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ABSTRACT

In this research work, super paramagnetic iron oxide
nanoparticles (SPIONs) were produced, and the precursor iron
molecular solution for SPIONs synthesis was optimized. Thus produced
SPIONs were subjected for Coreshell-SPIONs synthesis for drug
delivery, which had the following four major stages (1) synthesis of
SPIONSs, (2) functionalization of SPIONSs, (3) curcumin loading/tagging,
and (4) biopolymer coating (Chitosan). Every stage of the synthesis was
analyzed using various microscopic (TEM, SEM, AFM) and
spectroscopic (UV Vis, FTIR, Zeta Analyzer, Raman Spectroscopy,
GIXRD, PXRD, XPS, SQUID, VSM) analyses. Through spectroscopic
techniques mainly the elemental nature and the energy states of elements
present all through the Coreshell-SPIONs production was studied. The
Coreshell-SPIONs were subjected for drug delivery studies against HCT
116 and HeLa cells. Coreshell-SPIONs were showing I1Cs, at 30 pg and
80 pg concentration against HeLa and HCT 116 cell lines respectively.
IC50 concentration was subjected for further anticancer studies and
analyzed through nuclear staining, flow cytometry and expression of
caspase-3 at four time durations: 2 hours, 6 hours, 12 hours and 24
hours. The Coreshell-SPIONs were found to induce cancer apoptosis
which was analyzed using quadrant and histogram statistics obtained as
per flow-cytometer. Caspase-3 expression was analyzed using caspase-3
expression assay. Further they were evaluated by histogram statistics.
SPIONSs were also utilized as contrasting agent for X — ray imaging,

where it was showing the egg matter clearly. The response of SPIONSs to



vii

X-ray was studied with and without applied magnetic field. Later, the
SPIONSs were subjected for toxicity study against earthworm. It was not
found causing any evident activity on morphology but it was causing

lipofuscin like accumulation in the animal model.

Key words: SPIONs; Coreshell-SPIONs; Precursor iron molecular
solution; Stabilization; Functionalization; Sodium dodecyl Sulphate
(SDS); Chitosan; Curcumin loading; Drug carrier; Microscopy;
Spectroscopy; Sustained drug delivery; HeLa and HCT 116 cell lines;

Four time durations; X-ray imaging; Quills egg; Toxicity assays.
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CHAPTER 1

INTRODUCTION

The inception of conceptual origins of nanotechnology started
in 1950S and through the experimental advances occurred in the
following decades, the novelties of nanoparticles of various Kinds
intrigued the scientific community to contemplate for solutions over the
unresolved problems existed in the arena of science and technology.
Though the intervention of this inevitable field of science is still at its
infancy, especially in the field of medicine, it foreshadows far reaching
ends in the scenario of health care treatments. One of the major
techniques researched for this purpose is nanoparticle-based theranostics
where iron oxide nanocrystals are of vital importance (Xie et al., 2012).
Theranostics is a newly incipient thought which involves simultaneous
implementation of therapeutic and diagnostic methods for personalized
medicine (Schleich et al., 2013). Ever since the realization of the
nobility of iron oxide nanocrystals in theranostics, the researchers have
been comprehending different methods of synthesis and their surface
engineering for the anticipated applications. Among the wide range of
iron oxide nanocrystals synthesized through various ways and means, in
general, superparamagnetic iron oxide nanoparticles (SPIONs) are

preferred for their multifarious use in biomedical applications.



1.1 PROPERTIES OF SPIONSs

SPIONs display a variety of unusual and interesting properties
that are not present in bulk systems. The unique properties of SPIONs
include, superparamagnetism, surface and spin resonance effects,
magneto-optic phenomenon, morphological properties, dipole moment,

easy axis orientation
1.1.1 Superparamagnetism

Superparamagnetism occurs when a ferri/ferromagnetic
material is reduced in size below about 50nm in the largest dimension.
At any temperature, all the magnetic ions in the nanoparticle are locked
together and produce a large permanent magnetic dipole moment.
However, for temperature higher than a so-called *“blocking”
temperature, Tg, the moment flips 180° very rapidly and the resulting
average moment reaches near zero. Only for temperatures below Tg
does the moment stay fixed in one direction during the time of
measurement. Thus the particles exhibit a ferromagnetic-like response
for temperatures below Tg, but possess a paramagnetic-like property
above Tg. The “super” part of superparamagnetism arises from the large
magnetic moment of the entire magnetic ions which aligns in the field,
where as in normal paramagnetism only the small moments of single
ions are aligning in the field (Heiman 2009). On removal of the field the
magnetic moments of SPIONs relapse back to their unique easy axis
positions owing to their longitudinal and transverse relaxivities
(Kandasamy et al., 2015) resulting in zero magnetic remanence and zero

coercivity.



1.1.2 Surface and Spin Resonance Effects

Large surface to volume ratio is one of the distinctive
properties of all kinds of nanoparticles in general. The magnetic
properties of a nanostructured superparamagnetic particles are strongly
dependent on surface layer (Nedkov et al., 2006). Since surfaces of
SPIONSs are at their reduced sizes are so reactive due to the increased
surface area-to-volume ratio. The magnetic properties of a
nanostructured superparamagnetic particle are strongly dependent on the
surface layer. The interpretation of this influence vacillates between a
critical “finite size effect” and surface spin disorder (Nedkov et al.,
2006). Unusual spin resonance effects arise from the spin disorder
which is due to the lower coordination of the surface atoms. Broken
exchange bonds would produce a spin glass (SG) like state of spatially
disordered spins in the surface cations with high anisotropy surface
layers. The degree of spin canting depends on the particle size. Spin
canting phenomenon is observed especially in ultrafine maghemite
particles (Linderoth et al., 1994).

1.1.3 Physical Properties

Physical and structural properties of SPIONs depend on the
characteristic synthesis methods employed and the very elemental nature
of reagents used for synthesis. Temperature and pH also considerably
influence the physical and structural characteristics of SPIONs. SPIONs
of transition elements exhibit adverse change in the very chemistry, for
instance, magnetite (FesO,;) into meghamite (y-Fe;O3). Both
nanoparticles are crystalline in structure, and each is made of a magnetic
domain (Yadollahpour et al., 2016). Magnetic nanocrystals appear as
single-core particles and multi-core nanostructures (Bogren et al., 2015).



1.14 Structural Properties

There are at least seven varied crystalline phases in ferrous and
ferric metal oxide particles. Among them the most common
aremagnetite (Fe3O,), hematite (a-Fe,O3), meghamite (y-Fe,O3), and
Fe;xO (wusite); the less commonly found are B-Fe,Os3; and e-Fe,O3
phases and the low temperature rhombohedral structure (Tharani et al.,
2015). Among the various types investigated, magnetite and meghamite
are noteworthy. The two differ from each other in the final structure;
one occupies positions in the octahedral and tetrahedral sites, and the
other, meghamite, has cationic vacancies in the octahedral position
(Lodhia et al., 2010). Gamma ferric oxide is a spinel, and is usually
assumed to have a collinear magnetic structure consisting of two sub-
lattices (Morrish et al., 1976). The inverse spinal crystal configuration is
the most common case of maghemite and general formation of hematite
is found to be rhombohedrally hexagonal (Ashraf et al., 2017), and
cubic crystal lattice with three orthogonal easy axes. Those axes are
accepted choice to define the particle’s placement in space. The
magnetic moment minimizes its internal potential energy (anisotropy
energy) when it is focused on along one of the axes (Dolgovskiy et al.,
2015). Maghemite nanoparticles are generally pertinent in biomedicine
due to their outstanding magnetic properties. It is typically described
both in a cubic system (space group P43 32) with disordered Fe vacancy
or in a tetragonal system (space group P4,2,2) with full site ordering and
c / a = 3. Magnetite and maghemite have analogous spinal crystalline
configuration, therefore identical electron diffraction pattern
(Yadollhpour et al., 2017).



1.1.5 Size of SPIONSs

Two of the most significant magnetic scale measurements that
describe magnetic NP structures are the superparamagnetic radius
(Rspm) and single domain radius (Rsp). With reference to particle size,
the investigators employed on IONPs in medicine and biology -
specially in the MRI community — use an informal organization divided
into different ranges as follows: below 10 nm, very small
superparamagnetic iron oxide NPs (VSPIONSs); between 10 and 50 nm,
ultra-small superparamagnetic iron oxide NPs (USPIONS); and between
50 and 180 nm, superparamagnetic iron oxide NPs (SPIONs). Although
this cataloging might be suitable only for collecting some size choices
presenting similar circulation and relaxation properties for precise
applications, IONPs are persistently mentioned to in the literature as
SPIONs (Cortajarena et al., 2014) if magnetic hysteresis occurs at zero

magnetic remanence.

1.1.6 Shape of SPIONs

The modification in the shape of magnetic nanostructures has
been used to improve r, relaxivity. Faceted CoFe,O, show higher
relaxivity than that of spherical CoFe,O, (Jun et al., 2005). Shape and
chemical structure strategies range considerably from particle
suspensions, sheets, tubes, shells, and arrays (Shubayev et al., 2009). On
the biological side, the shape of a nanoparticle decides the magnitude to
which the nanoparticle will interrelate with membrane receptors and

henceforth the amount of internalization (Cortajarena et al., 2014).



1.1.7 Charge of SPIONs

Charge also governs a major role in in vivo system. Since
subatomic particles are with respective charge the dissemination of these
particles in the body and their vital parameter affecting internalization of
nanoparticles in their target cells depends on their surface charge. The
surface charge of nanoparticles provides a sign of their colloidal
permanency. Either the nanoparticles having high positive or high
negative zeta potential show better dispersion and good stability.
Moreover, such particles do not agglomerate on storage (Wahajuddin et
al., 2012).

1.1.8 Magneto-Optic Property of SPIONs

It is reportedly said (Apreotesei et al., 2008) that in the applied
magnetic field the ferrofluid befits anisotrophic. Their anisotrphy is
manifested depending on at least the four of the following properties, (1)
mechanical properties; (2) electrical properties; (3) magnetic properties;
and (4) optical properties. Furthermore, the direction of the applied
magnetic field and the intensity of the magnetic field applied are
relevant in anisotrophy. The analysis of magnetooptical properties
(linear dichroism and linear birefringence) in ferrofluids is a way to
emphasize and evaluate the structuring of ferrofluids in the presence of
applied magnetic field. Such a phenomenon arises due to aggregates of
particles that occur at a relatively low density with in the fluid (Ziyun et
al., 2006). Magnetically induced particle chaining should be considered
as one of the main causes of the linear dichroism and birefringence in
concentrated ferrofluids (Jian et al.,, 2004). The relaxation of

birefringence in ferrofluids is adopted as a tool for testing the spatial



structure while functionalizing them with poly vinyl alcohol base for
drug delivery purpose (Apreotesei et al., 2007). Polarized Microscopy,
named for numerous applications, is one of the instrumental tools for
observing the phenomenon of birefringence (Delly 2008). Moreover, a
small strong magnet could be used to wave back and forth around the
lower end of the objective to study a magnetic sample. Anything
magnetic will ‘wave back’ and them be studied (Delly 2008).
Birefringence which is an optical phenomenon and the associated
photosensitive properties show a significant part in quantum science and
its forth coming uses in biomedical applications. Nonlinear processes
which is an important area in theoretical physics is also highly relevant
in the studies of iron oxide nanoparticles, along with their numerous

applications in medical diagnostics (Zhang et al., 2015).

1.2 VARIOUS METHODS EMPLOYED IN SYNTHESIS OF
SPIONSs

There are different ways and means developed for the
synthesis of SPIONs. The basic strategies involve physical methods,
wet chemical methods, and microbial methods. Each technique has its
own advantages and disadvantages. There is a greater influence on the
various properties of SPIONs depending on the selection of techniques

employed for synthesis.

1.2.1 Microwave Assisted Method

In microwave assisted method the substance is heated
uniformly. It is done through a glass/plastic reaction vessel. Microwave

assisted method would lead to a homogenous nucleation. It also leads to



shorter crystallization period. In comparison with other conventional
heating methods microwave assisted method is more preferable.
Because, microwave assisted method is beneficial for the synthesis of

uniform colloidal iron oxide nanoparticles. (Hasany et al., 2012).
1.2.2 Chemical Co-Precipitation Method

Chemical co-precipitation technique is the simplest chemical
pathway to obtain SPIONs. Either magnetite (FesO4) or maghemite
(yFe203), are synthesized by co-precipitating stoichiometric combination
of ferrous salts and ferric salts in an aqueous medium. The
thermodynamics of the reaction require the ratio of 2:1 for Fe*'/Fe**,
and the pH between 8 and 14 (Lodhia et al., 2010). Both pH and ionic
strength affect the chemical conformation of the particles. It also affects
the surface properties of the particles. Accordingly, the electrostatic
surface charge/properties of the particles could be tuned in accordance
with required application of SPIONSs. Alterations of this technique
sanction for the production SPIONSs in the presence of dextran polymer;
or else any additional substance that renders the magnetic nanoparticles
biocompatible and thus make this technique chiefly suitable for in vivo

medical related applications (Tartaj et al., 2003).
1.2.3 Microemulsion Method

Microemulsion method is otherwise called two-phase method.
Mainly two immiscible (oil and water) phases are employed to form
SPIONSs. Stabilizing agents are another prerequisite elements for the
better synthesis of SPIONs. In microemulsion method a single

monolayer is formed at the interface between two immiscible phases.



For instance, using polyvinyl pyrolidone as surfactant (Mitchel et al.,
2014) SPIONs can be synthesized. Metal nanoparticles formed in
microemulsion method are not always morphologically same and would

be varying with internal structures (Morsy 2014).
1.2.4 Hydrothermal Method

In hydrothermal method, organometallic precursors, such as
iron acetylacetonate or iron carbonates, are thermally decomposed in the
presence of different surface surfactants. Typically, this method is
performed in an aqueous solvent at temperature above 200° C (Cordova
2012). Hydrothermal method relies on the ability of water to hydrolyze
and dehydrate metal salts on elevated conditions, and the very low
solubility of the resulting metal oxides in water at these conditions to

generate supersaturation (Hasany et al., 2012).
1.2.5 Sol-gel Method

Traditionally sol-gel technique employs the procedure of metal
alkoxide precursors that readily undergo catalyzed hydrolysis and
leading to condensation to arrange the precursors a sol of iron oxide
elements per nanoscale sizes. Transition metal oxide precursors also are
employed in synthesizing Fe3sO, (Gash et al., 2000). Sol-gel iron oxide
constituents are equipped in the Fe,O3; — SiO, structure might exhibit
precise a number of novelties in SPIONSs; (1) magnetic uniqueness (2)
electrical uniqueness and, (3) catalytic uniqueness. By means of diverse
approaches, iron oxide nanoparticles are in glass, polymers, LB films,
zeolites, clays and mesoporous silicate have been organized (Jitianu et
al., 2001).
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1.2.6 Microbial Methods

Magnetotactic microorganisms, a collection of Gram-negative
prokaryotes, have confirmed capability to combine fine metal oxide
nanoparticles in the dimension range of 50 — 100 nm. These microbial
iron oxide magnetic nanoparticles are shielded within the microbial
system phospholipid coatings. Magnetic nanoparticles formed
accordingly are more biocompatible. Henceforth they are advantageous
for number of biological applications (Xiaming et al 2012).

1.2.7 Green Biosynthesis

Green biosynthesis method uses (BS) brown seaweed
(Sargassummuticum). The adding of ferric chloride solution as iron
precursor to the BS extract comprising sulphated polysaccharides as a
chief module which has sulphate, hydroxyl and aldehyde assemblage
can effect the reduction of Fe*and stabilization of nanoparticles
(Mahdavi et al., 2013).

