue
(MB) under UV irradiation. Figure 4.12.(a) shows that the absorption peak of MB at 663 nm
drops with time and it takes almost 75 min to ddgreompletely at pH ~ 3 with a first order
rate equation of kinetics rate constakt ¢f 5.68 x 10 min. The comparative rate of
degradation ofMB in presence of citrate andiBInFeO, is shown in kgure 4.12.(b).
Photoluminescence study ofi InFeO, NPs already reveals the emergence of blue
fluorescence under UV light irradiation, indicating the excitation of electrons from their
valance band to the conduction band. Therefore, these excited electrons get the opportunity to
react with the surface £andH,O of G MnFe,O, NPs solution to generate superoxide anions
(OzAj and hydroxyl ions (OI§I respectively which are responsible for the degradation of MB
present in the aqueous solution afiMhFe0O, NPs. The proposed reaction mechanism is as

follows:

CiMnFe0O,+ N 2 +hs'
ece +0, Y O
0 + MB Y Product
hve® + H:0 ¥ HOM H'
HOM MB Y Product
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Figure 4.12.(a) GMnFe0,4 promoted the degradation of MB under UV light over time in-4¥
spectroscopy and (b) rate of degradation of MB in lighit in presence of citrate andMnFeO,
NPs.

After successful degradation of MB, we tried to see the degradation of an organic dye,
bilirubin (BR) whose presence in higher concentration in blood leads to jaundice. The
degradation of BR (pH ~ 7) with tienat 435 nm proves the excellent catalytic efficiency of
C-MnFe0O4 NPs atroom temperature, as shown imglre 4.13.(a) with a first order rate
equation of kinetics rate constark) (Of 1.3x10° min™. Figure 4.13.(a) indicates that an
increase in absorbaa at 352 nm with a continuous decrease in BR absorbance at 435 nm
over time, leading to an isosbestic point, observed at 370 nm. The absorbance peak at 352 nm
arises due to the formation of methylvinylmaleimide (MVM), a photo oxidation product of

BR in agieous medium [23]. The rate of degradation of BR in presence of citrate-and C
MnFe,0O4NPs are shown iRigure 4.13.(b).
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Figure 4.13.(a) GMnFe0O, promoted degradation of BR under stirring condition over time in UV
vis spectroscopy and (b) ratedd#gradation of BR in presence citrate anl@Fe,0, NPs.
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4.4. Conclusion

Surface modification of MnFE&,4 NPs with trisodium citrate enlightens the scope of studying
the surface electronic structures. Using the spectroscopic technique, the opticalgzraperti

the material are thoroughly ventured. We have also explored the origin of multicolor
fluorescence properties through LMCT transition from the citrate ligand to the lowest
unoccupied energy level of Mn ions and dransitions over Mn ions presenttire NPs. The
pristine and surface modified magneto fluorescentRd@), nanoparticles are tested against
protein adsorption for future biomedical application and satisfactory results are obtained. The
catalytic activities of citrate functionalized Mnf& NPs for the degradation of MB (a model
water contaminant under UV light) and BR (a biologically harmful pigment) are investigated
and competent performance is observed. We believe that the multifunctional citrate modified
MnFe,O, NPs will open up a new doofor bio-imaging, drug delivery, wastewater

decontamination and for the treatment of hyperbilirubinemia.
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MnFe,O,Nano-Hollow Spheres: Surface
Modification with Tartrate and Novel
Catalytic Property

In this chapter we have synthesized Mybenanchollow spheres
and functionalized with disodium tartrate ligand to induce inherent

fluorescence property and catalytic activity.



Chapter 5

5. Synthesis and Functionalization of MnFe,O,
Nanol Hollow Spheres for Novel Optical and Catalytic

Properties

5.1. Preamble

An ancient but fascinating MnK@, is a mixed valance (MAT Fe™) metal oxide with
highest saturation magnetization which facilitates mapyplications such as magnetic
resonance contrast agents [1], magnetic drug targeting [2], sensing [3], catalysis [4], and etc.
MnFeO, strikingly differs from other ferrites, for example CeBg and NiFeO, which are

highly resistive in nature. The electal transport of cubic spinel type MR arises due to
electron transfer between Mn and Fe ions on octahedral site$+f&T 2 Mn*+Fe?)
through Verway hopping [5], leading to its efficient catalytic activity. Recently, rsined

spinel hollow ferries have gained enormous attention among diversified morphologies such
as thin films, nanoflakes, nanowires because of their low density, high effective surface area,
large pore volume, and enhanced coercivity [6] which raise their performance in
hyperthernm, drug delivery, electromagnetic wave absorption, waste water treatment, and
catalysis [7] compared to their solid counterpart. A general strategy for the convenient high
yield synthesis of MnF©, nana hollow spheres (NHSs) is either hard or soft tenepla
mediated approach where microemulsion droplet, liquid drop, polymer micelle, and vesicle
are treated as soft templates [8] whereas polymeric microsphere and silica sphere are
commonly used as the hard ones [9]. However, template mediated approaciotdoesin

the criteria of biocompatibility and nontoxicity for their application in biomedical field. One
step selftemplated solvothermal/hydrothermal synthesis of M@g&ollow structures with
narrow size distribution based on novel mechanism, Ostwadding [10] is the best way to

get rid of this problem. In addition, solvothermal/hydrothermal approach is very powerful for
synthesizing nanostructures with high uniformity, wedintrolled morphology, size, and
crystallization in a scalable and cost effee way which is still absent in the extant
literatures for fabricating MnE®, NHSs.

For biological and environmental applications, it is essential to have solubilised as well as
welll dispersed magnetic particles in an aqueous medium. Due to high itgaatid high
saturation magnetization [11] of magnetic nanostructures, it is very difficult to avoid their

agglomeration which can be easily overcome through proper surface
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coating/functionalization using organic/inorganic ligands. However, organic samfact
molecules with long hydrophobic tail used for stabilizing and individuating the nanopatrticles
(NPs) are insoluble in water, restricting their biomedical applications [12]. In particular,
silanization of magnetic NPs has shown great success in preyeitact contact between

the magnetic NPs and since the decoration of silica surface with functional groups including
thiol, amine, and carboxylate groups is very easy, it in turn facilitates the solubility of these
spheres in different solvents [13]. Déspof intrinsic water solubility, inorganic SKgoating

over magnetic NPs incorporates the properties like biocompatibilitycyimtoxicity, high
stability in biological buffer, high fluorescence activity, and photo stability in addition to
controlled transport property [14]. Therefore, designing of an appropriate surface
modification/functionalization strategy to obtain exact facilities like,Si@ating along with
intrinsic water solubility is highly desirable to expedite the diverse biological appity of
magnetic NHSs.

Herein, we report a solvothermal approach to fabricate MAEHSs of average diameter

of 100 nm followed by their rational surface modification through tartrate ligand which is an
environmentally benign, biocompatible, and hyghbluble in water and are found to exhibit
many novel optical properties such as intrinsic fluorescence and enhanced photocatalytic
activities. We believe that highly luminescent biocompatible magnetic tartrate functionalized
MnFe0O4 (TT MnFe0O4) NHSs canserve as luminescent markers and can broaden novel
application scopes in biolabelling, bioseparation, immunoassay, target imaging, pathogenic
detections in addition to drug encapsulation within the heaaty of NHSs for drug

delivery.