1.3 SIGNIFICANCE OF SPIONs IN CLINICAL SETTING

The fabulous phenomenon of SPIONs is investigated for
various clinical applications. There are single-core and multi-core iron
oxide nanoparticles. Among them the single-core particles with sizes
ranging from few nanometers are highly relevant in biomedical
applications. The said multi-core particles with their sizes ranging up to
few micrometers could also be found worthy of many Kkinds of
biomedical applications. All such particles are relevant in the fields of
diagnosis (ex. MRI), therapy (drug delivery), and imaging (ex. X-ray)
etc. (Bogren 2015).
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1.3.1 Diagnosis
1.3.1.1 Magnetic Resonance Imaging (MRI) Contrast Agents

In common, MRI is a biomedical imaging method. It is used to
image soft muscles of animal body in very resonant portions in two
dimensional as well as three dimensional spaces. The hydrogen nucleus
existent in the liquid content of the body plays an essential part in
gaining MRI descriptions dependent on their communication with the
applied magnetic field, applied radiofrequency signal and also with
regard to their relaxation time. There are two relaxation times mainly
observed: (1) T1 (longitudinal — spin — lattice relaxation) and (2) T2
(transverse — spin —spin relaxation) relaxation times. The two relaxation
times are dependent on the duration needed for the modules of
respective magnetization vectors. Necessarily, in both cases, they are to
return to their original thermal equilibrium state. Both T1 and T2
relaxations can be enriched by SPIONSs separately as positive contrast
and negative contrast and also as dual-mode MRI contrast enhancement
(Kandasamy et al., 2015). Moreover, among the number of formulations
with SPIONs investigated for enhancing MRI contrast, iron oxide
nanoparticles to which curcumin was firmly bound also are
characterized for owing good properties as MRI contrast agent (Magro
et al., 2014).

1.3.1.2 SPIONs as X-ray Enhancers

Diverse mechanisms of interaction between X-rays and NPs
are predictable bestowing to NPs elemental nature (Retif et al., 2015).

Superparamagnetic iron oxide nanoparticles (SPIONSs) are thought to be
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good candidates as X-ray enhancers. When such enhancers are
employed the dose of the applied radiation is tremendously decreased.
Hence SPIONs are investigated for this purpose of low-dose radiation
therapy. It is slowly getting momentum in the research field. To make it
more effective mixed-phase-composition of SPIONs are preferred - (y-
Fe203) (1-x) (Fe304) x and sizes between 9 and 20 nm size particles
are researched for this purpose (Klein S, et al., 2014). The density
packed metal particles can selectively scatter radiations and they have
the ability to absorb radiations of high energy gamma or X-ray
radiations. This paves way for better aiming of animal cellular
components present within the cancer tissues. Thus SPIONs synthesized
in the mixed phase are able to allow the removal of more localized and
consolidated damage through low dose radiation therapy (Kwatra et al.,
2013).

1.3.1.3 Other Potential Imaging Techniques and Diseases

The SPIONs are adjoined with supplementary contrast agents
like fluorescence tags and dyes, and very smaller scale quantum dots,
etc. Such kind of formulation is interested for the imaging of tumor
cells/muscles/tissues. The technique could be well developed combining
the techniques like, (1) fluorescence imaging technique, (2) near infra-
red (NIR) imaging technique, (3) computed tomography (CT), (4)
ultrasound imaging technique, (5) positron emission tomography (PET)
technique, (6) single photon emission computed tomography (SPECT)
technique etc. (Kandasamy et al., 2015), Diagnosis in immunological
ailments, cardiovascular and cerebrovascular illnesses, tumor analysis

etc. could be tracked by using the above techniques.
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1.3.2 Therapeutics
1.3.2.1 Hyperthermia

In magnetic fluid hyperthermia (MFH) SPIONs are
intravenously injected into the body. When they are designed and used
as mediators they can selectively diffuse into cancerous tissue. SPIONs
get heated up under the application of high-frequency alternating
magnetic field (AMF). Through this technique temperature at a
particular site of the cancer tissue is increased. Rising temperature of the
tumor cells at 42 — 45°C is enough for initiating apoptosis without
affecting the surrounding good and healthy tissue. The generated raised
heat can be regulated by using SPIONs more specifically with an
adjustable Curie temperature. This is possible if SPIONs are
tuned/designed by changing their chemistry, crystallinity, particle size
and shape, and different surface modifications (Choi et al., 2011). One
of the main parameters in this regard is specific absorption rate (SAR).
It is a parameter which measures qualitatively/quantitatively the efficacy
of SPIONs which in essence converting AMF into heat. This parameter
Is basically based on both Brownian and the Neel relaxations of
individual SPIONs (Kandasamy et al., 2015). The iron oxide
nanoparticle concentration required for efficient hyperthermia generally
greater than 18 mM (=1mg/ml) of Fe (Zhang et al., 2014). Furthermore,
the heating potential still is powerfully reliant on the size of the particle
shape of the particle and uniformity of the particle which are essential in
temperature control (Tartaj et al., 2003). Intrinsic properties like
anisotropy value, easy axis orientation and extrinsic properties like AC

amplitude, AC field frequency, role of dipole interactions are also major
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concerns in regulating temperature. Some initial researches have
confirmed that the amalgamation of radiation with hyperthermia leads to
a higher level results in tumor depletion (Gupta et al., 2007). Such a
kind of therapy is reported to be in phase Il trial for the patients of
glioblastoma multiform (GBM) (Hauff et al., 2010).

1.3.2.2 Targeted Drug Delivery

Human body with numerous physiological and plenty of
cellular barriers. It is a highly a multifaceted complex living system.
Therefore, the success of targeted drug delivery depends on the
design/tuning of the iron/metal core and the complete coreshell-SPIONs
which contains the payload. The payload could be specific genes,
desired proteins, preferred chemotherapy drugs, or else the combination
of any of these molecules (Kievit et al., 2011). Moreover, some
curcumin like potential drugs which are of poor bioavailability can be
made more bioavailable if carried by SPIONs and delivered at the
desired location. Drug carrying systems must meet minimum
biocompatibility requirements. Foreign materials that enter the body can
induce an immediate response from the immune system to remove it
from the body. Additional steps are required to reduce premature
metabolism, immunological reactions, rapid excretion and specific and
nonspecific toxicities of the material. One common method to increase
the biocompatibility is to coat the particles with a biocompatible
material (Bolden et al., 2008). For a better administration the coreshell-
SPIONs must be small and must be in the desired colloidal state. In such
cases the resultant larger surface curvature and obtained surface free

energy, in turn can promote the SPIONSs particle dissolution in to the in
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vivo system. Therefore, the chemical stability and the other parameters
of the coreshell-SPIONs are the key parameters when injected in
biological system (Tombacz et al., 2013). There are several
physiological barriers to be overcome. The barriers to be noted are liver,
kidneys, and spleen. Devising to bypass these barriers is one of the
major challenges in drug delivery applications. It demands tuning of
Coreshell-SPIONs chemistry, their size and the strategies which
promote maximization of blood half-life and designing to navigate in the

biological system (Kievit et al., 2011).
1.3.2.3 Other Potential Therapeutics

Cellular labeling and & targeting, cell separation, transfection
(magnetofection), tissue repair, bio-sensing, immunotherapy, to
regenerate bone tissue, activation of naive T cells are some of the
therapeutic approaches researched in combination with SPIONs. Other
than the said therapeutics the desirable therapeutics are photodynamic
therapy in combination with SPIONs, photothermal therapy in
combination with SPIONs, sonodynamic therapy in combination with
SPIONs etc are investigated (Gupta et al., 2007, Huang et al., 2013).

1.4 BENEFITS OF SPIONs IN ENVIRONMENTAL
SCIENCES

Magnetism is one of an exceptional physical property that
unconventionally aids in water decontamination. The electron
distribution in the valence band is highly advantageous for this purpose.
Adsorption processes in combination with magnetic parting has

consequently been used broadly in water management and for eco-
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friendly tenacities. The main advantage of this technology is that it can
clean out a mass of wastewater in a very short period of time and
produce no contaminants. The important constituents of concern in
wastewater are suspended solids, pathogens, priority pollutants etc. Iron
oxide NPs can be a good photocatalyst absorbing visible light, compared
with commonly applied TiO, which absorbs wave lengths of UV light.
Varied types of Fe (I11) oxides have been proposed, such as a-Fe,O3, y-
Fe,Os, a-FeOOH, B-FeOOH, and y-FeOOH, to degrade organic
pollutants and reduce their toxicity due to enhanced photocatalysis
effect (Xu et al., 2012).

1.5 MULTIFARIOUS USES OF SPIONs IN ENGENEERING
AND TECHNOLOGY

Iron oxide nanoparticles, other than the above biological and
environmental sciences, are desired for nanocoatings, nanocomposites,
nanoscale sensors, smart materials, additives in catalysts and lubricants,
fuel cells, composite fillers, nanofibers, printed electronics, nanoscale

memory, nanowires, spintronics, quantum dots etc.
1.6 PHARMACOKINETICS OF SPIONs

The fate of SPIONSs, i.e., toxic or biocompatible in vivo is
determined by investigating their pharmacokinetics which includes
absorption, distribution, metabolism, and excretion. There are two
central factors that govern the pharmacokinetics: (1) surface
characteristics of SPIONs and (2) hydrodynamic size of SPIONSs

(Nandwana et al., 2015). Based on bio-kinetics of iron oxide particles,
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the sizes of 10 — 100 nm are ideal for in vivo drug delivery/targeting
(Shubayev et al., 2009).

1.6.1 Absorption

SPIONs desired in the medical arena which are injected
intravenously either for diagnosis or for curative purposes have to cross
the vascular endothelium. Vascular endothelium is a primary barrier
which has to be crossed by the SPIONSs in order to reach the target site.
(Wahajuddin et al., 2012). The success of this technique depends
primarily on the development of biocompatible SPIONs. In order to
make biocompatible the researchers tend to functionalize them. If
functionalized for the specific need SPIONs with that particular domain
are capable of better distribution and intracellular uptake by the target
cells/tissues. It is influenced by numerous aspects including their size,
surface-area-to-volume-ratio, the specific physiochemical and required
biochemical properties of the encapsulating shell/biomolecule, and
predominantly the cell type too (Cengelli et al.,, 2006). Upon
administration of SPIONs into the blood stream, the opsonization
process occurs. To avoid this event, SPIONs are coated with organic
layer such as surfactants and polymers or inorganic species such as
silica and carbon. This additional layer can increase the circulation time
and colloidal stability (Yadollahpour 2015). Cells are found to
effectively uptake the aminodextran coated particles which are
positively charged. There also found minimum uptake of particle coated
with dextran which are of neutral charge. Further the researchers found
low uptake of negatively charged DMSA coated particles (Nandwana et

al., 2015). There are various mechanisms involved in intracellular
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uptake/internalization of iron oxide nanoparticles. To be more specific
they are phagocytosis (facilitated by mannose, biological complements,
targeted scavenger receptors), endocytosis (clatrin- and calveolin-
mediated, fluid-phase) and diffusion (Shubayev et al., 2009).
Polyehtylene glycerol (PEG) coated particles has been shown to delay
macrophages particles phagocytosis, potentially prolonging circulation
time (Edge et al., 2016).

1.6.2 Distribution

While the particles are absorbed into the body, either for
diagnosis or for therapeutics, obviously they are distributed intercellular
or intracellular levels according to their intended utilities. Widespread
dissemination of SPIONs in numerous target organs, structures, cells,
muscles and tissues, including the heart, liver, spleen, lungs, kidney,
brain, stomach, small intestine, and bone marrow are found positive for
the uptake of SPIONSs in the recent research reports. However, the
concentration of SPIONs was highest in liver and spleen. Such highest
concentration is thus validating additional noticeable remedial effects of
SPIONSs in these organs (Wang et al., 2010). Unwanted accumulation of
particles in these organs would happen ‘due to higher dosage’
(Edge et al., 2016) leading to lethal effects. In case of intracellular
levels, as cells divide over time the daughter cells are exposed to
relatively low concentration of NPs due to the fact that highly stable
SPIONSs concentration gets diluted with successive cell divisions; this
could affect various cellular processes such as cellular uptake, cell
viability and cell toxicity. The successive dilution or distribution of

SPIONs also would result in cellular perturbations including the
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modulation of actin cytoskeleton (Neenu et al., 2010). Furthermore, the
other factors like adhesion capacity, endocytosis behavior and effect on
cytoskeleton organization etc. are important when SPIONs are used in
vivo (Gupta et al., 2004).

1.6.3 Metabolism

Rapid clearance of SPIONSs is an essential aspect after their
distribution. The clearance of SPIONs from the systemic circulation is a
primary prerequisite. It is accomplished principally by the action of
macrophages present in liver and also in spleen. Generally, clearance
and opsonization of SPIONs depend on their sizes and surface
characteristics (Lei et al., 2013). After cellular uptake, it is reported that
SPIONs  commonly  reside in  endosomes/lysosomes. In
endosomes/lysosomes they decompose into free irons. Such irons which
slowly released to the cytoplasm. Then they eventually contribute to the
total cellular iron pool (Lei et al., 2013). In fact, iron cations are
essential for normal cell cycle and growth. Though they are essential in
this aspect but adversely metabolized or catabolized SPIONs can lead to
the increase of concentration in the intra cellular environment. There
SPIONs could behave intracellular unbound iron. Such a phenomenon
might be catastrophic for the neighboring cells and eventually leading
cell injury or death. Another possible mechanism involved in SPION
cytotoxicity is related to the development of reactive oxygen species
(ROS). The possible ROS could be hydrogen peroxide, hydroxyl
radicals, hydroperoxyl radical and superoxide anion (e.g. H,O,, OH,
HO,, O,) which provide oxidative stress (Klein et al., 2012).

Hydrophobic groups on the surface of magnetic nanostructures induce
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agglomeration upon injection, leading to rapid removal by the
reticuloendothelial system (RES). The rate of clearance, however, can
be reduced by modifications of surfaces with coatings which resist RES

interactions (Nandwana et al., 2015).

1.6.4 Excretion

Therefore, it is essential that SPIONs must be chemically
highly stable and must be oxidation resistant in a biological system
without compromising on cellular damage. Such particles would be
expelled or excreted out of the body with very less toxic effect. Both the
circulation and the eventual in vivo fate of IONPs inside the body are
also determined by particle size and shape for a greater extend
(Cortajarena et al., 2014). Kidney is the desirable pathway for the
excretion of SPIONs from biological systems. While excretion happens
through kidney there involves nominal intracellular catabolism. Such
intracellular catabolism may reduce the probability of generating
insignificant amount of reactive oxygen species. Hence associated
toxicity would be reduced. Renal excretion also represents the harmless
means of the eradication of SPIONs. However, several factors as noted
earlier (a) the shape, (b) hydrodynamic size, (c) surface coating, and (d)
surface charge of SPIONs play a key part in regulating their renal
clearance (Wahajuddin et al., 2012).

1.7 STABILIZATION OF SPIONSs

Stabilization of magnetic particles is an essential aspect when
needed for biomedical applications. It could be achieved by playing on

one or both of the two repulsive forces: (1) electrostatic and (2) steric
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repulsion (Laurent et al., 2008). Primarily there are two ways followed
to synthesize stabilized SPIONs: (1) Synthesizing of SPIONs in the
presence of stabilizing agents and, (2) SPIONs coated after synthesis
with organic polymers, organic surfactants, inorganic metals like gold,
inorganic oxides like silica and carbon, and bioactive molecules and
structures such as liposomes, peptides, and ligand/receptors (Shubayev
et al., 2009).

1.7.1 Stabilization While Being Synthesized

SPIONs synthesized in the micro emulsion method show
comparatively higher stabilization. Because the hydrophobic and
hydrophilic parts of the micro emulsion immiscible phases play major
role in stabilizing the SPIONs while being synthesized. The major
drawback of such methods is regarding the removal unreacted
precursors which are intricate in the final byproduct (Kandasamy et al.,
2015). The emulsifying agents work as capping agents for SPIONSs.
Hydrophobic SPIONs are synthesized by co-precipitating method the
iron medium containing oleic acid (Schleich et al., 2013). SPIONs are

synthesized synergistically with folic acid called SPIO-FA.
1.7.2 Post-synthesis Stabilization

Since the surfaces of SPIONs are highly reactive. They are
coated with surfactants like oleic acid, lauric acid, alkane sulfonic acids,
alkane phosphonic acids, capping agents/polymers like to prevent
agglomeration in colloidal solution, and to maintain the size and shape
of SPIONs. Coating with such stabilizing agents are called steric

stabilization. Fe3sO, SPIONs coated with dimercaptosuccinic acid
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(DMSA) by a ligand exchange process are said to be higher in colloidal
suspension stability dispersed in water (Teran et al., 2012). Adsorption
of polyacrylic acid (PAA) at pH~8 shifts the zeta potential of magnetite
from 0 to — 40 mV. SPIONs coated with polyvinyl alcohol (PVA)
appears both functionalized and stabilized for lading of doxorubicin for
cancer treatment. Coating mercapto-silica on magnetite increases
particle size, surface area, and chemical stability. It also maintains the
magnetic property. Silica coating electrostatically stabilizes the SPIONs
using negative charges (Maurizi et al., 2015), SPIONs are coated with
dextran for clinical cancer imaging (McCarthy et al., 2009). Smooth and
jagged-shaped SPIONs coated with gold increased in stability providing
the zeta potential value around —35mV (Mahmoudi et al., 2011). Gold is
often employed to passivate the surface of magnetite nanoparticles to
avoid oxidation (Quanguo et al., 2008). Carboxylated PAMAM
dendrimers have been used as a stabilizing iron oxide coating. (Laurent
et al., 2008).