5.2. Experimental Sction

5.2.1. Materials Used

The salts such as Mn{bH,0, FeC}.6H,O and the capping agémtieylamine are purchased
from Sigma Aldrich whereas the solvaneshylene glycol and ethanol, the bageea were
purchased from Loba Chemie. Sodium hydroxide (NaGQg#i)obtained from Merck.
Methylene blue (MB), a cationic dye for photocatalysis is purchased from Sigma Aldrich. All

the reagents are of analytical grade.
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5.2.2. Synthesis, Formation Mechanism and Functionalization of
MnFe,O, NHSs

In a typical synthesis d¥inFe,O, NHSs of average diameter 100 nm, we have incorporated
0.30 g of MnC}, 6H,0 and 0.80 g of Fegl 6H,O as salts into a 30 ml solvent mixture of
ethylene glycol and ethanol in 2:1 ratio and after that we have added 0.53 g of urea as base
and 3 ml ofoleylamine as capping agent in the mixture. Finally, the homogeneous solution
was transferred into a teflon lined autoclave and heated to 200°C for 24 h. The resultant black
precipitation is obtained through centrifugation followed by washing with aldbhok. The

possible chemical reactions for the synthesis of MOEFBIHSSs are proposed as follows [15]:

CO(NHy)2Y NHz+ HCNO
NHsz+ HO Y NH4" + OH
Mn*2+ 20H Y Mn(OH),
Fe?+30H z FeOOH + HO
Mn(OH), + 2FeO0HY MnFe0, + 2H,0 + H'

During thereaction, urea decomposes into ammonia which is going to produce a large
number of hydroxyl groups at high temperature through hydrolysis. These hydroxyl groups
help in precipitating manganese and ferric ions of the precursor salts into their corresponding
hydroxides in a form of colloid. Finally, the presence of both manganese hydroxide and iron
oxide hydroxide in the reaction mixture enables to develop the phase of®inkeorder to
evaluate the process of core excavation of MOEFeNHSs, we have conducted time
dependent synthesis &inFe,O, NHSs of average diameter of 100 nm at various reaction
times of 6, 12, 18, and 24 h. A series of transmission electron micrographs of the resulting
products, as shown in Figure 5.1i(@)) indicaes the distinct changes in the size, surface,
and interior of thenanospheres with time. Initially, after a reaction time of 6 h, aiHaab

like structure of primary Mn(OH)and FeOOH nanocrystals with average length of 3 nm is
observed as shown in Figu5.1.(a) due to their orchid trigonal and monoclinic crystal lattice
respectively. As the newly formed naneaf like structures are extremely nano in size and
thermodynamically unstable, they aggregate all together to form a solid sphere of average
diameter of 62 nm with rough surface as shown in Figure 5.1.(b) durihg B of interval in

order to reduce the surface energy. With a longer reaction time of 18 h, a hollowing effect is

Page |107



Chapter 5

noticed as shown in Figure 5.1.(c) and the solid sphere starts to dooossphere of smooth
surface with average size of approximately 90 nm. It is due to the volume reduction and
hence increase in density because of the transformation of Map@DH)FeOOH with lower
density to denser MnE@,. After 24 h of reaction timehe distinct contrast between the
margin and the interior of the spheres with average size of 100 nm as shown in Figure 5.1.(d)
confirms the formation of NHSs with smooth surface. The underlying mechanism for the
hollowing effect is Ostwald ripening [10] wdh involves a gradual outward migration of
crystallites through a recrystallization process and the capping agent, oleylamine restricts the
growth of nanocrystals, thus resulting the formation of NHSs of smaller diarDd@® oim).

Figure 5.1. Formatbn mechanism of MnE©®, NHSs with average diameter of 100 nm and its
representative transmission electron micrographs in four intermediate steps: (a) 6 h, (b) 12 h, (c) 18 h,
and (d) 24 h.

A heat treatment at 500°C for 20 min is carried out to th@rapared MnF&, NHSs to
remove the capping agent, oleylamine completely followed by cyclomixing with 0.5M
disodium tartrate dihydrate for 12 h at room temperature. Removal of oleylamine is required
because theresence of long hydrophobic chain in orgasigfactant molecules over the
surface of NHSs makes the system insoluble in water. The resnitkigre was centrifuged
and the collected supernatant was passed t
remove nonsolubilised larger NHSs. The filite is termed as tartrate functionalized
MnFeO, (TT MnFeO,) NHSs solution. Next, the pH of the filtrate was adjusted from 7 to 12
by drop wise addition of 1M NaOH solution, and the resultant solution was heated at 70°C
for 15 h under continuous stirringn@ the solution (fluorescence modified MinFe,O4
NHSs) became highly luminescent which is used for our studies.

The phase and morphology of the nanomaterials were characterizedray diffraction
(Rigaku Miniflex 1l desktop) using Cu W (e=1.5418 A) radition, transmission electron
microscope (TEM, TECHNAI G2 SF20 ST) and scanning electron microscope (SEM, FEI
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Quanta200 Mark?2). A JASCO Fourier transformed infrared (FTIBB0OO spectrometer was

used to confirm the attachment of tartrate ligand with M@FeNHSs. For FTIR
measurement, powdered sample was mixed with KBr powder and pelletized. The background
correction was made by using a reference of KBr pellet. The room temperature magnetic
measurements of bare and functionalized MBEeNHSs were performeth a Lake Shore
vibrating sample magnetometer (VSM) equipped with an electromagnet, capable of
generating a field of up to 1.6 T at 300 K. In order to measure thevig\absorption of
functionalized MnFgD, NHSs and the degradation of MB in presence id¥iiFe,0, NHSs

with spectroscopic precision, the spectra were recorded with a Shimadzu madzb00V
spectrophotometer using a quartz cuvette of 1 cm path length. The characteristic fluorescence
excitation and emission spectra were recorded on a Jobin Wianel Fluoromax3
fluorometer. The comparative evaluation of photocatalytic performancei bMfinFe,O,

NHSs, MnFeO4 NHSs, and bare tartrafer the degradation of aqueous solution of MB was
performed using 8W UV lamp of wavelength 253 nm. A mixture of MB &anMnFe,O,4
NHSs/tartrate solutions in 1:1 (4e®/1 each) ratio was continuously stirred in the dark for 30
min in a quartz cuvette, maintaining @H3. In case of solid MnE®,; NHSs, it follows the

same procedure with addition of 0.01 gm of MsBeNHSs inthe same concentration of MB
solution. After this period of time, the UV light source was turned on and the cuvette was
placedD 2 cm apart from the light source. The absorbance of MB imeetion mixture was
measured time to time by the UWis spectrophotometer and the absorption peak at 663 nm
was monitored to obtain the photocatalytic degradation efficiency. We added the same
amount of MB (4.6 e€M) to the solution afte
for recyclability test. Fally, to evaluate the mechanism of MB degradation, we have carried
out the UV vis absorption study of MB solution in presence bMhFe,O, NHSs under UV

light of wavelength of 360 nm in addition to 253 nm as well as normal day light condition.