1.7.3 Bimetallic Stabilization

Bimetallic nanoparticles (BNPs) are formed by the
combination of two different metals. (Sharma et al., 2017). The Fe*
cations can be substituted with other metal cations, which produce
different types of metal ferrites, such as CoFe;O4, MnFe;O4, ZnFe 0y,
and NiFe,O,4. The substituting ions are adjusted by the expansion or
contraction of the oxygen framework to compensate the size difference
Fe?* (Yadoollhpour et al., 2017).
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1.8 FUNCTIONALIZATION SPIONs

The functionalization or modification depends on the types of
NPs that provide specific functional groups on the surface (Zhang et al.,
200). Most commonly, functional groups including, amines or
carboxylates, phosphates, and sulfates are present on nanoparticle
surface for reaction with ligands. These groups are readily

interchangeable (Laurent et al., 2008).
1.8.1 Importance of Functionalization

Functionalization of SPIONs is a subject of great interest
mainly for two reasons; (1) as drug carriers to tackle the drug resistance
of cancer cells and increase drug concentrations, (2) to improve the
selectivity of the cells in the target tissue (Wahajuddin et al., 2012) (3)
protects against agglomeration, (4) provides biocompatibility and
chemical handles for the conjugation of drugs and targeting ligands, (5)
limits  nonspecific cell interactions, (6) enhancement of

pharmacokinetics (Nandwana et al., 2015).
1.8.2 Factors of Functionalization

The size and type of surface functional groups are two crucial
factors that determine the biological safety of SPIONs as these factors
are known to be directly related to cytotoxicity and genotoxicity which
are pivotal for in vivo applications such as drug delivery and targeted
imaging (Hong et al., 2011). Iron oxide nanoparticles suspended into
aqueous or organic solvent mixtures systems containing water bear large

number of hydroxyl (-OH) groups on their surfaces.
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1.8.3 Chemicals Known for Functionalization

For better functionalization, cell-penetrating peptides (CPPs),
also known as protein transduction domains (PTDs), antibodies,
aptamers which are single-stranded oligonucleotides, carbohydrates etc.
Carbohydrates provide higher hydrophobicity, biocompatibility,
increase circulation in blood stream and uptake through specific sugar
receptors (Cortajarena et al., 2014). Functional groups, including
carboxylates, phosphates, and sulfates (Sushilkumar et al., 2012),
monomers, polymers, and inorganic biomaterials, dopamine,
alkaylatedpolyethylenimine (PEI), polyethylene glycol (PEG) (llles et
al., 2014), polyacrylic acid (PAA), tetraethyl orthosilicate (TEOS), 3-
aminopropyltrimethoxysilane (APTMS) (Yang et al., 2013), Polyvinyl
alcohol (PVA)(Mahmoudi et al., 2009), silica coated and
aminofunctionlized SPIONs cross-linked with PVA (Maurizi et al.,
2015), dimercaptosuccinic acid (DMSA) (Shubayev et al., 2009) are
known to bind to the surfaces of SPIONs and exhibit functional domains

for loading specific therapeutic drug molecules.
1.8.4 Multi-functionalization

Multi-functionalization is an important aspect when SPIONSs
used for biomedical applications. In order to achieve multi-
functionalization more than one type of ligand is used. Such ligands are
termed multifunctional. Multi-functionalized SPIONs opens new doors
and vistas to multimodal therapeutic methodologies by merging the dual
effects of hyperthermia and chemotherapy. By the use of multiple drugs
in the same SPION formulation is one of the promising methods in this
aspect (Cortajarena et al., 2014). Conjugation of anti-VCAM-1
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(Vascular cell adhesion molecule-) or I1gG antibodies is accomplished by
activation of carboxylic acid functionalized CLIO with EDC/NHS
followed by reaction with respective antibody to yield 0.87mg ant-
VCAM-1 (~3 per particle) and 0.3 mg 1gG (~2 per particle) per mg of
iron (McCarthy et al., 2008). Polyelecrolytes like polysodium 4-
syrenesulfonate (PSSS) is reported as one of the best excellent stabilizer
for the preparation of multifunctional magnetic nanocomposites
(William et al., 2016). Multifunctional iron oxide nanoparticles provide
the possibility to deliver therapeutic agents to the brain and concurrently
monitor their tissue distribution using MRI (Dan et al., 2013).

1.9 DRUG CARRYING AND DELIVERY EFFICIENCY OF
SPIONs

SPIONSs can be engineered as nano-carriers to transport multi
types of drugs to the intended location. NP drug loading is highly
variable and often dependent upon the fabrication process. The design
parameters include the particle geometry, size, shape dependent
properties, surface chemistry etc. (Chu et al., 2013). In general, drug
loading capacity via direct conjugation is low due to the small number
of functional groups on the surface of the magnetic nanostructures. The
therapeutic moieties can be covalently bonded to magnetic
nanostructures with cleavable linkages, encapsulated in the hydrophobic
coating on magnetic structures, or physically absorbed on their surfaces
(Nandwana et al., 2015).

1.9.1 Loading of Bioavailable Drugs

Varying the biochemical characteristics of the coating polymer

may allow for selective intracellular or extracellular delivery of the
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drugs to the target cells (Cengelli et al., 2006). SPIONs with appropriate
coatings can be easily coupled with drug molecules; for instance,
methotrexate (MTX), an anticancer drug could be loaded onto
engineered IONP’s surface. Therapeutic molecules can also be co-
capsulated with 1ONPs into polymeric matrices; for instance,
doxorubicin (DOX) and PTX, along with oleic acid coated SPIONS,
loaded into pluronic-stabilized nanoparticles. Small molecules can be
loaded porous nanostructures via physical absorption and, along that
line, there have been efforts to achieve hollow iron oxide nanostructures.
By controlled oxidation and acid etching of Fe particles are used to
achieve porous IONPs with a sizable cavity into which cisplatin loaded
(Xie et al., 2010).

1.9.2 Loading of Non-Bioavailable Drugs

Magnetic nanoparticles emulsified with nano-emulsions like
surfactants with other emulsifying agents is an innovative approach for
carrying non bioavailable drugs. The major advantages of
nanoemulsions as drug delivery carriers include increased drug loading,
enhanced drug solubility and bioavailability, reduced patient variability,
controlled drug release, and protection from enzymatic degradation
(Chime et al., 2014). Surfactants in solution below their critical
micellization concentration (CMC) improve drug solubility by providing
regions of hydrophobic drug interactions in solution. Several kinds of
molecules including non-ionic surfactants and alcohols can function as
cosurfactants in a given system. The physical nature of these systems,

mechanism of drug entrapment, as well as physicochemical interactions
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of constituents determine their dug solubilization capacity and physical

stability during storage and upon dilution (Narang et al., 2007).

1.9.3 Passive Targeting

Passive targeting is a noble method employed in medical
research. It uses the predetermined physiochemical properties of
magnetic nanostructures. Such structures can specifically migrate to
selected tissues. The most common example of passive targeting is the
enhanced permeability and retention (EPR) effect. In EPR the particles
can accumulate many tumor tissues passively in solid tumors. The effect
of EPR effect is dependent on a various factors such as lymphatic
damage rate, degree of capillary disorder, and blood flow. The
mentioned biological factors are exhibited differently in different tumor

types (Nandwana et al., 2015).

1.9.4  Active Targeting

In active targeting variety of targeting agents like small
molecules, peptides, proteins, antibodies. Targeting agents can be
designed to facilitate internalization via endocytosis (Nandwana et al.,
2015) Ex. Antibodies. SPIONs loaded with PECAM-1 antibody

enhanced flux across the blood brain barrier (BBB) in to the brain.

1.9.5 Magnetic Targeting

The process of drug localization is an essential aspect in drug
delivery. Magnetic delivery systems are based on mainly two different
factors: (1) the competition between forces exerted on the particles by

blood compartment, and (2) magnetic forces generated from the applied
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magnetic field. When the magnetic forces exceed the linear blood flow
rates in arteries (10 cm s™) or capillaries (0.05 cm s™), the magnetic
particles are retained at the target site. Once the particles are retained at
the target site they could be internalized by the endothelial cells of the
target tissue (Tartaj et al., 2003). The magnetic field characteristics
(magnetic field strength and gradient) are important factors in this type
of application and the active manipulation of the NPs is mainly
dependent on it (Zhang et al., 200). There are bimetallic nanocomposites
containing iron oxide are designed for drug delivery. Such products can
pave way for the nanoparticles to be directed towards the target site by
the magnetic field. This allows the specific delivery of the drugs to the

stents placed in arteries (Sharma et al., 2017).
1.9.6 Drug Release

Thermal energy is used to trigger the drug from the magnetic
nanostructures. It has been used as an external trigger for controlled
drug release. Particles coated with thermally responsive agents can
involve in sustained drug delivery. Substances like hydrogels,
thermosensitive polymers, lipids are researched and are believed to be
noteworthy for sustained drug delivery by thermal external triggering
(Nandwana et al., 2015).

1.10 ENCAPSULATION OF SPIONSs

Encapsulation of SPIONs greatly depends on their intended
use: primarily for imaging techniques or therapeutic techniques or the
confluence of the two. Encapsulation is also employed when SPIONs

are intended for environmental applications too. Both organic polymers
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and inorganic polymers are extensively used for encapsulation of
SPIONSs. In organic encapsulation, both synthetic polymers and natural

polymers are employed.

1.10.1 Encapsulation of Bare /Drug-loaded SPIONs

Naked SPIONs which are not functionalized for the specific
purpose can oxidize and aggregate readily. Such bare SPIONs lead to
poor magnetic properties. They also lead to undesired agglomeration
during profusion. It can be avoided by stabilizing the SPIONs with a
long chain hydrophobic molecules. Further it could be stabilized for the
specific purpose by the introduction of a hydrophilic ligand. Such a
capping process is dynamic. In general, such hudrophilic ligands behave
as strong chelators such as phosphonate based ligands and catechol-
based ligands. They have higher affinity towards SPIONSs surface. It also
increases their water soluble property as well as colloidal property (Lam
et al., 2016). Bare SPIONs encapsulated with silica is investigated for
their potentiality as photoacoustic contrast agents (Alwi 2012). Silica is
noteworthy in encapsulation of bare SPIONs, which can also as a
linkage molecule between SPIONs and other polymer coatings
(Kandasamy et al., 2015). Similarly, Sruthi et al.,, (2018) have

encapsulated SPIONs loaded with itraconazole with polysaccharides.

1.11 BIOCOMPATIBILITY AND TOXICOLOGICAL
PROFILES OF SPIONs

In general, nanoparticles are able to organize around the
protein concentration that depends on particles’ size, curvature, shape

and surface characteristics, charge, functional groups and free energy.
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Due to this binding, some particles generate adverse biological
outcomes through protein unfolding, fibrillation, thiol cross linking, and
loss of enzymatic activity. Another paradigm is the release of toxic ions
when the thermodynamic properties of materials favor particles
dissolution in a suspending medium or biological environment
(Khan et al., 2017).

1.11.1 Biocompatibility

Intravenous injection (5uM Fe/lkg - 40 pM Fe/kg)
ofFerucarbotran, a clinically approved SPIONs coating with
carboxydextran, is demonstrated to be safe except for a transient
decrease in specific clotting activity of blood coagulation Factor XI,
which did not cause any clinically relevant adverse effects (Lei et al.,
2013). Magnetic nanoparticles coated with a layer of gold (Au) said to
increase the magnetic ability and biocompatibility (Zhang et al., 2006).
Pre-coating oxide nanoparticles with PVA and then using a classical sol-
gel route to encapsulate them in silica shells is an interesting and
promising method to develop biocompatible nanoparticles for
industrialized nanomedicine (Maurizi et al. 2015). Two types of
dimercaptosuccinic (DMSA) coated magnetite nanoparticles, MF66, OD
15, synthesized by MULTIFUN, a European project, are said to be
nontoxic when used in pig model (Edge et al., 2016). SPIONs
functionalized with biological molecules will greatly improve the
particles’ biocompatibility. Such magnetic nanoparticles can be very
useful to assist an effective separation of proteins, DNA, cells,

biochemical products etc. (Quanguo et al., 2008).
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1.11.2  Toxicity

Though there are reports regarding the biocompatibility of
SPIONSs all through the phases of pharmacokinetics, there are so much
of concerns regarding the occurrence of the adverse effects stimulated
by SPIONs in the body. Cellular responses to nanoparticles are
determined by quantifying metabolic activity, membrane integrity, DNA
stability (Yang et al., 2013).

1.11.3  Cellular Responses

While all MNPs induced just about 5% or less cytotoxicity and
genotoxicity in fibrosarcoma cells at lower than 500ul/ml, APTMS-
coated MNPs resulted in greater than 10% toxicity against normal cells
(Yang et al., 2013). Cellular binding of cationic NPs is enhanced and
anionic NPs is inhibited by serum proteins (Fleischer et al., 2012).
SPIONs are believed to promote cytotoxicity of human fibroblasts
through the action of proinflammatory cytokines, chemokine, and
metalloproteinase (MMPs). Numerous iron oxide nanoparticles of 20 —
45 nm produced dose dependent apoptosis and membrane function in
mouse neuro-2A cells that were measured by membrane leakage of
lactate dehydrogenase and MTT reduction (Shubayev et al., 2009).
Particles can damage mitochondria, which results in decreased
conversion of the formation of depolarizing mitochondrial membrane.
Mechanical interference between ultra-fine iron oxide nanoparticles and
components of the cytoskeleton during cell division may play a role.
Based on the characteristics and the effects of Fe;O,-MNPs on
splenocyte  proliferation, cytokine  production,  T-lymphocyte

proliferation in ICR mice, a high dose could influence in vivo immune
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function of normal ICR mice (Wang et al., 2011). Degradation of
particles cell functionality, homeostasis and diminish the proliferative
capacity of cultured cells. ‘Endorem’, the FDA-approved, dextran-
coated iron oxide cores are intrinsically not well suited for cell labelling

due to their inefficient uptake (Soenen et al., 2010).
1.11.4  Alteration in Biochemical Pathways

SPION uptake can induce signaling events such as Akt
pathway. Since SPIONs can induce Akt pathway, there is a possibility
that this pathway is involved in cellular proliferation and viability
following exposure to SPIONs given that the PI3/AKT pathway can
cause the cells to escape apoptosis. Moreover, disturbance in iron
homeostasis and altered cellular responses such as activation of
signaling pathways and impairment of cell cycle regulation. (Neenu et
al., 2010). Although increased ROS level stress confers mutation
advantages in some cases, it also makes the cancer cells more
susceptible for ROS-induced toxicity, Fenton reactions [H,O, + Fe*" —
Fe** + HO™+ HO']. Therefore, manipulating ROS levels by redox
modulation can better work in cancer therapy. Similar techniques from
exogenous agents may provide a useful strategy to selectively kill cancer
cells without causing significant toxicity to normal cells (Huang et al.,
2013). Uptake of particles via phagocytosis can lead to an activation of
the membrane-bound NADPH oxidase, activation of c-Jun N-terminal
kinase (JNK), pro-inflammatory cytokine tumor necrosis factor-alpha
(TNFa).
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1.11.5 Changes in Gene Expression

The toxicity of SPIONs with regard to DNA damage is widely
researched by the scientific community. SPIONs might result in in DNA
damage via magnetic oxidation and via other potential interactions.
However, SPIONs rarely show genotoxicity below 100 ppm. So, it is
understood that higher SPION concentration leads to higher
genotoxicity. It leads to lower cell viability also. (Hong et al., 2011).
ROS induced by SPIONs also play a vital role in genotoxicity and are
able to cause stable chromosomal damage in concentration dependent
manner (Konczol et al., 2011). Genotoxicity of MNPs is dependent on
their dose, size, and surface charge. Researches are showing positively
charged MNPs induced appreciable DNA aberrations. DNA aberrations
are irrespective of cell type. Smaller and positively charged MNPs are of
more concern in genotoxicity. Reportedly they led to more severe
toxicity in normal cells. Normal cells are more vulnerable to the SPIONs
of smaller positively charged ones than their counterparts. Normal cells
are shown to be more vulnerable to internalized MNPs than cancer cells
(Yang et al., 2013). Oxidative and lipid peroxide-related DNA adduct
formation is observed in lungs of imprinting control region (ICR) mice
at the application of magnetic nanoparticles Totsuka et al., 2014).