5.3. Resuls and Discussions

The XRD pattern of MnF©®, NHSs, as shown in Figure 5.2 confirms single phase, face
centred cubic spinel structure (JCPDS card na.03@9) of MnFegO, and from the
broadening of its Bragg reflection peaks, the average crystallite sigled,0, NHSs is
found to be approximately 23 nm using Scherrer's Equation. Energy dispersaxe (KEDX)

spectroscopic analysis as shown in inset of Figure 5.2 confirms the absence of elemental
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composition of the capping agent, oleylamine which may plgyifggant role in determining

the solubility of T MnFe,O, NHSs in water.
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Figure. 5.2.(a) XRD pattern of MnF£, hollow spheres of average diameter 100 nm. Inset exhibits

the EDX spectrum indicating the presence of Mn, Fe, and O of j}jpFe

Figure 5.3(a) demonstrates the TEM image of MpBg NHSs which are used for further
surface modification in order to optical and catalytic studies. The dark margin and bright
centre contrast of each nanostructure confirm the formation of NHSs. It is found that the
particles are spherical in shape with a narrow size distribution and the average diameter is
observed to b® 100 nm with shell thickness of the order of 7 nm. The structural property of
an area selected by black rectangle of single MDIFFBIHS (Figure 5.3a)) is characterized

by using the highresolution TEM (HRTEM) as shown in Figure 5.3.(b), illustrating highly
crystalline nature of the nanocrystals. The inpdainar distance is estimated to be 2.51 A,
which is in good agreement with the {311} planesMriFe,O,4. Figure 5.3.(c) shows the
selected area electron diffraction (SAED) pattern of the same area of Figure 5.3.(a),
indicating crystalline nature of esynthesized NHSs. The SEM image ofMinFe,0O, NHSs

as presented in Figure 5.3.(d) confirtme attabment of tartrate ligand over the NHS's
surface where the arrow head points out the broken part of the NHSs. The average diameter

of Tt MnFe,O4 NHSs is found to be of the order of 90 nm. Figure 5.3.(e) shows the EDX of
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T1 MnFe,O, NHSs having elemental compositions of Mn, Fe, O, C, and Na which confirm
the presence of both tartrate and Myibze

0.70 1.40 2,10 2.80 3.50 4.20 490 5.60 6.30 7.00
Energy (keV)

Figure 5.3.(a) TEM image of MnF£, hollow sphere of average diameter 100 nm, (b) HRTEM

image, (c) SAED pattern of the area selectedblagk rectangle as shown in the TEM image of
MnFe,0, NHSs,(d) SEM image, (e) EDX of -MnFe&0O, hollow sphere of average diameter 90 nm.

In order to get the direct evidence of ligand functionalization onto the surface of NHSs, FTIR
spectra (Figure 5.4) oattrate, MnFgO, and Tt MnFe,O, NHSs have been carried out. The
MnFe,O4 spectrum shows characteristic peaks at 580 and 696 The peak at 696 crhis
attributed to the stretching vibration mode of iMIhfor the tetrahedrally coordinated metal
ions and the band at 580 Cciis assigned to the same for octahedrally coordinated metal ions
[16]. However, T MnFe, O, NHSs exhibit those peaks with lower insétly probably because

of high concentration of tartrate ligand. Pure tartrate has five peaks at 1070 t88 crh*
(arising due to TOH stretching frequency) [17], 1428 tm1629 cm? (attributing to the
symmetric and asymmetric stretching modes of €O@nd 3400 chrt (stretching vibrational
mode of @ H bond) [18], which shift upon functionalization, clearly confirming the binding
of ligands with NHSs surface.
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Figure 5.4.FTIR spectra of MnFE©®, NHSs, T MnFe,0, NHSSs and tartrate.

Figure 5.5 showshe room temperature magnetic hysteresis loop of bare }F&HSs of
average diameter of 100 nm whereas its inset exhibits the sameMmn+€&0, NHSs. The
coercivity (Hc) and the saturation magnetization (Ms) of the parent MnHSs are found

to be 12 Oe and 37. 96 emu/g respectively, indicating their ferrimagnetic nature. Upon
surface functionalization, their coercivity almost vanishes with significantly decreased
saturation and remanence magnetizations which is a signature of superparamagnetic
behavour. Tartrate contains twé-donor, hydroxyl {OH) groups and two-donor, carboxyl

(i COO) groups which indicate that ligand must donate electrons to the transition metal ions
of Tr1MMNHSS, leading to ligand to metal charge transfer which is also observed from
the photoluminescence spectra as shown iurgig. Therefore, the decrease ing ffbr

T1 MnFe,O, NHSs is due to ligand to metal charge transfer (LMCT) transitions which
appreciab) quench the unpaired spins of Mr19]. This reduction in M decreases the

spint orbit coupling which is related to magnetocrystalline anisotropy endigyhly the
relation,Ea= KVsir‘d ,  wkiig theemagnetocrystalline anisotropy constant which depend

on the strength of spirbit couplingvVi s t he vol ume of a nanostr

between magnetization direction and magnetic easy axis of a crystallite. Therefore, reduced
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spirt orbit coupling results in a decrease in magnetocrystallireoopy and hence téf the
TT MnFe,0O4 NHSs [20].
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Figure 5.5.Field dependent magnetization graph of bare MOEFBIHSs of average diameter 100 nm
at 300 K. Inset shows the same forvinFe,O, NHSs.

The surface electronic structure of nanomaterials charsigasificantly upon surface
functionalization with organic ligands. In order to study the effect of surface
functionalization, we have carried out UMs absorption measurements of bare tartrate,
MnFe0,4, TT MNnFeO4 and fluorescence (fl.) modifiedi MnFe,O4, NHSs. The comparative

UVT vis absorption spectra as shown in Figure 5.6 indicate that there is a distinct absorption
band ranging from 271850 nm upon surface functionalization of MpBg NHSs with
tartrate ligand. Since tartrate and MpBg NHSs do not exhibit any absorption in the

UVT1 vis region, the broad band in case oMMnFe,O, NHSs is due to LMCT transition from
highest occupied energy levels of tartrate to the lowest unoccupied energy levels of surface
metal ions (MA? and Fé&® of MnFe,O; NHSs [21]. To increase the intensity of the
absorption band of TMnFe,04 NHSs, it is further modified through heat treatmenD@0

°C for 15 h at pi®12 and the broad band of MinFeO, NHSs is found to split along with
enhanced intensity in case of fhodified T MnFe,O, NHSs solution. Generation of two
absorption bands at around 295 and 334 nm are possibly due to enhanced interaction of the

functional groups of tartrate at higher pH.
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Figure 5.6. UVT1vis absorption spectra of tartrate, MpBg Ti MnFeO,; and fl. modified
TT MnFe0O, NHSs. Inset exhibits the photographs of aqueouMFe,0O, NHSs solution under
visible and UV light respectively.

Upon getting knowledge about the UMs spectra of fl. modified MVMInFe,0O, NHSs
solution, we have carried otibeir excitation and emission studies as depicted in Figure
5.7.(a) and (b). Figure 5.7.(a) shows the normalized emission spectra of fl. modified
T1 MnFeO4 NHSs solution at 412, 492, 522 and 568 nm against excitation at four different
wavelengths at 324395, 447 and 480 nm respectively whereas Fig. 7(b) exhibits the
normalized excitation spectra of the same solution at different fluorescence maxima of 324,
393, 445 and 478 nm. According to the selection rule of atomic spectroscopy, there is no
possibilityof di d transitions for Mfi" (d°) and F&"* (d°) of MnFeO, since the transitions are

both Laporte and spin forbidden [22]. However, there is a possibility for the existence of 3+
oxidation state of Mn at higher pH [23]. Tartrate, having tivbydroxy carboxylate groups,

is a strong field ligand and in presence of higin octahedral environment, the degeneracy

of tog and g levels of MA* (d*) is lost due to JahiTeller distortion and caused to develop
energy levels of 58, 5Ay, 5B,y and 5 with increasing energy [24]. Therefore, the first
emission peak at 412 nm is due to LMCT from tartrate to th&’Mor F€* and the peaks at

492, 522, and 568 nm are due to thel dransitions [25] of 5B Y 5E;, 5B1q Y 5B, and

5B1g Y 5Aqrespectively of sueice Mi® ions of fl. modified MnFgO, NHSs. Multicolor
fluorescence, arising due to different excitations of fl. modifieMiFe,O, NHSs solution is

evident from the images of Figure 5.71(@®). It demonstrates that thedfT white coloured
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powder of fl. modified T MnFeO, NHSs generate fluorescent colors like blue, green, and

red upon excitations in the range of B380, 450490 and 516560 nm respectively, by

using filters.

Size and morphology of the nanostructures play an important role in determnging t
catalytic activity [26]. In general, nanostructures with lower size exhibit efficient catalytic

activity due to their higher surface area. Therefore, the double surface area of NHSs of

average diameter of 100 nm must show better catalytic perfornracoatrast to their solid

configuration. In addition to that the oxidation state of metal ion also determines their

catalytic performance [27].
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Figure 5.7. (a) Normalized steadtate fluorescence emission spectra at four different excitation
wavelengts of 324, 395, 447 and 480 nm, (b) Normalized stesidye fluorescence excitation
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significant efforts have been made to study the catalytic/photocatalytic

performances of mixed valence nanostructures. Hence, in order to identify the catalytic
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performance of mixed valance magnetic metal oxide with large effective surface area as well
as to utilize the broad optical absorption band OMhFe,0, NHSs throughout the UlWis

region, we have carried out the photocatalysis of textile dye, MBasence of TMnFe&O,

NHSs under UV light. Figure 5.8.(a) shows the excellent catalytic activityi MnFe,0,

NHSs for degradation of MB with time at pr3 under UV light irradiation of wavelength

253 nm. The characteristic absorption at 663 nm has beersechdo monitor the
photocatalytic degradation at room temperature. It demonstrates that the peak intensity at 663
nm changes significantly with time and the MB is found to degrade completely within 60 min
of UV irradiation. Figure 5.8.(b) shows the ratepbiotocatalytic degradation of MB in the
presence of bare tartrate, Mpbg NHSs, T MnFe,O4 NHSs under UV light of wavelength

253 nm and the degradation rate in presenca MriFe,0O, NHSs is maximum and found to

fit excellently with a first order rate egiien with kinetic rate constank) of 2.64x10?

min' . It is noted that TMnFe,04 NHSs show good photoluminescence property upon UV
excitation which may facilitates the photo induced electron transfer fidvinFe,O; NHSs

to MB, resulting MB degradation only within 60 min. Lee et al. [28] have reported that
electron transfer is associated with the MB degradation and enhanced interaction of MB with
the double interfaces of TMnFeO, NHSs further promote it. Guo et aJ29] have
demonstrated the decomposition of MB dye in aqueous solution by nR#Ss having
diameter in the range of about 1220 nm as a catalyst and found 85% degradation of MB
within 150 min. Therefore, surface modification of MpBg NHSs with tartate ligand as in

our case indeed plays important role in rapid degradation of MB. Photoluminescence study of
TiMnFe,O, NHSs already reveals the emergence of blue fluorescence under UV light
irradiation, indicating the excitation of electrons from theiramak band to the conduction
band. Therefore, these excited electrons get the opportunity to react with the syuréaxck O
H,O of Ti MnFe,0, NHSs solution to generate superoxide anionﬁ’li(and hydroxyl ions

(OH;) respectively which are responsible for thegradation of MB present in the aqueous

solution of T MnFe:O4 NHSs. The proposed reaction mechanism is as follows:

TiMnFeO,+ N ®cg +h’
ece + 0V O
o + MB Y Product
hve™ + H0 ¥ HOM H'
HOM MB Y Product
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In order to confirm thenature of MB degradation, we have carried out photocatalytic
degradation of MB in presence ofMnFe,O, NHSs under UV light of another different
wavelength of 360 nm and normal day light condition as shown in Figure 5.8.(c) and (d). The
comparative studyfophotocatalytic degradation of MB in presence eMmFe,0O, NHSs
under UV lights of wavelength 250 and 360 nm indicates that UV light influences MB
degradation significantly. The decrease rate of MB concentration under UV light of
wavelength 250 nnD4.96eV) is found to be faster than the MB degradation under UV light
of wavelength 360 nmD3.4 eV). In addition, no degradation is observed under normal day
light condition which implies that MB decomposed through photocatalytic reactions under
UV light. Since adsorption does not depend on the incident light [30,31], this MB
degradation is practically due to catalysis instead of adsorption aildF&0O, NHS is

photo-catalytically active material.

0.25
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Figure 5.8.(a) UVI vis spectra of MB solution measuredd#terent time in presence ofi MnFe0O,

NHSs and UV light of wavelength 253 nm, (b) Relative concentration of MB versus time, monitored
at 663 nm in presence ofi MnFeO, NHSs/MnFgO, NHSs/bare tartrate under UV light of
wavelength 253 nm. UWis spectra bMB degradation in presence of MinFe0O4 NHSs under (c)

UV light of wavelength 360 nm, and (d) normal day light condition.
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To confirm the stability of the high photocatalytic performance as well as for
commercialization, the recycling experiments afMnFe,O, NHSs under UV irradiation

have been conducted. We have carried out five consecutive cycles as shown in Figure 5.9
which shows that the rate of the photocatalytic degradation remains almost constant,
indicating the high stability of the catalyst.nSeé the photocatalytic properties of the

T1 MnFe,O4 NHSSs rejuvenate after each cycle, it is very important for industrial applications.
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Figure 5.9.Reusability of TMnFe,0O, NHSs in the degradation of MB under UV light of wavelength

253 nm over five cycles.

5.4. Conclusion

In summary, magnetic hollow nanospheres of MAkéaving narrow size distribution and

with average particle size of 100 nm have been successfully synthesized by self templated
solvothermal method. Further, we have demonstrated that rational surface functionalization
of these MnFg0, NHSs can modify theielectronic structure through charge transfer from

the organic ligand to the metal ion and therefore, enumerates wide range of multicolor
fluorescence starting from blugreen, to red. Finally, we have utilized the large surface area
of our developed magnd fluorescent TMnFe,Os NHSs in monitoring the catalytic
efficiency for the degradation of MB under UV light irradiation and it is found to exhibit
excellent reusable photocatalytic performance which is beneficial for industrial applications.
The Ti MnFeO, NHSs developed in this work are potentially important for various

applications such as photonics, separation, water treatmenitnbiging, and drug delivery.
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Chapter 6

Effect of Bovine Serum Albumin on Tartrate
Modified Manganese Ferrite Nano Hollow
Spheres:Spectroscopic and Toxicity Study