1.11.6  SPIONs Toxicity Assays

MTT (3-(4,5-dimethylthiozol-20yl)-2-diphenyltetrazolium
bromide) Assay (Mahmoui et al., 2009), CCK-8 Assay, LDH Assay for
toxicity determination. Comet Assay for genotoxicity evaluation
(Yang et al., 2013), WST Assay which assesses metabolic competence
of cells, neutral red (NR) uptake assay which indicates lysosomal
activity, dichlorfluorescein-dictate (DCFH-DA) assay which does
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oxidative stress measurement, bicinichoninic (BCA) assay which
determines the total protein content (Konczol et al.,, 2011), enzyme
linked immune sorbent assay (Wang et al., 2011). Competition assays,
quantified with flow cytometry, show that the protein-nanoparticle
complex formed from cationic nanoparticles binds to scavenger
receptors on the cell surface (Fleischer et al., 2012).

1.12 SPIONs AVAILABLE IN THE MARKET

Resovist from Schering (Berling, Germany), Endorem from
Guerbet (Villepinte, France), very small iron oxide particles (VSOP)
C200 from Ferropharm (Teltow, Germany) (Soenen et al.,, 2010),
Carboxyl TCL-SPIONs. The use of Endorem is reportedly used as stem
cell marker for the noninvasive in vivo MR (magnetic resonance)
tracking of cell fate following implantation in rat model (Jendelova et
al., 2004). Lumirem, Gastromark, Ferumoxil, Abdoscan, Fridex,
Ferumoxide are approved for clinical trials. Resovist, Sinerem,
Combidex, Ferumoxtran are in phase Il clinical trial. Clariscan was

discontinued after phase Il trial (Thorek et al., 2005).

1.13 OBJECTIVES AND SCOPE

To produce iron oxide nanoparticles and to surface engineer in
order to tag curcumin and to encapsulate with a biopolymer to make as
an effective anticancer drug nano-carrier.

To explore curcumin release and cytotoxicity of cancer cells in

vitro condition at different time durations.

To evaluate its efficiency as contrasting agent in x ray imaging

To evaluate toxicity of SPIONSs on in vivo system.



35

1.13.1  Scope of the Work

Iron oxide nanoparticles are non-toxic and biodegradable
nanoparticles that possess unique properties such as paramagnetic
properties which can be used for targeted drug delivery as it obeys to
magnetic field. These can be used as contrasting agent for imaging, thus
pave way for imaging and drug delivery at same time.

1.14 ORGANISATION OF THESIS

Thesis is organized to have five chapters.

In Chapter 1: An elaborate introduction with a thorough
review literature is presented.

In Chapter 2: Materials and Methods followed in this research
IS given in details.

In Chapter 3: Results and discussion is presented.
In Chapter 4: A brief summary of the research work is given.

In Chapter 5: Conclusion in brief is given.
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CHAPTER 2

MATERIALS AND METHODS

2.1 MATERIALS
2.1.1 Synthesis of SPIONs

Ferric chloride hexahydrate (FeCl;. 6H,0) m/w 270.30 from
Thomas Baker (chemicals) PVT Ilimited, Mumbai; Ferrous
Sulphateheptahydrate (Extrapure) (FeSO,. 7H,0O) m/w 278.01 which
had the maximum impurities as given (Copper (Cu) 0.005%, Lead (Pb)
0.005% from Highmedia; Tetrmethyl ammonium hydroxide (C4;H;13NO)
25% ag. Solution, m.w: 91:15, analysis, assay (acidimetric) 24.5-25.5
from Spectrochem. Pvt.ltd, Mumbai, and Formaldehyde solution,
(CH,0) (37-41%), Acetone (2-Propanone, Dimethylketone) (C3;H¢O),
from SDFCL (s d fine — chem. limited), Mumbai; Magnets with the
strength of 30 Gauss from Anzar fancy shop, Marthandom; Nitrogen gas

from Eagle, Bangalore were used for the synthesis of SPIONSs.
2.1.2 Core-shell Preparation

Sodium dodecyl sulphate (SDS) (Ci2H2oNaO,S) from
Karnadaga Fine Chem, Bangalore; Cetyltrimethyl Ammonium Bromide
(CTAB) (CigH4BrN) from SDFCL, N, N Dimethylformamide
(HCON(CHj5) from Fisher Scientific — Qualigens, Mumbai; Curcumin
(Cy1H2006) from SDFCL, Chitosan — cell culture tested (CgH11NOy),
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from Himedia; Pyridoxine hydrochloride (pure) (CgH1:NO3zHCL) from
Sisco Research Laboratories (SRL), Mumbai were used for producing
Coreshell-SPIONS.

2.1.3 In Vitro Drug Delivery

D-MEM (#AL 111, HiMedia); Fetal Bovine Serum
(RM10432), HiMedia; MTT Reagent (#4060 HiMedia); Camptothecin
(#C9911, Sigma); FTC Rabbit Anti-Active Caspase-3 (Cat No: 560901),
BD Biosciences; D-PBS (#TL1006) HiMedia; FITC Annexin V
(Apoptosis Detection Kit, BD Biosciences Cat no. 556547); Propidum
lodide (P1) (component no. 51-66211E); HeLa and HCT-116 cell lines
derived from Stellixer Biotech. Drug delivery experiments and analysis

were carried out in Stellixir Biotech, Bangalore.

2.1.4 X-ray Imaging

Quill’s egg from LuLu retail shop, Bangalore were purchased
and used as the experimental model for X-ray imaging. BD Duscardit Il
syringe from Becton Dickinson was used to inject SPIONs into the
experimental eggs. Bar magnets were used with the strength of 50 Gauss
in order to enhance the intensity of imaging. The magnets were

purchased from Cello fancy, Bangalore.

2.1.5 Toxicity Experiment

Earth worms (Eudiluseugeniae) collected from
Mahabalipuram solid waste management were used as the toxicity
experimental animals. E. eugeniae is otherwise named African night

crawler. It is able to grow in warm climatic conditions around 25 — 30 C.
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Its reproductive cycle is comparatively faster The earthworms were
freed to crawl over a raft of wet tissue to remove the impurities. Totally
ten earthworms were inoculated for the purpose. Dry cow dung was fed
to the earthworms at different intervals and maintained moisture
condition (Sherman 2003). The system was kept undisturbed for 5 days

for the experimental species to get accustomed with the environment.

2.1.6 Tissue Preparation for Histopathological Observation

Hematoxylin  crystals, Ammonium Potassium  Alum
(Potassium Aluminium Sulphate Dodecahydrate (Purified), and Eosin
Yellow from MERCK; Absolute alcohol (C,HsOH) from HAYMAN;
Glacial Acetic Acid, and Phloxine B (M.S) from S.D fine chemicals,
Xylene (Sulphur free) (CsH4(CHzs), from Fisher Scientific, staining rack,
staining tray and Microtome cutting wood; Microscope-slides (Double
frosted) from Rohem. Histopathological experiments were carried out in
the department of Pathology, Madras Veterinary College, Chennai.

2.2 METHODS

The whole work is divided into five parts; (1) Synthesis and
characterization of SPIONSs, (2) Preparation and characterization of
curcumin loaded coreshell-SPIONs for drug delivery, (3) Biological
application (in vitro drug delivery against cancer cell lines and
application of SPIONs in the imaging technique of X-ray used in the
present medical diagnosis), (4) Toxicity and Histopathology of SPIONSs.

2.2.1 Standardization of SPIONs Synthesis

FeSO, 7H,0 and FeCl; 6H,0 were dissolved discretely in 1ml

of nitrogenized double distilled water. Both iron sources prepared
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discretely were mixed together and vortexed for two minutes and
nitrogenized for five minutes. 500ul of nitrogenized iron source solution
was added to 500ul of C4H;3NO and vortexed for five minutes to derive
fine black precipitate. Different volumes of fine black precipitate were
washed in CsHgO and dried in hot air oven at 60°C. The obtained pellets
were further dissolved in CH,O and H,O for attaining the optimum
percentage of precursor iron molecular solution as given in Table 2.1.
Source solutions were aerated with nitrogen gas. Freshly nitrogenized
double distilled water was used as the solvent. Prior to the experiment
C4H13sNO was also nitrogenized for five minutes and the subsequent
reaction product (black precipitate) also was nitrogenized for two to
three minutes followed by vortexing, and palletization. For every time
freshly prepared pellets were used for obtaining precursor-iron-
molecular-solution (p.i.m.s). The readily prepared precursor iron

molecular solution was used for the production of SPIONSs.

Table 2.1 Summary of obtaining six different concentrations of
precursor iron molecular solution

No | v.b.p |[Acetone| Pellet [Temp/Time/CH,0:H,0:CH,0 p(yiorafs
1 (30| 1ml 0.003g [60%30mins |700p1:300ul1:500p1| 0.2%
2 |25pul| 1ml |0.0025g |60%30mins ({700ul:300ul:500pl|0.166%
3 [20pl| 1ml | 0.002g |60%30mins |700pl:300ul:500ul|0.133%
4 |15pl| 1ml |0.0015g |60°30mins |700ul:300uI:500pl| 0.1%
5 10pul| 1ml | 0.001g |60%30mins |700pl:300ul:500ul|0.066%
6 | 5ul iml | 0.0005g |60%/30mins |{700ul:300pl:500u1|0.033%
v.b.p -volume of black precipitate, p.i.m.s - precursor iron molecular solution’.




www.malankaralibrary.com
40

2.2.2 Optimization of Synthesis of SPIONs

The above six precursor iron molecular solutions were kept in
the magnetic field for two days for the synthesis of SPIONs (figure 2.1).
After two days of incubation the obtained SPIONs were dispersed into
the same solution by vortexing for 30 seconds. Maximum care was
taken that the precursor iron molecular solution be free of un-dissolved
fragments of black precipitated pellets. The optimum concentration of

the precursor iron molecular solution was determined on the basis of the

morphology obtained in TEM.

Figure 2.1 Precursor iron molecular solutions kept in the magnetic
field for the synthesis of SPIONs

2.3 PREPARATION OF CURCUMIN LOADED CORE-
SHELL

Principally, there were four phases involved in preparing
core-shell: (1) Synthesis of SPIONs (2) Functionalization of SPIONSs,

(3) Loading of curcumin, (4) Encapsulating with biopolymer.
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2.3.1 Synthesis of SPIONs

For core-shell preparation the SPIONs obtained at 0.133% of
precursor iron molecular solution was used. Accordingly, FeSO, 7H,0O
and FeCl; 6H,0 were dissolved discretely in 1ml of nitrogenized double
distilled water. Both iron sources were mixed together and vortexed for
two minutes and nitrogenized for five minutes. 500ul of nitrogenized
iron source solution was added to 500ul of C4H3sNO and vortexed for
five minutes to derive fine black precipitate. 20 ul of black precipitate
was washed in 1 ml of acetone by vortexing until the precipitate
becomes pellet. The pellet was then dried in hot air oven at 60°C for 30
minutes. The dried pellet was dissolved in 700 ul of formaldehyde. 300
ul of water was drop by drop added and vortexed. Again 500 ul of
formaldehyde was added drop by drop and vortexed. The resultant
solution was kept in the magnetic field for two days. After the
incubation of two days, the magnets were removed and the SPIONs
formed was dispersed into the same solution by vortexing for 30
seconds.

2.3.2 Functionalization of SPIONSs

Two surfactants (SDS and CTAB) were investigated their
ability to functionalize the SPIONs. Among the two SDS was found
better preserving the nature of SPIONSs. Therefore, the effect of SDS, in
functionalization, was investigated by means of three different
concentrations (0.02%, 0.04%, 0.08%). The surfactants were dissolved
in double distilled water. The foam was collected in separate test tubes
according to the different concentrations and kept undisturbed until the
foam turned into solution. The resultant solutions were warmed in

water-bath at 70°C for 20 minutes. Every 3 minutes the solutions were



42

gently shaken for permeating the uniform temperature in the solution. It
was then centrifuged at 10000 rpm. The obtained clear solution was
collected in 50 ml screw cap tubes for further use. Meanwhile, three
different sets SPIONs each containing 0.008g was magnetically
separated and washed four times in double distilled water and dispersed
in 5ml of N, N dimethylformamide. It was further decanted into the
freshly prepared different percentage of surfactant solutions and gently
mixed for five minutes followed with mixing in cyclo-rotator for every
one hour for three days. The cyclo-rotator (figure 2.2) was designed to
fit for the method of the present research. It was fixed to rotate for every
one hour that it would give gentle agitation for the SPIONs and to make
them remain suspended in the solution until the SPIONs are surface

saturated with the respective surfactants.

Figure 2.2 Cyclo rotator designed to give specific agitation during
functionalization, drug loading and encapsulation
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2.3.3 Curcumin Loading

Curcumin (Cy1H2006) 0.02g was dissolved in 2ml of N, N
Dimethylformamide which was used as the stock solution. 400ul of the
dissolved curcumin was decanted into the functionalized SPIONSs.
Gentle mixing was done for five to six minutes followed with mixing in
the designed cyclo-rotator, as set the instrument for every single one
hour for three days. After three days of incubation the drug tagged
SPIONSs solutions were moved into 2 ml micro centrifuge tubes and
heated in water bath at 70 °C for 20 minutes. During the experiment
every three to four minutes the mixtures were moderately shaken outside
the water bath for permeating uniform temperature. Then the curcumin
tagged SPIONs were separated with the help of bar magnets and surface
washed three times with 0.1% of pyridoxine hydrochloride solution and

disseminated into 5ml of 0.1% hydrochloride solution.
2.3.4 Method of Encapsulation

Chitosan was researched for its efficiency to encapsulate the
curcumin loaded SPIONSs. It involved two major steps: (1) Preparation

of chitosan polymer, (2) Encapsulation.
2.3.4.1 Preparation of Chitosan Polymer

Chitosan was investigated for its ability to coat the curcumin
loaded SPIONSs. The optimum concentration, for a considerable efficacy
of coating, was researched by dissolving chitosan in pyridoxine
hydrochloride solution of different concentrations (Table 2.2). The final

concentration was determined with its maximum dissolution in
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pyridoxine hydrochloride solution and the gelatinous appearance of the
dissolved chitosan. After obtaining the viscous/gelatinous polymer the
same was subjected for centrifugation at 3000 rpm for 10 minutes. After

centrifugation the obtained supernatant was collected for encapsulation.

Table 2.2 Standardization of the dissolution of chitosan in
pyridoxine hydrochloride solution

_ Pyridoxine Dissoltftion &
No | Chitosan hydrochloride Water gelatinous
appearance
1 0.10g 0.50g 100ml Nil
2 0.20g 0.70g 100ml Nil
3 0.30g 0.90g 100ml Nil
4 0.40g 0.100g 100ml Nil
5 0.50g 1.10g 100ml Nil
6 0.55¢ 1.20g 100ml Partial
7 0.60g 1.40g 100ml Partial
8 0.63g 1.50g 100ml Partial
9 0.65¢ 1.55¢g 100ml Not complete
10 0.67g 1.67g 100ml | Complete dissolution

2.3.4.2 Encapsulation of Curcumin Loaded SPIONs

Curcumin loaded SPIONs kept in 5ml of 0.1% pyridoxine
hydrochloride solution was transferred into the 20 ml of freshly prepared
gelatinous/jelly like chitosan biopolymer. After gently mixing it for 5
minutes it was retained in the cyclo-rotator for next three consecutive
days. After three days of incubation the resultant Coreshell-SPIONs

were separated with the help of bar magnets and again dispersed them in
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to 5 ml of freshly prepared 0.1% of pyridoxine hydrochloride solution

for in vitro drug delivery experiments.

2.4 CHARACTERIZATION OF SPIONs SYNTHESIZED AT
0.133% PRECURSOR IRON MOLECULAR SOLUTION
AND THE CORE-SHELL SPIONSs

2.4.1 Microscopy

Transmission Electron Microscope (TEM), Scanning Electron
Microscope (SEM) and Atomic Force Microscope (AFM) were
employed to understand the morphology of SPIONs and the different
phases of Coreshell-SPIONs preparation. The optimum concentration of
the ‘precursor iron molecular solution’ for the synthesis SPIONs was
decided by observing resultant SPIONs of the six precursor iron

molecular solutions under TEM.

2.4.1.1 Transmission Electron Microscopy (TEM)

TEM images were obtained in TEECNAI G2 Spirit Biotwin —
120 KV. Earlier to the imaging, the analytic samples were loaded in
Formvar/Carbon copper grids # 300 mesh. 10 pl of sample was loaded
onto the grids and kept undisturbed for 2 minutes. The top part of the
drop was then absorbed by water absorbent paper and the SPIONs
loaded grids were dried under the heat of 100 Volt bulb. This was done
separately for the SPIONs synthesized in all the six respective
concentrations of precursor iron molecular solutions. Morphologically

adequate SPIONs produced in the most favorable concentration was
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used for the further microscopic and spectroscopic analysis and

biological applications.

2.4.1.2 Scanning Electron Microscopy (SEM)

SEM images were obtained in Zeiss Ultra55. 10 ul of sample
was loaded onto silicon wafer metal. The samples were desiccated in hot
air oven at 40°C for 30 minutes. Prior to imaging the bare SPIONSs
samples were coated with gold coating. Gold coating was done in
Quorum, Q 150R ES. 8 nm Au (gold) coating was done for 80 seconds.
The samples of the core-shell preparation (encapsulation) were
desiccated at room temperature in aseptic condition and were imaged

without gold coating.
2.4.1.3 Atomic Force Microscopy (AFM)

AFM images were obtained in Bruker, Dimension icon model.
Samples (SPIONs) were loaded onto clean glass slides and desiccated in
hot air oven at 40°C for 30 minutes. The samples of the core-shell
preparation were dried at room temperature in aseptic condition. For
AFM imaging tapping mode was used as per Bruker AFM probes
Otespa R3 and the cantilever as K = 35 N/M and fo = 300 kHz.

24.2 Spectroscopy
2.4.2.1 Ultra Violet Visible Spectroscopy (UV-Vis)

UV-Vis spectra were recorded in UV 3600 Shimadzu
spectrophotometer. The UV-Vis absorbance was done between 200 nm
and 800 nm.
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2.4.2.2 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectra were documented by means of IR Affinity IS
(Shimadzu, Japan) which was made available in the Department of
Organic Chemistry, 11Sc, Bangalore. The samples for the spectra were
loaded to form thick layers onto the glass slides and desiccated in hot air
oven at 40°C for 30 minutes. The samples of the core-shell preparation
were dried at room temperature in aseptic condition. The spectra were
documented with the transmission mode scan in the spectral region of
4000 - 500 cm™.

2.4.2.3 Raman Spectroscopy

Raman spectra were recorded in LabRam HR 800 model of
Horiba Jobinyvon. The samples were loaded to form thick layers onto
clean glass slides and desiccated in hot air oven at 40°C for 30 minutes.

785 nm diode laser was used for obtaining the spectra.
2.4.2.4 X-ray Diffraction Spectroscopy (XRD)

XRD spectra were documented in Smart lab XRD model of
Rigaku. The samples were loaded to form thick layers onto clean glass
slides and desiccated in hot air oven at 40°C for 30 minutes. Copper Ka

was used as the X-ray source and the power used was 1.2kw.
2.4.2.5 X-ray Photoelectron Spectroscopy (XPES)

XPS spectra were recorded in Ultra DLD model of Kratos. The
samples were prepared to form a thick layer and desiccated in hot air

oven at 40°C for 30 minutes. Monochromatic source Al Ko at the
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condition of 10K eV as accelerating voltage and 9 mA current (90 W) at
the vacuum of 2e™ torr was used. Spectra for Fe, spectrum for metal

oxide, carbon, oxygen, and nitrogen were recorded.
2.4.2.6 Nuclear Magnetic Resonance Spectroscopy (NMR)

NMR  spectra was recorded in Bruker NMR
spectrophotometer, using BBFO Probe. NMR was used to examine the
difference between the precursor iron molecular solution of 0.133% and
the resultant SPIONs. The difference occurred was tabulated. It was

done for hydrogen and carbon atoms.
2.4.2.7 Zeta Potential Analyzer

Zeta potential value was documented in zeta potential analyzer
by means of Brookhaven ZetaPALS. The measurement parameters:
conductance 8042 ps, electric field 5.43 V/cm, Sample count rate = 260
kcps, Ref.count rate 1328 kcps.

2.4.2.8 Superconducting Quantum Interference Device (SQUID)

Magnetic hysteresis spectra were recorded in SQUID from
Quantum Design, the material properties and measurements system
(MPMS) model no. MPMS 3 - 111 was used. Maximum field used was
5T. Temperature range was from 5K to 400K. MPMS squid field
ramping was +7T to -7T. Magnetic measurements were recorde at both
field cooled (FC) and zero field cooled (ZFC) modes also were

recorded.
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2.4.2.9 Vibrating Sample Magnetometer (VSM)

Magnetic hysteresis spectra were recorded in VSM. Maximum
field used was 5T. Temperature range was from 5K to 400K. Magnetic
measurements were recorded at both field cooled (FC) and zero field

cooled (ZFC) modes also were recorded.

2.5 IN VITRO SUSTAINED CURCUMIN DELIVERY AND
ASSAYS

The efficacy of curcumin delivery was investigated in vitro in
cancer cell lines. There were four assays carried out: (1) MTT assay, (2)
Apoptotic assay, (3) Gene expression assay (Caspase 3), and (4) Nuclear
staining assay. Two types of cell lines were used for this purpose:
(1) HeLa, (2) HCT-116. Cytotoxic effect of the test compound
(curcumin loaded core-shell) was tested, with regard to each cell line, at

four different time durations; 2 hours, 6 hours, 12 hours and 24 hours.
25.1 Anticancer Activity
25.1.1 MTT assay for HELA / HCT 116 cells

For doing MTT assay there were six steps involved:
(1) Retrieval of cryopreserved cells, (2) Sub -culturing,
(3) Trypsinization and cell counting, (4) Seeding of cell in 96 well plate,
(5) Application of the test compound (Core-shell), and (6) Addition of
MTT reagent and determination of IC50 value. Cells were retrieved
from cryo-vials kept in liquid nitrogen for two months. To the vials,
10% of BSA mixed fresh media (DMEM) (500 pl) was added and the

cells were dispersed. It was centrifuged at 2000 rpm for five minutes at
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25°C. There discarded the supernatant and the live cells were re-
suspended in 1ml of fresh media by gentle pipetting. The re-suspended
cells were transferred to T-25 culture flasks where 4 ml of fresh media
already kept ready and mixed gently. The culture was then allowed to
grow for 24 hours in CO; incubator at 37°C. The cells were observed
microscopically before and after the incubation. After 24 hours of
incubation the media was aspirated from the T-25 flasks. The cells were
endowed with surface wash by 1 ml Phosphate Buffer Saline to remove
the traces of culture-media. After aspirating the PBS, 500 ul of trypsin
was added to detach the adherent cells from the surface of T-25 flasks. It
was kept in CO, incubator for 5 minutes for the complete detachment of
the cells. After five minutes’ incubation 1 ml of fresh media was added
stop the effect of trypsin. Subsequently centrifugation done for 5
minutes at 2000 rpm. Then the supernatant was discarded and the
resultant pellet was re-suspended in 1 ml of fresh media. The cells (100
ul) was stained with tryphan blue at 1:1 ratio. 10 pl of the stained cells
were counted in chemo cytometer. The cells were further re-suspended
in 7 ml of fresh media prior to seeding for obtaining the appropriate cell
suspension. 250 pl of cell suspension, taken from the previous cell
suspension, was seeded into a sterile 96 well plate at the requisite
concentration (2x10* cells/well). It was then kept to grow for 12 hours in
CO, incubator at 37°C. The cells were microscopically observed before
and after incubation. After 12 hours’ incubation the media was removed
from the wells using multichannel pipette. The test compound (curcumin
loaded Coreshell-SPIONSs) was then diluted into different concentrations
in DMEM and added to wells. Each concentration in duplicate. It was
incubated for 24 hours in CO, incubator, at 37°C. After the period of

incubation Coreshell-SPIONs diluted media was removed by using
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multichannel pipette and added 100 pl of 10% MTT reagent. The plate
was wrapped with aluminum foil and kept in CO, incubator for 2 hours
at 37°C. After incubation, the plate was removed from CO, incubator
and MTT reagent was removed. Then, 100 pl of solubilizing solution
(DMSO) was added to each well. Absorbance was read on ELISA
reader at 570 nm and 630 nm was used as reference wavelength. The

IC50 value was determined.
2.5.1.2 Nuclear staining assay of HELA and HCT 116 cells

Nuclear staining for the cells to detect apoptosis was
performed (Crowley et al., 2016). Cells were treated with core-shell test
drugs (IC50 values) for 2, 6, 12 and 24 hours and CPT(25uM) and
incubated at 37°C, in a CO, incubator for 24 hrs. Then there prepared
the nuclear stain (Hoechst stain) — 10mg/mL stock in distilled water.
Working solution was prepared at1:2000 in PBS. The spent media was
discarded from all the wells and washed with D-PBS (~500 uL). Then,
2% PFA was supplemented to the wells and incubation done at RT for
10 min. Then the spent PFA was discarded and washed the cells with D-
PBS (~500 uL), twice. Then, D-PBS was discarded and there added
staining solution onto the cover slips. The slips were incubated for 5-
10mins in dark. There prepared permanent slides, using glycerin. Then

the slides were observed for the cells under fluorescence microscope
2.5.1.3 Apoptotic assay of HELA / HCT 116 cells

Cells (HeLa / HCT 116) were retrieved from cryopreservation
vials. To the vials, 500 ul of 10% of BSA mixed fresh media (D-MEM)

was added and the cells were suspended. It was centrifuged at 2000 rpm
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for five minutes at 25°C. The supernatant was for discarded and the cells
were re-suspended in 1ml of fresh media by gentle pipetting. The re-
suspended cells were transferred to T-25 culture flasks where 4 ml of
fresh media already kept ready and mixed gently. The culture was then
allowed to grow for 24 hours in CO; incubator at 37°C. After 24 hours
of incubation the media was aspirated from T-25 flasks. The cells were
done surface washing with PBS (1 ml) to remove the traces of media.
After aspirating the PBS, trypsin (500 pl) was added to detach the cells
from the surface of T-25 flasks. It was kept in CO, incubator for 5
minutes for the complete detachment of the cells. After five minutes’
incubation 1 ml of fresh media was added to stop the effect of trypsin.
Centrifugation was done for 5 minutes at level of 2000 rpm. The
resultant supernatant was discarded and the pellet was re-suspended in 1
ml of fresh media. The cells (100 ul) was stained with tryphan blue at
1:1 ratio. 10 ul of the stained cells were counted in hemo cytometer. The
cells were cultured in six-well plates and to each well the cells were
added at a density of 3x10° cells/2ml and incubated in CO, incubator at
37°C for 24 hours. The spent medium was aspirated and then the cells
were washed with 1x PBS. The concentration of core-shell as
determined according to the IC50 value was added to the wells in
triplicates and incubated in CO; incubator at 37°C for four time
durations (2, 6, 12, 24 hours). After the respective time durations, the
Coreshell-SPIONSs applied culture medium was removed and the wells
were washed with 500 ul of PBS. Then the PBS was removed and 180
il of trypsin-EDTA solution was supplemented and incubation done at
37°C for 4 minutes. Culture medium was added to the wells and the cells
were harvested directly into 12 x 75 mm polystyrene tubes. Then the

polystyrene tubes were centrifuged for five minutes at 300 rpm at 25°C.
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the supernatant was carefully emptied and the pellet was washed with
PBS twice. Then the PBS was decanted and the cells were re-suspended
in 1x Binding buffer at a concentration of 1 x 10° cells/ml. Then 100 pl
of the solution (1 x 10° cells) was added to a 5 ml culture tube and into it
5 pl of FITC Annexin V was added. It was then vortexed gently and
incubated for 15 minutes at RT (25°C) in the dark. Then there added 5
ul of Pl (Propidium lodide) and 400 pl of 1x Biding Buffer to each tube
and vortexed gently. The following controls were used to set up
compensation and quadrants: (1) Unstained cells, (2) Cells stained with
FITC Annexin V (no PI), and (3) Cells stained with Pl (no FITC
Annexin V).

2.5.1.4 Caspase 3 expression assay of HELA / HCT 116 cells

The cells chosen for experiment were cultured in six-well
plates and to each well the cells were added at a density of 3x10°
cells/2ml and incubated in CO, incubator at 37°C for 24 hours. The
spent medium was then aspirated from the wells. The cells were then
washed with 1x PBS. The concentration of core-shell as determined
according to the IC50 value was added to the wells in triplicates and
incubated in CO, incubator at 37°C for four time durations (2, 6, 12, 24
hours). After the respective time durations, the core-shell applied
medium was removed and the wells were washed with 500 pl of PBS.
Then the PBS was removed and 200 pl of trypsin-EDTA solution was
added and incubated at 37°C for 4 minutes. Then 2ml of culture medium
was added to the wells and the cells were harvested directly into 12 x 75
mm polystyrene tubes. The tubes were centrifuged for five minutes at

300 rpm at 25°C. The supernatant was carefully decanted and the pellet
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was washed with PBS twice. Then 0.5 ml BDCytofix/Cytoperm solution
was added and waited for 10 minutes. It was then washed with 0.5% of
bovine serum albumin (BSA) in 1x Phosphate-buffered saline (PBS) and
0.1% sodium azide. It was then added with 20 pl of Anti-Caspase-3
antibody. It was mixed thoroughly and incubated for 30 minutes in the
dark at 20° to 25°C. After the incubation it was washed with 1x PBS
with 0.1% sodium azide. Prior to the analysis the samples were mixed
thoroughly in 0.5 ml of PBS.

2.6 X-RAY IMAGING

Quail’s eggs were purchased and used for investigating the
contrasting effect of the SPIONs. Egg content (white substance) (2 ml)
was taken out from the egg with the help of a sterile syringe. 1.8 ml of
washed SPIONs suspended in double distilled water which was then
injected into the egg. The injected SPIONs were further dispersed inside
the egg. SPIONs were dispersed with gentle hand-shaking for two
minutes. Hospital-based X-ray was used for the imaging purpose. It was
done to observe if the SPIONs exhibit the required magnetic and
contrast property inside the egg system. In order to make it observable
magnetic field was applied by using a bar magnet near to the
experimental quail’s eggs. The difference was analyzed in comparison

with the control.
2.7 TOXICITY STUDIES

Eudriluseugeniae was selected for the study and procured
from Solid Waste Management, Mahabalipuram, Chennai, Tamil Nadu,

India.
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2.7.1 Pretreatment of Earthworm

Prior to treatment, earthworms were introduced to a container
with wet tissue paper to creep around freely to remove impurities. 10
earthworms were introduced to box (16 cm x 9.12 cm x 9.7 cm)
containing soil and cow dung, the set up was kept undisturbed for 5
days. Dried and powdered cow dung was fed and water was sprinkled at
regular intervals to favor the conditions for its reproduction (Sherman
2003).