In this chapter we have studied the interaction of bovine serum
albumin (BSA) with TMnFe,O, NHSs using several spectroscopic
techniques which suggest that the interaction occurs by an
electrostatic mechanisnn vitro and in vivo toxicity studies reveal
that the TMnFe,0O, NHSs are benign. Furthermore, we have noticed

that -MnFe,O,NHSs are also appearing to be an antimicrobial agent.
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6. Effect of Bovine Serum Albumin on Tartrate Modified
Manganese Ferrite Nano Hollev Spheres: Spectroscopic

and Toxicity Study

6.1. Preamble

Magnetic nano hollow spheres (NHSs) have opened avenues for biomedical applications and
diagnostics due to their dimensional similarities with biological molecules [1]. The cost
effectiveness, biogupatibility, nortoxicity, mechanical stability and large specific surface
area of3d transition metal oxides based NHSs demand their potential impact in clinical
laboratory [2,3] As for example, Hyeon et. al. developed a magnetite hollow nanocapsules
which is utilized as multifunctional nanocarrigcs deliver drugs and provide contrast for
MRI [4]. Hence, the influence of NHSs to study the interaction withnd@romolecules
(serum albumin, protein, DNA, RNA and carbohydrate), encapsulation and dliugryl
becomes a key area in chemical or bio medical fields. Recently;smegob hollow structures

have gained tremendous attention because of their low density and enhanced coercivity [5].
Among the ferrites, MnFE®, NHSs show significant magnetizatiomhich is potentially

useful for magnetic hyperthermia, magnetic imaging and drug delivery [6]. It is already
reported that the particles, ranging from2@ nm are suitable for biomedical applications.
After inoculation of the nano ordered magnetic phatiato the blood for drug delivery or
some other biomedical applications, they travel through blood which contains thousands of
different proteins [7]. Thus the study of absorption/interaction of blood containing protein on
the NHSs is very important. Thequeous phase insolubility, absence of inherent optical
properties and the agglomerative nature of M@EeNHSs restrict their applications in
biomedical field. To overcome the drawback of the NHSs, proper surface decoration with a
biocompatible ligand ivery essential. For example, Dong et al. synthesized and modified
Y203 Yb**/Er** hollow nanospheres with PEG which has very good potential in angiography
due to the high contrast imaging and long blood circulation time A&o, there are
numerous reposton the effect of nanoparticles (NPs) to the macromolecules like DNA and
proteins [912]. Elango et al. studied on the charge transfer complex of bovine serum albumin
(BSA) with quinone and its influence on the ligand binding property [13]. Salis eaa. h
found that anions bind to the protein surface according to a Hofmeister sefrigsBCk

NOs < I' < SCN) [14]. Similarly, another group has used a phattuced intramolecular
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charge transfer (ICT) fluorescence probe to study the BSA in its rattvehermal induced
denatured states [15]. Different fluorescent probes also have been developed for studying
microenvironment and protein binding sites but the study regarding microscopic origin of
fluorescence emission spectra, changes in ligand td oietege transfer transition (LMCT)

due to the presence of ligand and metal iohd,transition of metal oxides in presence of
protein have not yet been studied in detail-1B§. Besides, most of the fluorescent probes

are bulky in nature and nenagnett. So, there is a limitation for applying fluorescent probes

in many biological purposes. To overcome this problem, designing of new nano

biocompatible fluorescent probes based on magnetic property is very essential.

For our current workwe have choseBSA as our single preferred candidate which helps to
maintain the colloidal osmotic pressure and pH of the blood BSA is a large globular
protein that contains 583 amino acid residues [20]. The low cost, easy availability and well
known structure grovan interest to utilize BSA in a wide range {24]. This structure and
behavior of BSA in aqueous medium helps researchers in finding the interaction of BSA with
other proteins, urea, surfactants and nanomaterial using NMR, circular dichroism (CD), UV

spectroscopy and fluorescence spectroscop2 5

In the present case, we have synthesized magnetic XnRSs and modified with tartrate

to use for the biomedical applications. This is very necessary to understand the interaction
property of FMnFe,O4 NHSs with the protein to use theMnFe,O, NHSs for bological
purposes using the fluorescence and magnetic propeéNiesave deeply investigated the
mechanistic origin of the increasing fluorescence intensity-BnFe,0, NHSs in presence

of BSA by several spectroscopic and other techniques. It is foitralynthat the tartrate is
responsible for LMCT transition from tartrate ligand to the metal ion. But due to the
interaction of TMnFe,O4 with BSA, the protein enhanced the LMCT transition. BSA is also
responsible for the intrinsid-d transitions cented over F& ions in the NHSs. Addition of

BSA into the aqueous solution ofMnFe,0, NHSs deforms the structure of BSA which has
been investigated in details. Moreover, we have tried to find out the explanation of the
relative fluorescence intensity vai@n like blue and green of bareMnFeO, NHSs and

[BSA]-[T-MnFe&Q,] in fluorescence microscope.

We have also examined the toxic effects of the developed nanomaterial both in cellline
(RAW 264.7) as well as in rat model. IntriguinglisMnFe,0O, NHSs wasfound to benon
toxic in both the system we tested.
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6.2.Experimental Section

6.2.1. Materials Used

The salts such as MnBH,O, FeC}.6H,O, oleylamine and bovine serum albumin (BSA)

(MW 66.5 kDa), NaHPO, and NaHPO, were purchased from Sigma Aldrich. Ethylene
glycol, ethanol, disodium tartrate dihydrate and urea were purchased from Loba Chemie.
Milli -Q water (Milli-kQ Academi c wi t h -40), DMEM rfHi-M¢did, Indig),a k R
fetal bovine serum (Gibco, USA) were dstor the experiments. MTT, DMSO, Xylene,
Paraffin, Eosin, Hematoxylin were purchased from Merck, India. -Blichlorofluorescein

di acetate (H2DCFDA) ( Si gma, USA) , CaspACE

purchased. All the reagents are of analytical gradeuard without further modification.

6.2.2.Synthesis and Functionalization of MnFgO, NHSs

In a typical synthesis of MnE®; NHSs by solvothermal process, high temperature heat
treatment of MnGl6H,O and FeGl6H,O have been done in presence of ureaylamine

and ethylene glycol. The prepared MpBgNHSs were cyclomixed with 0.5 M disodium
tartrate dihydrate solution. The resulting mixture was centrifuged and the collected filtrate is
termed as tartrate functionalized MpBg (TT MnFe,04) NHSs solution.The XRD patterns

of the assynthesized MnFE©®,; NHSs, EDX analysis, SEM image and TEM analysis of
MnFe,0O4 NHSs are shown in our previous report [29]. The TEM image shows the almost

spherical shape of MnE®, NHSs with average diameter of 100 nm.
6.2.3. Wha is Bovine Serum Albumin?

Bovine serum albumin (BSA) forms almost 55% of blood plasma protein which is derived
from cows. It helps to maintain the colloidal osmotic pressure and pH of the BiSadis a

large globular protein with a molecular weight @.% kDa that contains 583 amino acid
residues. It is a single polypeptide chain which is capable to bind with various small
molecules, such as steroids, amino acids, metal ions, carbohydrates and other molecules. The
secondary structure of BSA containsgoli | y  -Befixd6tructure with six turns which is

held by many hydrogen bonds between amino acids at different places in the chain and gives
the shape a great stability. The tertiary structure is held by hydrogen bonds, disulphide bonds,
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ionic bonds, hydsphobic and hydrophilic interactions. This structure consists of nine loops

stabilized by 17 internal strong disulfide (S=S) bonds between 34 cysteine residues.

6.2.4. Preparation of Experimental Solution

1 mM stock solution of BSA was prepared by diss@whe BSA in 10 mM phosphate buffer
(NaH,PO, + NgpgHPQOy) at pH 7. Then it was kept at 4 °C for 3 hours to stable the solution.
Further, the solution was diluted by adding the phosphate buffer of same concentration for
carrying out the experiments.-MinFe,O, NHSs were used for the experiments without
further changing the concentration. To carry out all the experiments for three times, T
MnFe,0O4 NHSs solution was freshly prepared and phosphate buffer was used.

For biological studies,-MnFe,0, NHSs were rixed with Milli-Q water (Millipore, USA) to

prepare different concentrations required for the experiments.