2.7.2 Treatment with nanoparticles

Nanoparticles were dispersed at different concentrations in 10
ml distilled water. Ten experimental earthworms were allowed to
interact with nanoparticles for 1 h/ day for ten days. After exposure, it

was kept in the box where it was maintained.
2.7.3 Tissue Fixation

The tissues (earthworm and fish gut) stored in 10 % of
formalin were cut into small pieces and put into isopropanol alcohol
(100 %) and incubated for an hour in hot air oven at 58 — 60°C. It was
repeated thrice. Then the tissues were put into Xylene (100 %) and kept
in the room temperature for 20 minutes. This was repeated thrice. Then
the tissues were placed towards the bottom of the melted wax
(approximately 5 ml) kept hot in processing cup and waited until the
wax got solidified. Then the tissue fixed wax was fixed onto a microtone
cutting wood and immediately kept in the ice cube. This setup was then
fit into the microtone and 10 micron sections were sliced until clear

tissue appeared. It was removed from the microtone and kept in the ice
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cube. Then it was fixed into the microtone and the size of cutting the
tissue was adjusted 4 microns in the microtone. The finely sliced 4
micron tissues along with the adherent wax was put into the water-bath
at 40 — 45 °C. The floating tissue section was gently made to attach onto
clean glass slides where egg albumin fixative readily applied and the
slides were kept in hot air oven at 58 — 60°C until the adherent wax
melted. Then the slides were removed from the hot air oven immersed in
Xylene (100%) for 5 minutes for the removal of melted wax from the
slides. Then the slides were kept immersed in isopropyl alcohol (100%)
twice 5 minutes each. The slides were then washed with tap water for 5
minutes and kept for drying in room temperature and thus the tissue was
fixed on to the glass slide. NB: While staining and washing the slides

were kept in staining rack which was placed in staining tray.
2.7.4 Staining (Hematoxylin and Eosin)

The tissue fixed slides were then immersed in Hematoxylin
solution and kept undisturbed for 10 minutes. Then the slides were
removed from the Hematoxylin solution and washed by immersing in
tap water for 5 minutes. After washing with water the slides were
immersed in counter staining (Eosin) for 1 minute. The slides were
removed from the Eosin solution and washed with tap water for two
minutes. The slides were then dried in room temperature. A drop of
D.P.X mounting medium for microscopy was dropped over the fixed
tissue and over it a cover slip. This setup was kept undisturbed in the
room temperature for 24 hours for drying. NB: While staining and
washing the slides were kept in staining rack which was placed in

staining tray.
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2.7.5 Prusian Blue Stainig

Solution 1: 1 g of Potassium ferrocyanide was dissolved in 50 ml of
double distilled water. Solution 2: 1 ml of HCL was added to 50 ml of
double distilled water. Solution 1 & 2 were mixed together. The tissue
fixed slides were immersed into the solution and kept in hot air oven at
58 — 60°C until the whole solution becomes blue. Then the setup was
removed from hot air oven and the slides were washed with tap water
and dried in room temperature for 5 minutes. The slides were then
immersed into counter stain (Eosin) and kept for 3 minutes. The slides
were removed from Eosin and washed with tap water. The slides were
kept in room temperature for drying. After the slides completely dried a
drop of D.P.X mounting medium was added on to the stained tissue and
a cover slip was overlaid. This setup was kept in the room temperature
for 24 hours for complete drying. NB: While staining and washing the

slides were kept in staining rack which was placed in staining tray.
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CHAPTER 3

RESULTS AND DISCUSSION

3.1 SYNTHESIS OF SPIONs
3.1.1 TEM Analysis

Transmission Electron Microscopic images (Figure 3.3)
illustrate the size and morphology of SPIONs synthesized in different
concentrations (0.2%, 0.166, 0.133%, 0.1%, 0.066%, 0.033%). The
average size of the particles is determined with 15 nm. Apart from the
SPIONs synthesized at the optimum concentration, in all other
concentrations, aggregation is relatively higher. SPIONs synthesized at
0.113% was found to behave in the magnetic field as given in
Figure 3.1. When a bar magnet is moved up and down closer to the
reaction tube the particles well obey the magnetic field in a uniform
fashion. SPIONs of other concentrations were not as distinct as that of
the SPIONSs of optimum concentration. Moreover, the SPIONs of other
concentrations were found depositing at the bottom of the reaction tube
relatively faster than that of the SPIONs of optimum concentration. This
Is because, SPIONs in general, tend to aggregate in suspension due to
three kinds of different forces: (1) hydrophobic-hydrophobic
interactions, (2) magnetic interactions, (3) van der Waals forces. When

they aggregate micron size clusters could be formed if magnetic dipole-
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dipole interactions become closer and closer and develop magnetization
by neighboring clusters (Mahmoudiet et al., 2011). In Figures 3.3 (a)
and (b) the particles appear aggregated. The aggregated particles usually

tend to sediment fast in the reaction tubes.

Figure 3.1 Behavior of SPIONs (synthesized at 0.133% precursor
iron molecular solution) when a bar magnet is moved
along (up and down) the reaction tube.

Figure 3.2 Behavior of a droplet of SPIONs when hanged over the
microscopic light. (a) a droplet of SPIONs magnetic
field not applied, (b) a droplet of SPIONs magnetic field
applied, (c) a single droplet without SPIONSs.
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Figure 3.3 TEM images of SPIONs synthesized at six different
concentrations of precursor iron molecular solution:
(@) 0.2%, (b) 0.166, (c) 0.133%, (d) 0.1%, (e) 0.066%,
(f) 0.033%

In Figure 3.3 (c) the particles seem to be more dispersed and
uniform. These are the resultant particles synthesized in 0.133% of
precursor iron molecular solution. These particles remained suspended
for longer period of time except a few percentage of aggregate particles.
The size of such particles tend to be in between 5 to 20 nm. In figure 3.3
(a and b) higher level of aggregation is observed and cloudy too. In
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Figures 3.3 (d) (e) and (f) apart from the particles there are hazy shades
which represent the molecules which did not involve in reaction and did
not turn to particles which remained non-reactant molecules. Such
molecules would tend to interrupt the particle formation. The particles
synthesized at 0.133% were subjected for further instrumental analysis.

3.1.2 UV-Vis Spectroscopy

Outer electrons present in the atoms or molecules tend to
absorbance of radiant energy like UV-Vis and undergo transitions to
higher and higher energy levels, which can be studied through UV-Vis
spectrometry. Only the SPIONs produced at 0.133% precursor iron
molecular solution was taken onward for further studies. Absorption
spectrum of the SPIONs was taken between 200 and 800 nm (Figure
3.4). It displays an onset of absorption peak at 300 nm and absorption
maxima at 250 nm. The absorption peak around 250 nm is the
characteristic peak for magnetic nanoparticles as reported by Wang et
al., (2014). The corresponding peak at 300 nm is the peak for the
organic molecules.

\
055+ A\

|
— |
| SN N

250 300 350 400 450 500 550 600 650 700 750 800
nm

Figure 3.4 UV vis analysis of SPIONs synthesized at 0.133% of
precursor iron molecular solution
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3.1.3 SEM - EDX

The Scanning Electron Microscopic image of SPIONs
synthesized at 0.133% concentration (Figure 3.5) illustrate the particle
size at 20 nm and below. The size distribution could be co-related with
that of the TEM image of the same concentration (Figure 3.3c). There
was a considerable amount of nanoaggregates as signposted in the
image. EDX analysis showed the spectra with peaks corresponding to Fe

and FeO (Figure 3.6).

EHT = 5.00 kV Signal A = InLens Date :10 Nov 2016
WD = 5.6 mm Mag = 250.00 K X Time :10:50:30

Figure 3.5 SEM image of SPIONs synthesized at 0.133% of
precursor iron molecular solution
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Figure 3.6 EDX spectrum of SPIONs synthesized at 0.133% of
precursor iron molecular solution

3.1.4 Fourier Transform Infra-Red Spectroscopy (FTIR)

The IR spectra of SPIONs was taken for the range of 900 —
4000 cm™ (Figure 3:7). The absorption bands were seen at band at
3323.88 cm™ could be assigned to the stretching mode of surface H,O
molecules or to an envelope of hydrogen bonded surface OH groups.
Accordingly, the FTIR spectrum shows one broad The IR band at
1645.39 cm™ close to the position of H,O bending vibrations. The bands
at 1308.78, 1270.63,1240.42, 1202.60 cm™ could be assigned to
specifically absorbed sulphate groups. The bands at 1176.03, 1109.16
cm™ could be inferred that a significant amount of sulphate groups
which occupy external as well as internal surfaces of the particles.
1028.47 cm™ with its shoulder peak and 924.55 cm™ are due to Fe-O-H
bending vibrations in the particles. The IR bands at 2985.02 and
2915.51 cm™ The spectral bands are interpreted here in association with
the already reported analysis by Gotic et al., (2007) and Fouda et al.,
(2012), which may be attributed to organic residuals of symmetric and
asymmetric stretching of CH,. When SPIONs are synthesized in
chemical method, as reported by Tombacz et al., (2015), high absorption
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affinity would result from =-electron interaction with polar surface of
magnetic nanoparticles, as well as complex bond formation at = Fe—-OH

sites.
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Figure 3.7 FTIR spectrum for the SPIONs synthesized at 0.133%
of precursor iron molecular solution

3.1.5 Raman Spectroscopy

Raman molecular effects displayed six peaks located at 220,
280, 400, 470, 600, and 1308 cm™ when 785 nm diode laser with the
power of 1.2mW was applied (Figure 3.8). These peak positions were
very closely consistent with the typical frequencies observed for Fe,03
as reported (221, 287, 403, 493, and 601 cm™) by Zhang et al., (2007)
and Bersani et al, (1999). The peak positions correspond to Eg mode
and Al g mode of the iron oxide. Moreover, above some critical value of
the laser power, the Raman spectra passed to indicate the characteristics
of maghemite bands due to the effects of oxidation of the material.
Similarly, when Panta et al., (2015) investigated iron oxide samples

with two different laser powers, 514 nm laser with the power of 0.75
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mW and 785 nm laser with the power of 1.2 mW. They found the
characteristic peak shifting from 670 to 654 cm™ suggesting the incident
oxidation due to increase in laser power. In accordance with these

reports the SPIONs investigated here come under any one type of Fe,Os.

Figure 3.8 Raman spectra taken for the SPIONs synthesized at
0.133% of precursor iron molecular solution

3.1.6 X-Ray Diffraction Spectroscopy

Crystalline phase was investigated by Gracing Incident X-Ray
Diffraction (GIXRD) and Powder X-Ray Diffraction (PXRD). The
measurement conditions and the peak lists are given in tables 3.1 and 3.2
respectively. Accordingly, the peaks identified by GIXRD (Figure 3.9),
30.20, 35.64, 43.1333, 57.00, and 62.68 are associated to Fe,O; in
comparison with what is already reported by Layek et al., (2010).
Further, the peaks obtained by PXRD is supporting it (Figure 3.10). The
two peaks in GIXRD (29.41 and 72.1333) remain unknown which are
not further identified in PXRD. Since Fe;O, and Fe,O3 are related
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species, the SPIONs could be in a mixed phase of iron oxide

nanoparticles with modifying elements.

Table 3.1 GIXRD Measurement conditions and Peak list of
SPIONs Synthesized at 0.133% precursor iron
molecular solution

Measurement conditions

X-Ray A0Kkv,30Ma | Scanseeed/ 6000 degimin
Duration time
Goniometer SmartLab Step width 0.0100 deg
Attachment Chi Scan axis 2-Theta
Filter None Scan range 10.0000 - 90.0000
deg
CBO selection slit PB Incident slit 0.100deg
Diffrected beam Flat Length I_|m|t|ng 5.0mm
mono. slit
Detector SC-70 Receiving slit #1 10.000deg
Scan mode CONTINUOUS | Receiving slit #2 10.000mm

Peak list

No.| 2-theta d Height | FWHM | Size |Phase name|Chemical
(deg) (ang.) (cps) (deg) | (ang.) formula

1 (29.41(3)| 3.035(3) | 52(19) | 0.28(3) [302(31) | Unknown |Unknown

2 130.20(4)| 2.957(4) | 23(12) |0.82(12) | 105(15) Oxidl(;c();20) Fe2 O3

3 |35.64(5)| 2.517(3) | 60(20) | 1.07(4) | 81(3) 0xio:£,(()g gy Fe203

Iron
4 143.1333| 2.09557 |16.7079|0.821891|108.554 Oxide(4.0,0) Fe2 O3

5 |57.00(5)|1.6143(14)| 13(9) |0.51(11)|185(39) Oxic;:()g gy Fe203

6 |62.68(3)| 1.4811(7) | 14(9) | 0.95(9) | 102(10) Oxidl(;c()drf] 40 Fe203

7 |72.1333| 1.30841 | 7.566 |0.821891|124.892 | Unknown |Unknown

Iron
8 74.6 1.27114 |8.94303 |0.821891|126.911 Oxide(5,3.3) Fe2 O3
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150 Meas. data:film gixrd/Data 1

100

Intensity (cps)

2-theta (deg)

Figure 3.9 Gracing
SPIONs synthesized at
molecular solution

0.133%

Table 3.2
SPIONs synthesized at 0.133%

molecular solution

Measurement conditions

PXRD Measurement conditions and Peak

ol LY ..AIA.M‘.L.M‘..J iy Nlu..i... s wiisbaulh thmumilﬂl.thml.mmu
40 60 80

Incident X-Ray Diffraction (GIXRD) of

precursor iron
list of
precursor iron

Scan speed / ]
X-Ray 40 kV, 30 mA . 4.0000 deg/min
Duration time
Goniometer SmartLab Step width 0.0200 deg
Attachment Chi Scan axis Theta/2-Theta
_ 10.0000 - 90.0000
Filter None Scan range
deg
CBO selection slit BB Incident slit 1.000deg
Diffrected beam Length limiting
Bent ) 5.0mm
mono. slit
Detector SC-70 Receiving slit #1 1.000deg
Scan mode CONTINUOUS | Receiving slit #2 1.000mm




Peak list

Table 3.2 (Continued)
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2-theta

No. (deg)

d
(ang.)

Height
(cps)

FWHM
(deg)

Size
(ang.)

Phase name

Chemical
formula

1 18.4

4.81793

32.3092

1.04215

80.6552

Iron
Oxide(1,1,1)

Fe2 O3

2 | 30.1333

2.96333

34.8775

1.04215

82.452

Iron
Oxide(2,2,0)

Fe2 O3

3 35.4

2.53359

71.0853

1.50689

57.831

Iron
Oxide(3,1,1)

Fe2 O3

4 | 42.9(2)

2.108(10)

15(7)

1.04(19)

86(15)

Iron
Oxide(4,0,0)

Fe2 O3

5 |57.17(12)

1.610(3)

26(9)

0.80(11)

119(16)

Iron
Oxide(5,1,1)

Fe2 O3

6 62.50(11)

1.485(2)

35(11)

1.02(10)

95(9)

Iron
Oxide(4,4,0)

Fe2 O3

250

200

150

Intensity (cps)

100

50

Meas. data:film/Data 1

20

40
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2-theta (deg)

Figure 3.10 Powder X-Ray Diffraction (PXRD) for
synthesized at 0.133% of iron molecular concentration

3.1.7

X-Ray Photoelectron Spectroscopy (XPES)

80

SPIONs

X-Ray Photoelectron Spectroscopy is a versatile surface

analysis technigue which can explore the sample to the depth of 10 nm.