6.2.5.In vitro Analysis

In vitro cytotoxic effects of IMnFe,0O, NHSs were investigated following our previous
reports [30,31]. In brief, 1 x £amacrophages (RAW 264.7; ATCC, USA) were cultured in
six well culture vessel using DMEM medium supplemented with 10% fetal bovine serum and
treated TMnFe,O4 NHSs for 6 h at 37 °C in a humidified incubator maintaining 5% CO
level. After completion of tréenent, cells were harvested by scarping, subjected to
centrifugation at 3000xg for 5 min. Cell pellets were washed with PBS (100 mM, pH 7.0) for

three times and cell viability was determined by MTT assay as demonstrated below.
6.2.6. MTT Assay

Cell viability of control and TMnFe,O, NHSs treated RAW 264.7 macrophages were
determined by MTT (34,5 Dimethylthiazot2-yl)-2,5-Diphenyltetrazolium Bromide) assay
following our previous reports [30,31]. Cells were treated witMiFeO, NHSs and
harvested by centrf ugati on as depicted in the above.
100 mM PBS) was added to each cell pellet, mixed properly and incubated at 37°C for 1 h in
dark. Cell suspension was centrifuged at 3000xg for 5 min, supernatant was discarded and
purd e col oured formazan <crystal was further
Colour intensity was measured spectrophotometrically at 495 nm using a plate reader (Bio
Rad, USA). Cell viability was determined using the following formula:
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6.2.7.In vivo Analysis

Toxic effects of the IMnFe,0O, NHSs were studied in a mammalian model (Wistar rat). All

the animal related experiments were performed after obtaining an ethical clearance from
CPCSEA (Reg. no.: 1819/GO/Ere/S/15/CPCSEA), Govt. of India. Three groups (n=6) of
adult male rats (120+10 g)ere exposed to-MnFeO4,NHSs (25¢l / kg body v
100 ¢l / kg body weight) through i ntraperit
experimental animals were provided with water and faddibitum After termination of the
treatment, animalsvere euthanized and blood was collected through heart puncture.
Haematological and biochemical parameters were determined following our earlier reports
[30,32]. Besides, liver tissue was perfused with cold PBS (100 mM; pH 7.0) and histology
was performeddilowing Mukherjee et al [30]n brief, liver tissue was cut in small pieces (5
mm | 5 mm), fixed in Bouinbs fixative for
Tissues were treated with xylengylene: paraffin (1:1) and embed in paraffin block to
obtain thin section in Ultramicrotome (Weswox, Indi&ections were deparaffinized using
xylene, mounted on clear glass slide, subjected to staining with haematoxylin and eosin stain

followed by the aalysis using an optical inverted microscope (Dewinter, Italy).
6.2.8. Assay of Caspase

Activity of caspase8 in T-MnFe,0O, NHSs treated macrophages was determined by the
substratebased colorimetric assay as depicted in our earlier reports [30,32].

6.2.9.Determination of Antimicrobial Activity

6.2.9.1. Antibacterial Activity

Antibacterial activity of TMnFeO, NHSs was investigated by treating the culture of
Escherichia coli( T v e b a ct Baciliua sabtilis @rand +ve) following our earlier
reports [3]. Briefly, bacteria were conducted in Lwartoni (LB) broth (pH 7.0) for 24 h.

After reaching the exponential growth phase, bacteria were separately treated with variable

doses of TMnFe0O4, NHSs and inhibition of microbial growth was monitored by dateing
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the turbidity (optical density; OD) of both control and treated microbes at 600 nm. All the

experiments were performed in triplicate and replicated for at least three times.
6.2.9.2. Antifungal Activity

Antifungal activity of FMnFe,O, NHSs was inestigatedin vitro against a pathogenic
fungus isolatePichia guilliermondii (Genbank accession no.: KC771883) following the
protocol described by Mukherjee et al [3®h brief, P. guilliermondii was cultured in
modified yeast potato dextrose (YPD) broth in presence-binFe,O, NHSsin different
concentrations. Growth of control and treated fungi were monitored by measuring the
turbidity at 600 nm against media control. Each data was collected f@raxgeriments

conducted in triplicate and repeated three times at least.
6.2.9.3. Statistical Analysis

All the experiments were performed in triplicate and repeated for three times at least. Data
are given as mean = S.D. Data were analyzed by Studeest dand/or Ongvay ANOVA
using Graphpad Prism 5.0. p<0.05 was considered as statistically significant.

6.2.10.Characterization

Magnetic measurements were carried out in a Lake Shore vibrating sample magnetometer
(VSM).

The UV-visible (UV-vis) absorptionspectra of tartrate modified Mnf&, NHSs solution

along with BSA were taken on a Shimadzu-2800 spectrophotometer with a quartz cuvette

of 1 cm path length. The steadtate fluorescence emission and excitation spectra of the
same solutions were recedl on a Horiba Jobin Yvon Fluorolog fluorimeter. The
Fluorescenceanisotropy measurement was carried out in a HitachO®0 Fluorescence

Spectrophotometer. Fluorescence anisotropy is defined as
i © "®BO ro a&o
where Iy and Iyy refer to the emission intensities obtained with the excitation polarizer

oriented vertically and the emission polarizer oriented vertically and horizontally,

respectively. Thé& factor is defined as

‘0 07%0
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where the intensitiek,, and Iy are the vertical and horizontal positions of the emission
polarizer with the excitation polarizer being horizontal respectively. Tewelved
fluorescence spectra were carried out on a commercially available spectrophotometer
(LifeSpeeps) from Edinburghnstruments, U.K. For the 320 nm laser source, the instrument
response function (IRF) was 90 ps. The data were fitted using Igor Pro 6.34A data analysis

software.

The circular dichroism (CD) spectra were recorded on JASCO J815 spectropolarimeter
(Jasco mternational Co. Ltd, Hachioji, Japan) equipped with a Peltier temperature control
system (model PTGB48WI). The instrument parameters for CD measurements were 50
nm/min, band width 1.0 nm, and sensitivity of 100 millidegree. The path length of the cuvette
used was 1 <c¢cm. The concentration of BSA w
expressed in terms of mean residue molar ellipticify {n units of deg.crmdmol ™.

Secondary structure calculations were performed by the software supplied by Jasco.

6.3.Results and Discussion

6.3.1. Magnetic Analysis oMnFe,O, NHSs

To investigate the magnetic properties of MiB£NHSs, MH hysteresis loops of the
sample with maximum applied field of 14 kOe at 80 K and 300 K were carried out (Figure
6.1.(a)). At around room temperature (300Kg, Nigr and Ms values of NHSs are found to be
128.7 Oe, 13.3 emu/g and 55.8 emu/g respelgti displaying the soft ferrimagnetic nature of
MnFe,0O4 NHSs. On lowering temperature (at 80 Kx; #163.8 Oe, M = 18.2 emu/g and

Ms = 68.8 emu/g values of NHSs are increasing than 300 K as the increased value of
magnetic anisotropy at lower temperatis preventing the orientation afagnetic spins in

an applied field.Also reduced thermal fluctuation at 80 K helps to achieve higher

magnetization in the sample.

Further, MT curves of NHSs are measured in presence of 100 Oe field at 10 K interval
within the temperature region of 80 400 K during both zero fieldooledheating (ZFCH)

and FCH mode, are shown in big 6.1.(b). The separation gap between FCH and ZFCH
curves is related to anisotropy energy barrier which is related to magnystalline energy

of the sample. Also split between FCH and ZFCH curves in the whole regidi9@KX
indicates that blocking teperature (§) for this sample is situated above 400 K [33].
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Moreover, it shows that MnE®,; NHSs with size 100 nm maintain cubic structural phase

throughout 8D300K as no phase transtion cusp for ferrites i.e. Verway transition is found in

this region.