It is commonly used for the analysis of elemental composition,
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empirical formula determination, chemical state, electronic state,
binding energy and chemical and compositional state. The energy states
of Fe, Oxygen, and Carbon are given in Figure 3.11 and Table 3.3). Iron
compounds can be described as high-spin or low-spin as defined by
crystal field theory. Fe; spectra of high-spin compounds exhibit complex
multiplet splitting and have satellite features where as Fe; compounds
are always high-spin leading to complex multiplet split Fe, spectra. In
Figure 3.11 (a) Fe oxide peak (710.8 eV) is significantly shifted to
higher binding energy than the metal (706.7 eV). Therefore, a well
resolved Feyps/, spectra for metal shows a multiplet splitting. The peaks
of O1s binding energy of many compounds and species falls within a
very narrow range. They tend to be broad with multiple overlapping
components i.e., from 529 — 535 (Figure 3.11 b and Table 3.3 b). The
components due to water and organic contamination also influences
directly with that of the other elements present in the SPIONs. Thus it
confirms the presence of organic elements in the SPIONs. C1s spectrum
for adventitious Carbon typically has C-C, C-O-C, and O-C+0O
components (Figure 3.11 ¢ and Table 3.3 ¢). Since iron is a transition
metal which are capable of entrapping smaller atoms such as H, C, and
N in their interstitial sites of crystal lattices (Yadav 2003). These trapped
atoms get bonded to the atoms of the transition elements. The
compositional and chemical states of adventitious elements are further
influenced by the presence of applied magnetic field when SPIONs were
synthesized. The influence of CI is also unavoidable since the source
materials have such elements present in them, ex FeCls. The complete
spectrum for the SPIONSs synthesized in 0.133% iron molecular solution

Is illustrated in Figure 3.12.
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Figure 3.11 XPS spectra of SPIONs synthesized at 0.133% of
precursor iron molecular solution (a) Fe, (b) Oxygen, (c)
Carbon
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Table 3.3 Binding energy states of elements present in SPIONSs

synthesized at 0.133% (a) Fe (b) Oxygen (c) Carbon

Fe metal
FeO
Fe 03

706.7
709.6
710.8

Chemical state Binding energy Fe2p;, / eV

a

Chemical state Binding energy Ols / eV

Metal oxides 529-530 b
Organic C-O 531.5-532

Organic C=0 ~533

O-F« ~535

Chemical state Binding energy Cls / eV
C-C 284.8 c
C-0-C ~286

0-C=0 ~288.5

The binding energy of Fe metal in the SPIONs is found in

different related energy levels as per its molecular configuration from

706.7 to 710.8 eV (Figure 3.11 a). Binding energy for oxygen is found

both for metal oxide and organic oxygen from 529 to ~ 535 eV

(Figure 3.11 b). Binding energy for carbon is found from 284.8 to

~288.5 (Figure 3.11 c). The relative binding energies and intensity ratio

of the core-level XPES peaks versus satellite features will vary

according to compound, e.g. FeCl has a satellite feature compared to

organic Cl (Figure 3.12). The binding energy for the organic CI at 200

eV whereas metal chloride at ~198.5 - 199 eV. Such a phenomenon is
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possible because FeCl; was one of the source materials used for the
synthesis of SPIONs in this experiment. At the time of chemical
reaction, there might have occurred a chemical shift in the binding
energy for metal chloride. The complete XPES spectra for the SPIONs
is given in Figure 3.12 b.

......................................................................................................

Chemical state Binding energy Clp;, / eV

Organic CL 200
Metal chloride ~198.5-199

Figure 3.12 XPS spectra of Cl and its energy states in SPIONs
synthesized at 0.133% and (b) the complete spectra of
SPIONs



73
3.1.8 Zeta Potential

Particles with zeta potential more than +25 mV or =25 mV are
normally considered stable (Khoshnevisan et. al., 2015). SPIONs
synthesized at 0.133% show negative charge of —14 (Figure 3.13). The
parameters obtained here demand for the stabilization of SPIONs for

further application.

600000 .............. '.....................'_..v..’.' ...... . ..... ..: ...... ER .
500000t -« verreeene .. ............. S ' ......... I . ...... R R
400000 s crerrrreereennen ............. - , ................... , ...................

300000 .................... E ................. ................... ; ................... E

Total Counts

200000-“........?. ........ : ................. " .E ................... ' ...................

100000 ---------- e g --------;-.---' ---,is ------------------- % ------------------- é

0 } - t + + + |
-100 0 100 200
Apparent Zeta Potential (mV)

Figure 3.13 Zeta Potential value of SPIONs synthesized at 0.133%
precursor iron molecular solution

3.1.9 Nuclear Magnetic Resonance Spectroscopy (NMR)

NMR spectra was taken to study the difference between
precursor iron molecular solution and the SPIONs i.e., before the
synthesis of SPIONs and after the synthesis SPIONs in the magnetic
field. In order investigate the difference, only two elements were
selected; carbon and hydrogen. The emergence of new peaks for carbon
and hydrogen at 86.235 (Figure 3.15 and Table 3.5) and at 2.168 (Figure
3.17 and Table 3.6) respectively are observable after the synthesis of
SPIONs. The NMR spectra for carbon and hydrogen present in
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precursor iron molecular solution is given in Figure 3.14 and Table 3.5
and Figure 3.16 and Table 3.6. Thus it has become evident that the
molecular carbon and hydrogen have become a part of SPIONs at the
given resonance state. Moreover, after the synthesis of SPIONSs there is
a slight decrease observed in the resonance values at all peaks, which
could be associated with a slight drop in the pH values as given in Table
3.4. From the Table it is understood that lower the pH difference better
the SPIONs and its precursor iron molecular solution. Both the
emergence of new peaks and decrease in resonance values of all the
peaks are the proof for the molecular convergence which took place in
the applied magnetic field when the SPIONs were synthesized. It was
suggested that chemical transformations should be accelerated by
magnetic field if they lead from diamagnetic to paramagnetic or vice
versa (Steiner et al., 1989). The role of applied magnetic field is
evidentially convinced by NMR spectra for Carbon and Hydrogen along

with the difference in the pH.

Table 3.4 pH values taken for precursor iron molecular solutions
of 6 concentrations (before the synthesis of SPIONS)
and after the synthesis of SPIONSs

Concentration| 0.2% |0.166% (0.133% | 0.1% |0.066% |0.033%

Before the

synthesis of | 8.32 8.16 | 7.90 8.05 871 | 7.82
SPIONs

After the

synthesis of | 7.76 7.88 7.86 7.91 7.81 7.39
SPIONs
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Figure 3.14 NMR spectra for Carbon present in the precursor iron
molecular solution prepared at 0.133%
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Figure 3.15 NMR spectra for Carbon in the SPIONs synthesized at
0.133% of solution
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Table 3.5 NMR spectral values: (a) Spectral values of Carbon
present in the precursor iron molecular solution; (b)
Spectral values of Carbon present in SPIONs. The
difference in spectral values in between precursor
molecular solution and SPIONs are underlined. And,
the emergence of new spectra is given bold.

Carbon| Spectra 1 2 3 4 5 6
A Figure [48.952|54.688(81.848|85.736 | Nil 89.597
3.13
B Figure [48.943|54.680|81.839| 85.727 | 86.235 |89.588
3.14

—3.347
30307

Reaction So lutiJJn

T
5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 ppm

Figure 3.16 Spectra for Hydrogen present in the precursor iron
molecular solution prepared at 0.133%
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——4.840
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—4.669
——3.339

2.168

TT—-3.303

Felod

Figure 3.17 NMR spectra for Hydrogen present in the SPIONs
synthesized at 0.133% solution

Table 3.6 NMR spectral values. (a) Spectral values of Hydrogen
present in precursor molecular solution; (b) Spectral
values of Hydrogen present in SPIONs The difference in
spectral values in between precursor molecular solution
and SPIONSs are underlined. And, the emergence of new
spectrum is given bold.

Hydrogen| Spectra 1 2 3 4 5 6
A Figure 3:15| Nil | 3.307 | 3.447 | 4.670 | 4.778 | 4.850
B Figure 3:16 | 2.168 | 3.303 | 3.339 | 4.669 | 4.769 | 4.840

3.1.10  Superconducting Quantum Interference Device (SQUID)

Superparamagnetic (SP) state is characterized by zero

coercivity and remnant magnetization. Magnetic properties of nano-size
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particles depend on the factors like energy barriers, measuring time and
relaxation time (inverse spin-flip frequency). As expected for
superparamagnetic iron-oxide nanoparticles, the hysteresis curve for the
particles was normal and tight with no hysteresis losses (Figure 3.18 a).
Under an applied low magnetic field, high magnetization (Ms) and the
coercivity (Hc) of the particles are at 0.002 emu (DC moment) is
observed. In order to test the magnetic susceptibility, temperature was
held constant at 300K and the hysteresis was measured under applied
magnetic field. Both at Field Cooled (FC) and Zero-field Cooled (ZFC)
conditions magnetic susceptibility was investigated. Accordingly, there
are different transition fluctuations observed. There observed a steady
increase in the magnetic moment when the temperature increased up to
200 K and a sudden decrease at 300 K. Moreover, an immediate
increase observed up to 300 — 350 K ending a sudden fall at 400 K. As
reported (Martinez-Boubeta et al., 2013) the reduction in coercivity was
observed according to the mean particle size that was decreased.
Transition fluctuation in magnetic moment probably due to the different
molecular arrangements occurred when the particles were formed in the
applied magnetic field. In the case of zero-field cooled (ZFC) mode, the
sample was initially lowered to K at nil applied field. At the lowest
temperature, a very week magnetic field was applied and the
magnetization was recorded as the temperature increased up to 400 K
(Figure 3.18 c). At ZFC temperature, the initial value is relatively small
which indicates that the magnetic moments are frozen at the temperature
5 K.
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Figure 3.18 SQUID magnetic analysis: (a) Magnetic hysteresis of
SPIONs synthesized at 0.133% iron molecular
solution; (b) field cooled (FC) magnetization
measurement; (c) zero-field cooled
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3.2 SYNTHESIS OF CORESHELL-SPIONs AND THEIR
CHARECTERIZATION

A “core-shell superparamagnetic iron oxide nanoparticle’ was
designed as a drug carrier which demanded several stages of its
preparation. There were four major phases of preparation involved:
(1) synthesis of SPIONSs, (2) functionalization of SPIONs, (3) loading of
the desired drug — curcumin and (4) biopolymer encapsulation. Every

stage was characterized as given below.

3.2.1 UV Vis Spectroscopy

The UV Vis absorption maximum of SPIONs was found to be
250 nm (Figure 3.20 a) and this was concealed by functionalization with
SDS (Figure.3.20 b). The narrowing down of the absorption after
functionalization showed the complete masking of iron-oxide molecules.
The functionalized SPIONs were used for carrying the drug. The drug
used here was curcumin which was dissolved in N, N
dimethylformamide (DMF). DMF is a clear colorless hygroscopic liquid
with a slight amine odor. The solvent properties of DMF is attractive
because of its high dielectric constant. The pharmaceutical industry uses
DMF as a reaction and crystallization solvent because of its exceptional
solvency parameters. In general, the usual UV Vis absorption spectra for
curcumin dissolved in various organic solvents falls in between 400 nm
to 500 nm. The absorption spectra for curcumin dissolved in
dimythylformamide also falls in between 400 to 500 nm (figure 3.19)

which shows that the properties of curcumin are well preserved.
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200 300 400 500 600 700 800
A
Figure 3.19 UV Vis spectra of curcumin dissolved in N, N-
dimethylformamaide
Absorption peaks in between 300 and 600 nm were the
characteristic spectra for curcumin complexed with the functional
regions of SDS: 340 nm, 450 — 492 nm (Figure 3.20 c). The reason for
the wide range of spectrum is due to the loading of curcumin with SDS
functional regions. After the final coating with chitosan biopolymer the
sharp peak around 270 nm is noticed, which is supporting the presence
of the phenolic hydroxyl groups, and the peak at ~430 nm along with the
shoulder peak towards 450 nm indicates the gelatinous nature of
chitosan & pyridoxine hydrochloride compound. UV-Vis absorbance
spectrum of 0.01 M HCI containing unmodified chitosan reported
appears at 275 nm which is attributed to the existence of phenolic

hydroxyl (Ph) groups (Sakai et al., 2008). By introducing Ph groups,
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which are cross-linkable via peroxidase-catalyzed oxidative reaction,
both solubility at neutral pH as well as gelation can be achieved.
Pyridoxine hydrochloride was used to dissolve chitosan and the
gelatinous nature of polymerization was found at 3.75:0.66 ratio
respectively of pyridoxine hydrochloride and chitosan. The complete
UV vis spectral data for the four phases of core-shell preparation is

given in Table 3.7.
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Figure 3.20 UV - Vis analysis of the four phases of producing
Coreshell-SPIONs preparation (a) Naked SPIONs, (b)
functionalized with SDS, (c) tagged with curcumin,
and (d) encapsulated with chitosan
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Table 3.7 Tabulation of UV-vis spectral data of the four phases of

200-300 | 300-400 | 400-500 | 500-600 | 600-700 | 700-800
250 nm - - - - -
Concealed | Concealed | Concealed | Concealed | Concealed | Concealed
450 nm
- 340 nm - 670 nm 730 nm
492nm
~430 nm
D - - - - -
450 nm
3.2.2 Fourier Transform Infra-Red Spectroscopy (FTIR)

IR spectrum of SPIONSs in between 3745.76 and 2133.27 cm™
manifests the prominent absorption bands which is considered to be the
finger print region of the iron-oxide nanoparticles (Figure 3.21 a).
During chemical processes of iron-oxide nanoparticles high absorption
affinity can result from m-electron interactions with polar surface of
magnetic nanoparticles, as well as from complex bond formation at =Fe-
OH sites (Tombacz et al., 2013). Accordingly, within the finger print
region there were several bands observed for O-H stretching and -C=C-
which were the characteristic bands for the interstitial organic molecules
present among the crystalline phases of SPIONs. At 3552.88 there
observed the presence of —-OH, a characteristic spectrum after
functionalizing SPIONs with SDS (Figure 3.21 b). Functionalization is a

kind of surface modification to add functional groups.
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Table 3.8 List of the possible functional groups analyzed in FTIR
all through the four phases of producing Coreshell-

SPIONs
Sample LGrsgl(zrrlﬁ; Description

SPIONSs after washing|3552.88 -OH
2926.01 O-H stretch / carboxylic acid (m)
2858.51 O-H stretch / carboxylic acid (m)
2509.39 O-H stretch / carboxylic acid (m)

After functionalizing |2133.27 -C=C- stretch / alkynes (w)

with SDS 2916.37 O-H stretch / alkanes (m)
2156.42 -C=C- stretch / alkynes (w)
690.52 -C=C-H:C-H bend / alkynes (b, c)
646.15 -C=C-H:C-H bend / alkynes (b, c)
599.86 C-Br stretch / alkyl halides

After loading 2144.84 -C=C- stretch /

curcumin (2401.38%)  |alkynes (w)

(Curcumin®) 738.74 C-H aromatics (s)

3545.16° 690.52 -C=C-H: C-H bend/alkynes (-C=C-H:
(688.59%)  |C-H bend/ alkynes®)
646.15 -C=C-H: C-H bend/alkynes (-C=C-H:
(648.08%)  |C-H bend/ alkynes®)
607.58 C-Cl stretch / alkyl halides (alkyl
(617.22%)  |halides®)
596.00 C-Br stretch / alkyl halides

After chitosan coating
(Chitosan®)

3425.58 O-H stretch, H — bonded / alcohols,
(3728.40%)  |phenols

3091.89 C-H stretch alkenes (m) (O-H stretch,
(3466.08%)  |H-bonded/alcohols, phenols®) (s, b)
2821.86 N-H stretch / 1°, 2° (C-H

(2889.01%) |stretch/alkanes®) (m)

2459.24 C-C=N stretch / nitriles (alkynes®)
(2358.949)

2357.01 -C=C- stretch/alkynes

(2193.069)
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Figure 3.21 FT-IR analysis of the four phases of producing
Coreshell-SPIONs  (a) Naked SPIONs, (b)
functionalized with SDS, (c) tagged with curcumin, (d)
encapsulated with chitosan
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The organic molecules used to functionalize SPIONs usually
have two feature groups: the anchoring group and the charging group.
The former anchors itself onto the nanoparticles’ surface, while charging
group binds to the respective charges dependent on the charge density,
modified structure and chain length (Zhang et al., 2006). Accordingly,
the shift in the finger print region of the spectrum 500 to 750 cm™ and
maintaining some of the adjacent spectral ranges of SPIONs ascertains
the association of both the anchoring and the charging groups which
involved in functionalization. The finger-print region of which falls in
between 500 to 750 cm™ and this region is the characteristic region for
the active groups of curcumin dissolved in N,N-dimethyl formamide as
given in the supplementary image (Figure 3.21 c). After the bio-polymer
coating (pyridoxine hydrochloride & chitosan) the finger print region in
the IR spectra has tremendously shifted (Figure 3.21 d). IR spectra
validates the fact that the chemistry of the composition was well

preserved all through the processes.
3.2.3 Raman Spectroscopy

In Figure 3.23 (a) of the SPIONSs the peaks at 213, 274, 384,
and 474 cm™ correspond to Eg mode and the peak at 584 cm™
corresponds to Alg mode of the iron oxide. Similar peak ranges were
already reported arising when iron oxide nanoparticles are subjected to
514.5 nm wavelength laser excitation (Mitchell et al., 2014). When
SPIONs functionalized with SDS, in the spectrum (Figure 3.22 b), all
peaks pertaining to iron oxide are present and in addition another
shoulder peak at 635 cm™ appears which can be attributed to SOs;

vibration which has become an inclusion complex with that of 584 cm™



87

of the iron oxide. The Raman spectrum taken after loading curcumin
into the SDS functionalized SPIONS, a steady increase after 1100 cm™
was observed. Figure 3.22 (6-1) gives the Raman spectrum of curcumin
powder and Figure 3.2 (5-1) after dissolving in the solvent. As per the