{(a)

40_-—3001{
1— 80 K

100 150 200 250 300 350 400
T (K)

Figure 6.1. (a) M-H hysteresis loops at 300 K and 80 K and Temperature (T) dependence of
Magnetization (M) under ZFCH and FCH mode KémFe,O, NHSs.

To understand the dynamic nature of magnetization, magnetic relaxation property of the
sample ismeasured. In Figure 6.2, after removal of aligning field of 14 kOe, variation of M
with time is recorded. At first M sharply falls, then tries to retain it which reflects the
influence of Neel and Brownian relaxatiohhe graph is fitted witth 6 0 mQ 7,
wheret is relaxationtime constant that represents ability to retain the magnetization as well

as the interaction between magnetic spins.
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The |l arger wall t hi ¢ k ne ssingleodomaiN i ssugdgestsarmon i t 6
existence of superspin state and also from the high valug 0$tfong interaction between

super spins can not be expected around room temperature which is a possible reason behind
the high value of = 1137 sec found e [34].

8.49 -

5481 - 1= 1137 sec

8.42 r '+ fr < r -t -t 71717717
0 500 1000 1500 2000 2500 3000 3500
Time (Sec.)

Figure 6.2.M vs. time curve at room temperature for MpBeNHSs.
6.3.2.UV-vis Absorption Study

1.6

Absorbance

0.0

320 360 400 440 480
Wavelength (nm)
Figure 6.3. Absorbance titration profile of-MnFe0O4 NHSs complex with increasing concentration

of BSA of (i) 0.0, (ii) 0.266, (iii) 0.398, (

calculated error is +5%.
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To study the protein sensing ability and changes in LMCT band as well agittrargsiion

of the metal ionin presence of BSA, we investigated the Mg absorption profile of T
MnFeO4 upon addition of increasing concentration of BSA which is shown in Figure 6.3.
The absorption peak of-MnFe,0O4 NHSs at 329 nm is due to LMCT and that at 427 nm is
assigned tal-d transition centered over Eeions in the NHSsThe absorption at 329 nm
increases with a maximum blue shift of 5 nm on additioBSA and clearly indicates the
interactions between BSA and hydrophilieVinFe,O, NHSs. A slight change in polarity in
the hydrophilic environment of-MnFe,0O, NHSs in presence of BSA is the reason behind
the blue shift [35]An increasing absorption at 42 on adding BSA also indicates more d

d transition due to decrement jig &nd g level of d-orbitals centered over metal ion.

6.3.3.Fluorescence Emission Study

The evidence of the interaction of BSA to theMhFeO, NHSs was derived from
fluorometrictitration. When excited at 299 nm, BSA exhibits emission spectra at around 347
nm in Figure 6.4.(a). The addition of only 0.266 pM of BSA in thdliFeOs; NHSs
solution shows an emission spectrum at 378 nm against the excitation wavelength of 299 nm.
The ed shifted emission peak of BSA from 347 to 378 nm in presenceMofFe,0, NHSs

is due to the addition of BSA in the solution medium. Further, the addition of higher
concentration of BSA resulted the solution medium less polar f36h result, maximum

blue shift of 10 nm (378nm to 368nm) along with the increase in intensity is observed when
0.660 uM BSA was added in theMnFe,0O, NHSs solution. This signifies slight change in
polarity of the local environment of the fluorescent molecule as the envirbrbeeomes

|l ess pol ar due to the replacement of wat e
difference between ground and excited states of BSA increases on reducing polarity of the
environment resulting lower wavelength emission spectra (blue ahit)eturning of more
electrons to ground state (higher intensity). The tartrate ligand (charge, surface density and
length) also plays a major role in determining the spectral changes [37]. In polar environment
of the solution medium, -MnFe,0O, NHSs are negately charged due to the presence of
tartrate ligand on the outer surface of MglBeNHSs. On adding BSA in the solution, a
strong binding of tartrate ligand to the BSA takes place due téoth@ation of salt bridges
between the negatively charged tadgrand the carboxylate ammonium type of lysine on the
BSA surface. It is already established that BSA prefers to bind negatively charged surface of
ligands [38]. Although BSA is negatively charged at pH 7 still it binds preferentially to
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negatively chargethartrate which is somewhat puzzling. The isoelectric point of BSA is 4.6
which suggest that overall charge of BSA is negative but the attractive electrostatic
interaction of 60 surface lysine groups with the tartrate moiety make this binding possible
[39-41].

To explore the mechanistic origin of enhanced LMCT @wldransition in presence of BSA,
T-MnFe,0O4 NHSs are excited at different wavelengths with increasing concentration of BSA
at pH 7. Figure 6.4.(b) shows emission spectra in the range 68396n upon exciting the
T-MnFe0O, NHSs in presence of BSA at 329 nmMhFe0O, NHSs solution shows an
emission spectrum at 396 nm but the increasing concentration of BSA in the medium, shifted
emi ssi on wdtoddlem gith b red shift of 5 nm. Thetended charge transfer
from negatively charged BSA to tartrate to ¥I&e€’* ions causes an increment in
fluorescence intensity. When-NInFeO, NHSs are excited at 427 nm and it shows an
emission spectrum at 496 nm as evident in Figure 6.4.(c). Furtherintheasing
concentration of BSA results in the red shift of 13 nm (from 496 to 509 nm) with increasing
fluorescence intensity. A strong electrostatic interaction between the BSA and the
carboxylate group (COQof tartrate ligand loose the ligamdetal irteraction. It affects the

d-d transitions of F& ions. As Mrf*and F&" both ared® system, they are Laporte and spin
forbidden [40]. However, considerabied transitions of F& occur due to the relaxation of
selection rules by spin orbit coupling anctahedral distortion [42]. The energy gap between
t,g and g of F€" ion decreases and hence fluorescence intensitiydofransition increases

with addition of BSA in the solution medium [43,44]. These results strongly suggest the
effect of BSA on the IMnFeO, NHSs.

The binding affinity Kgy) of the [BSAHT-MnFeO4 complex was also determined from
fluorometric titration of TMnFeO, NHSs with increasing concentration of BSA using

modified BenesiHildebrand equation

p p p
YO YO U "3

<
S®

w h e r Feis theqgdifference in fluorescence intensity in presence and absence of BSA and
[BSA] is the BSA concentratiom. he Benesi T Hi |l debr aKpgicoddsbe oci a
determined from the ratio of the intercept to the slope of the stlaighh e of the pl
against 1/[BSA].

Page |133



Chapter 6

The calculated binding affinity valu&gy) is estimated to be (1.0620.32)%1a in Figure

6.4.(d) which is in good accordance with the binding constant value evaluated from-the UV

vis absorption spectroscopiatd.
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Figure 6.4. Fluorescence emission spectra of (a) BSA in phosphate buffer and BSA in increasing
2 6 6 = 29D N in TMAFe,B,NESS,
(b)-(c) T-MnFe0,4 NHSs with increasing concentration of (i) 0.0, (ii) 0.266, (iii) 0.398, (iv) 0.530, (v)

concentration

0.660

of

(i)

0.

error is 5% (d) Modified Benesidildebrand plot for the complexatiorf 8SA with T-MnFe,O,

NHSs from

3 successive measurements.

To investigate whether BSA is attached only witiMfiFe,O, NHSs,we performed the

(iv)

€ M BRAnmaahd 427 nm respectively. For 3 successive measurements calculated

f | u o£=6839m.Ecoe bard aré calculated frem the standard deviation of

relative fluorescencintensity study of BSA in presence of water and tartrate separately.

Figure 6.5 confirms that the relative fluorescence intensity of BSA is maximum with T

MnFe,0O4 NHSs which is followed by pD and tartrate respectively.
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Figure 6.5. The comparativéluorescence intensity of BSA in presence efMhFe0, NHSs, HO
and tartrate. Error bars are calculated from the standard deviation of 3 successive measurements for

each case.

The continuous variati on protocol ing hebés
stoichiometry of the complexation of [BSAT-MnFeQ,. The plot of difference
fluorescence intensity ( oF) at t he wavel en
MnFe,0O, NHSs added revealed a single binding mode (Figure 6.6). Continuousovariati
anal ysis was degFne32®t nan9 8. 15Frrkbom( & he infl ect

value was found to be 0.51. Thus, stoichiometry was estimated to be around 0.96.

00 02 04 06 08 1.0
mol fraction of 'l‘-N’InFez()‘1 NHSs

Figure 66.J ob 6s pl ot depicting c han g efradgtion off-MnFe®,e s c e n
NHSs.
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6.3.4. Steady State Fluorescence Anisotropy Study

Steady state fluorescence anisotropy measurement is a useful experiment to know how the
surrounding environment imposes motional restriction on the fluorophore [45]. IiatsD

the information about the fluorophore in liquid media where the fluorophore can rotate freely
but the increase in the rigidity in the environment surrounding the fluorophore can causes an
enhancement in the anisotropy value [46]. Figure 6.7.(a) tdejhie change in the anisotropy
value of TMnFeO, NHSs with an increasing concentration of BSA in phosphate buffer
medi um. The figure reveals that with the
fluorescence anisotropy increases from 0.029 to Or@i8dotonically before leveling off.

This fact clearly indicates that substantial restriction on free motiorMhAe,04 NHSS is
imposed with the addition of BSA. This happens due to the binding of BSA withHe,O,4

NHSs.

The binding constant of the [B$-[T-MnFe,O,] can be estimated using Ingersoll and Strollo
method [47]

p
o " 3!

P
5 P

whereKy is the apparent binding constant of the [B§AIMnFeO,]. fz corresponds to the
fractional fluorescencence contribution eMinFe,0O, NHSs bound to BSA:

0

rY\ 1 1 1

where the anisotropy value of freeMinFe,0, and[BSA]-[T-MnFe,0,] are denoted by and

rg respectively. The correction factBis the ratio of intensity of [BSA|T-MnFe,O,4] and T
MnFe,0O4 NHSs. The double reciprocal plot bffs versus 1/[BSA] is shown in Figure 6.7.(b)
which is a straight line and from the slolggvalue is estimated to be (1.21+0.21)%M™
which is in good agreement with the value obtained from the spectrofluorometric titration
experiment. Thus the fluescence anisotropy study suggests the strong binding affinity of T
MnFe,0O,NHSs to BSA and this method is feasible to find out the binding constant [48].
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Figure 6.7.(a) Variation of steady state fluorescence anisotropy-MinFe,O, NHSs as a function of
BSA <€ 0nNCcCegrt r3a2t9i mpm ~388& run foe-TMnFe,0, NHSs. (b) 1iz vs 1/[BSA] plot to
evaluate the binding constant for the complexation of BSA witinFe,O, NHSs. Error bars are

calculated from the standard deviatiorBduccessive measurements.

6.3.5. Fluorescence Microscopic Imaging

Further, to understand the fluorescent intensity difference-MhFe,0, NHSs and [BSA]
[T-MnFeQ4], fluorescence microscopic images are obtained. Figure 6.8.(a) and (b) indicate
the fluorescent colors such as blue and green upon excitingMe~&0, NHSs under UV

and blue light irradiation respectively. Intensity of the same fluorescent colors (blue and
green) increases noticeably with the addition of only 0.398 uM of BSA into-tieHe0O,

NHSs solution which is illustrated in Figure 6.8.(c) and (d) respectively. The main reason for
increasing intensity of [BSAJT-MnF&Q,] is due to the extended charge transfer through the
formation of salt bridge between BSA and tartrate ligand-®dnFe,O, NHSs which we
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have discussed earlier. During this experiment, we fixed the excitation wavelengths at 340
390 (for UV) and 46195 (for blue) nm for generating blue and green fluorescence of the

sample respectively.

Magnification: 10 x (a) Magnification: 10 x (b)

Figure 6.8. Fluorescencenicroscopic images of-MnFe0O, NHSs under (a) UV and (b) blue light
irradiation. The higher fluorescence intensity of [B$AIMnFeO,] NHSs is observed under (c) UV
(d) blue Iight irradiation. The scale bars in

6.3.6. Effectof pH in Fluorescence Intensity

A series of emission spectra (3898 nm) of [BSA} T-MnFe,O,4] were recorded in the pH
ranging from 3 to 10 agae ofs329 andMe7 nemxardiateat i «
shown in Figure 6.9.(a) and (b) respectively. lmotcases, maximum intensity is
observed at basic medium (pH 10), followed by acidic (pH 3) and neutral (pH 7) medium.
The difference in fluorescence intensity in different pH range is explained by a simple
schematic (Schentl).
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Figure 6.9. pH titration of TMnFe,0O, NHSs with increasing concentration of BSA of (i) 0.0, (ii)
0.266, (iii) 0.398, (iem) 302.95 3n0m,aad@dchn((Ebpr bés a6e6 0 ¢

calculated from the standard deviation of 3 successiveurerasnts for each case.

The plausible complexation of metal unit by the tartrate in neutral medium (pH 7) is shown in
Scheme 6.1.(AC). Dissolving of tartrate into water medium maintains the equilibrium of the
system and the complex formation drives tbaction forward. Chelation of Mng@,; NHSs

is favorable in aqueous medi u-mydroxy catbexyldater at e
group [49,50]. Further, addition of sodium hydroxide (pH 10) #MiFe0O, NHSs, the
carboxylic acid {COOH) group convéed into carboxylate-COQ) group in Scheme 6.1.(D)

and the bond rearrangement (Scheme 6.1.(F)) helps to donate more electrons to the metal
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ions. Now the addition of increasing concentration of BSA in thRnFeO,; NHSs is
strongly influenced by the pH drthe electrostatic interaction of BSA with theMnFeO,4
complex gets more favorable. Due to addition of hydrochloric acid (pH 3) in-MeFEO.
NHSs,-COOH group gets protonated (Scheme 6.1.(E)) and the bond rearrangement forms
the resonance structui®cheme 6.1.(G)) which donates electrons to the metal ions but unlike
the basic medium. For the formation of chelate complex in acid medium, tartrate ligand gets
hydrolysis over th& COOH group but the chelate formation in basic medium is successively
more stable rather in acid medium [51,52s a result, TMnF&0O, NHSs andBSA]-[T-
MnFeQ,] in basic medium show better fluorescence intensity rather in acid medium against
the excitation wavelength of 329 and 427 nm. Finally, the minimum fluorescencetintédnsi
T-MnFe,0O4NHSs at pH 7 (Scheme 6.1.(C) ) can be explained on the basis of nucleophilicity
of C=0, GOH and GO' groups. As the nucleophilicity of C=0 is much lower comparing
with the GOH and GO', the electron donation from C=0 to the metal ionfess. As a
result, the fluorescence intensity ofMinFe,O, NHSs and [BSA]T-MnFeQ,] is lowest in
neutral medium comparably with the basic and acidic medium against the excitation

wavelength of 329 and 427 nm.

Scheme 6.1The plausible formation proces$ T-MnFeO, framework in neutral, basic and acidic

medium.
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