Raman spectra the integrity of curcumin is preserved.
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Figure 3.22 Raman spectra of curcumin powder (6-1) and
curcumin dissolved in N, N-dimythylformamide (5-1)

After loading curcumin on to the functionalized SPIONs the
spectrum range falls in between 1000cm™ to 1400cm™. A steady rise in
1000cm™ towards 1450cm™ was indicative of the loaded curcumin onto
the functionalized SPIONs (Figure 3.23 c). The steady rise in the
spectrum could be validated with that of the spectrum for curcumin
powder and curcumin dissolved in the solvent (Figures 3.22). And also
all through the spectrum shielding is observed (Figure 3.23 c). It was
due to the formation of SDS and curcumin inclusion complex. This
steady increase in intensity towards 1450 cm™ was due to the curcumin
interaction with the SDS thus forming a perfect inclusion complex, i.e.,
about an unbonded association in which the molecules of one
component (curcumin) are contained wholly or partially within the

crystal lattice of the other component (SDS). Studies on inclusion
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complex are already well studied and reported in detail (Frank et al.,
1999) and with special reference to curcumin (Kolev et al., 2005) as
reported by Mohan et al., 2012. As shown in Figure 3.23 (d) the whole
inclusion complex along with the nanoparticles is shielded off at

polymer coating.
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Figure 3.23 Raman Spectroscopy analysis of the four phases of
producing Coreshell-SPIONs (a) Naked SPIONs, (b)
functionalized with SDS, (c) tagged with curcumin, (d)
encapsulated with chitosan

3.2.4 X-Ray Diffraction Spectroscopy (XRD)

Crystallinity was investigated by XRD all through the four
phases of core-shell preparation. Crystalline phases of the SPIONSs
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(Figure 3.25 a) resemble as it is noted already in Figures 3.9 and 3.10.
After functionalization with SDS (Figure 3.25 b) though the peaks
relevant for the crystallinity of SPIONs appear, somehow they are
shielded with the molecules of SDS. Therefore, the intensity of the
SPIONs’ peaks are not as stronger as that of Figure 3.25 a. The
crystalline phase after curcumin loading was analyzed (Figure 3.25 c).
In comparison with the XRD spectra for curcumin dissolved in N,N-
dimethylformamide (Figure 3.24) the drug loaded spectra emerges in the
2-theta (degrees) axis at 10, 17, 21, 35, which are the characteristic
peaks of the respective peaks of the spectral values of curcumin

dissolved in N,N dimethylformamide.
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Figure 3.24 XRD spectra of curcumin dissolved in solvent
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Moreover, the crystalline phase was preserved further, even
after the final coating with the polymer. The characteristic peaks in
between 20 e and 30 e would be the spectra representing the crystalline
nature of chitosan polymer dissolved in pyridoxine hydrochloride water
(distilled) based solution (Figure 3.25 d).
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Figure 3.25 XRD analysis of the four phases of producing
Coreshell-SPIONs  (a) Naked SPIONs, (b)
functionalized with SDS, (c) tagged with curcumin, (d)
encapsulated with chitosan
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3.2.5 Zeta Potential

The optimum concentration of SDS for stabilizing the SPIONs
was confirmed in zeta analyzer. It is a significant instrument for
understanding the state of the nanoparticles’ surface and envisaging the
extended constancy of the nanoparticles. The magnitude of the zeta
potential is predictive of the colloidal stability. Nanoparticles with zeta
potential values greater than + 25mV or less than — 25mV typically have
high degrees of stability. Dispersions with a low zeta potential value will
eventually aggregate due to Van der Waal inter-particle attractions
(Nano Composix. com 2012). Surfactants are often used to disperse
nanoparticles entirely in an appropriate medium. Coating of single
domain iron-oxide nanoparticles with a double layer of surfactants in an
aqueous medium result in stable colloidal dispersions (Tombacz et al.,
2013). The zeta potential value derived for naked SPIONS, i.e., before
functionalization was —14mV as shown in Figure 3.26 a. Since it was
below — 25mV for SPIONSs, it was unstable. SDS increased the stability
after functionalization for curcumin loading. Three different
concentrations of SDS i.e. 0.020%, 0.040%, 0.80% respectively were
used for this purpose. Stabilization was found closer at 0.040% and
0.080% of SDS. SDS used beyond the above these concentrations
slowly increased agglomerations of the particles. Moreover, surfactants
in solution below their critical micellization concentration (CMC)
improve drug solubility by providing regions for hydrophobic drug
interactions. The hydrophobic core enhances the entrapment of drug,
thus increasing its stability too. Mechanism of drug entrapment, as well
as the physiochemical interactions of constituents determine their drug
solubilization capacity and physical stability (Narang et al., 2007).
Drugs can be incorporated by phase inversion temperature (P1V) method
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(Brime et al., 2002) by dissolving the drug in the hydrophobic or
hydrophilic components. For the loading of curcumin, 0.080% of SDS
stabilized SPIONs were used (Figure 3.26 b). And, after three days’
incubation for drug loading in the cyclo-rotator, 70°C temperature was
applied in water bath for inducing PIV for the better incorporation of the
drug to form inclusion complex. Accordingly, the anionic state of the
SDS functionalized SPIONs turned to cationic and its overall
stabilization also was shifted from negative (- 19) to positive (+39)
(Figure 3.26 b and c, Table 3.9 b and c).

a

Prsce (radang

Phose (radions)

Figure 3.26 Zeta potential analysis of the four phases of producing
Coreshell-SPIONs  (a) Naked SPIONs, (b)
functionalized with SDS, (c) tagged with curcumin, (d)
encapsulated with chitosan

The shift in the charge, in fact, is due to the cationic nature of
curcumin. After chitosan polymer encapsulation in the subsequent
process maintained the required stability for biological application with

zeta potential value at +27.48 (Figure 3.26 d and Table 3.9 d).
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Table 3.9 Table of the complete zeta potential readings which
show the increase of stability in all through the
coreshell-SPIONs preparation and the change of
surface charge

(@) (b)

Run Mobility Zeta Potential [mV) Rel. Residual Run Mobilty Ze"? Potential (m) Fel. Residual
1 -1.59 .20.40 0.0330 1 -1.88 -24.10 0.0346
2 -1.48 -18.98 0.0587 2 -1.85 -24.98 0.0603
3 -0.77 -9.87 0.0205 3 1. 16 -14.87 0.0313
4 -1.34 12 0.0246 4 1. 49 19511 0.0318
5 o -25.16 0.0226 5 1533 -17.08 0.0205

Mean -1.43 -18. 31 0.0319 Mean =1 B8 -20.03 0.0357

Std. Error 0.18 2.43 0.0070 Std. Error 015 1:9¢ 0.0066

Combined -1.42 -18.186 0.0225 Combined -1.55 -19.79 0.0267

(c) (d)

Run tobility Zeta Potential (mV) Rel. Residual Run Mobility Zeta Potential (mV) Rel. Residual
1 2.95 37.81 0.0193 1 2.19 28.06 0.0159
2 3.413 40.09 0.0186 2 2.04 26.186 0.0143
3 298 3811 0.0323 3 2.05 26.23 0.0137
4 3.40 43.50 0.01683 4 2.20 28.12 0.0157
5 3.2 39.92 0.0215 5 2.29 28.25 0.0135

Mean 3.12 39.89 0.0217 Mean 2.15 27.57 0.0146

Std. Error 0.08 1.01 0.0027 Std. Error 0.05 0.60 0.0005

Combined 3.11 39.86 0.0118 Combined 2. 15 27.48 0.0072

3.2.6 Microscopic Analysis
3.2.6.1 Scanning Electron Microscopy (SEM)

SPION was in the range of 10 to 15 nm (Figure 3.27 a).
Functionalization of SPIONs had enlarged the dimensions to 20 nm
(Figure 3.27 b), as the drug loaded, it too increased the size to 35 nm
(Figure 3.27 d). At last the core-shell was made by coating with chitosan
and the size appears between 40 and 45 nm (Figure 3.27 d). EDX
analysis is clearly stating the involvement of the chemicals in every step
(Figure 3.27 a,b,c,d EDX spectra). As the size increased the shape too
modified. The shape of the particles appears to be spherical. After
curcumin loading (Figure 3.27 c) the image appears by some means
agglomerated. But after encapsulation with chitosan the image appears
free of agglomeration (Figure 3.27 d) telling the previous agglomeration
insignificant. Moreover, in the final image a considerable amount of

chitosan polymer also found which did not involve in encapsulation.
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Proper washing of core-shell would dissuade such residual polymer

molecules.
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Figure 3.27 (Continued)
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Figure 3.27 SEM - EDX analysis of the four phases of producing
Coreshell-SPIONs (a) Naked SPIONSs, (b) functionalized
with SDS, (c) tagged with curcumin, (d) encapsulated
with chitosan
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3.2.6.2 Atomic Force Microscopy (AFM))

AFM result was on par with the SEM results (Figure 3.28 a -
d). there was agglomeration of particles seen as the level of coating was
increased. Agglomeration in the image would be the physical process

while drying the sample on the glass slide.

10.7 nm

-5.7 nm

Figure 3.28 AFM analysis of the four phases of producing
Coreshell-SPIONs (a) Naked SPIONs (b) functionalized
with SDS (c) tagged with curcumin (d) encapsulated
with chitosan

3.2.7 X-Ray Photoelectron Spectroscopy (XPES)

The chemical states of Fe, over the phases of core-shell

preparation is presented in Figure 3.29 a — d and Table 3.10. Peaks at
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706.7, 709.6, 710.8, and 710.4 eV are representing the binding energy
for Fe, FeO, Fe,03, and FeCl; respectively. Involvement of oxygen in all
the phases is demonstrated in Figure 3.30 a — d and Table 3.11. Spectral
ranges 529 to ~535 eV broad spectrum in SPIONs says the involvement
of oxygen in metal oxide and its energy level. Similarly, energy levels of
carbon is found as C-O, C=0O and O-C=0 at 284.8,~ 286,~ 288.5
respectively (Figure 3.31 a — d and Table 3.12) The three major
elements Fe, Oxygen and Carbon played avital role in the formation of
SPIONs and their energy states also determined the type of SPIONSs.
Elemental invariance in energy levels all through the phases of core-
shell preparation substantiates the unaltered integrity of SPIONs and the
substances involved in the experiment. Other than the four major
elements the energy spectrum for Mg and (Figure 3.32 a — c; Table 3.13
a —¢) and CI (Figure 3.33 a, b; Table 3.14 a, b) and Na (Figure 3.33 c;
Table 3.14 c). The presence of such elements in the core-shell
preparation were essential as they involved in stabilization, curcumin
tagging and polymer coating. Preserving the integrity of chemical
substances involved in the reaction processes is one of the major
prerequisite for a better formation of drug carrying core-shell. For
biological application this is an essential aspect. The complete XPES
energy spectra of the four phases of core-shell preparation is given in
Figure 3.34. The changes are clearly observable in the complete spectra
where Fe spectral range is moderated from a — d. The compositional
state of Oxygen, Carbon are augmented. Other minor elements begin to
appear at ‘c’ and well preserved at ‘d’. The complete energy levels of
elements present in the four phases of core-shell preparation is given in
Table 3.15.
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Figure 3.29 XPS spectra for the energy state of Fe over the four
phases of producing Coreshell-SPIONs: (a) Naked
SPIONSs, (b) functionalized with SDS, (c) loaded with
curcumin, (d) encapsulated with biopolymer coating
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Table 3.10 Energy Levels of Fe (a) Naked SPIONs, (b)
functionalized with SDS, (c) tagged with curcumin, (d)
encapsulated with biopolymer coating

Chemical state Binding energy Fe2p;, / eV

Fe metal 706.7 a
FeO 709.6

Fe,O; 710.8

FeCl, 710.4

Fe metal 706.7 b
FeO 709.6

Fe,O3 710.8

FeCl, 710.4

Chemical state Binding energy Fe2p;, / eV
Fe metal 706.7 C
FeO 709.6

Fe,O; 710.8

FeCl, 710.4

Fe metal 706.7 d
FeO 709.6

Fe,O5 710.8

FeCl, 710.4
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Figure 3.30 XPS spectra for the chemical states of oxygen over the
four phases of producing Coreshell-SPIONs: (a) Naked
SPIONs, (b) functionalized with SDS, (c) loaded
curcumin, (d) encapsulated with biopolymer coating
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Table 3.11 Energy Levels of Oxygen (a) SPIONs, (b) functionalized
with SDS, (c) loaded with curcumin, (d) encapsulated
with biopolymer coating

Chemical state Binding energy Ols / eV

Metal oxides 529-530 a
Organic C-O 531.5-532

Organic C=0 ~533

O-F4 ~535

Chemical state

Metal oxides 529-530 b
Organic C-O 531.5-532

Organic C=0 ~533

O-F, ~5335

Binding energy Ols / eV

Chemical state Binding energy Ols / eV

Metal oxides 529-530 c
Organic C-O 531.5-532

Organic C=0 ~533

O-F, ~535

Chemical state Binding energy Ols / eV

Metal oxides 529-530 d
Organic C-O 531.5-532

Organic C=0 ~533

O-Fy ~535




102

Figure 3.31 XPS spectra for the chemical states of carbon over the
four phases of Coreshell-SPIONs: (a) naked SPIONS,
(b) functionalized with SDS, (c) loaded with curcumin,
(d) encapsulated with biopolymer coating



www.malankaralibrary.com
103

Table 3.12 Energy Levels of Carbon (a) naked SPIONs, (b)
functionalized with SDS, (c) loaded with curcumin, (d)
encapsulated with biopolymer coating

Chemical state Binding energy Cls / eV
C-C 284.8 a
C-O0-C ~286

O0-C=0 ~288.5

Chemical state Binding energy Cls / eV
C-C 284.8 b
C-O0-C ~286

O0-C=0 ~288.5

C-C 284.8 C
C-O0-C ~286

0-C=0 ~288.5
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Figure 3.32 Energy spectra of Mg present after (a) synthesis of
SPIONSs, (b) after curcumin loading, and (c) after
biopolymer coating (Coreshell-SPIONSs)

Table 3.13 Tabulation of the energy level of Mg present in different
phases of Coreshell-SPIONs production

Chemical state Binding energy Mgls / eV
Metal nitrides ~397 a
C-NH> ~400

Nitrate >405

Chemical state Binding energy Mgls / eV
Metal nitrides ~397 b
C-NH> ~400

Nitrate >405

Chemical state Binding energ

Metal nitrides ~397 C
C-NH-> ~400

Nitrate >405
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Figure 3.33 Energy spectra of cl analyzed (a) after Synthesis of
SPIONs and (b) after coreshell-SPIONs preparation.
(c) Spectrum for Na

Table 3.14 Tabulation of the energy levels of Cl, and Na present in
different phases of core-shell preparation

Chemical state

Organic CL 200 a

Metal chloride ~198.5—-199

Chemical state
Organic CL 200 b
Metal chloride ~198.5—-199

Chemical state energy Nals/ eV

Sodium compounds 1071-1071.5
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Figure 3.34 Complete XPES energy spectrum of the four phases of
producing Coreshell-SPIONs
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Table 3.15 Energy states of elements summarized from the
complete spectra of core-shell preparation

Elements (@) (b) (©) (d)
Fe, Os 710.8 710.8 710.8 710.8
Metal Oxide | 529-530 529-530 529-530 529-530
Organic

C-O 531.5-~533 | 531.5-~533 | 531.5 -~533 | 531.5 -~533
C=0

Carbon
C-C 284.8 -~ 284.8 -~
C.0.C 284.8 -~288.5|284.8 -~288.5 288.5 288.5
O-C
Mg - ~400 ~400 ~400
Cl ~198.5-199 | ~198.5-199 - -
Na - 1071-1071.5 - -

3.2.8 Superconducting Quantum Interference Device (SQUID)
Analysis

Superparamagnetic state was found to be preserved all over the
stages (Figure 3.35 a — d). In ZFC magnetization (Figure 3.36 a — d)
there observed saturation magnetization till 350 K and in FC mode
(Figures 3.37 a - d), the saturation magnetization is observed up to
250 K - 260 K except for naked SPIONs. In case of naked SPIONs a
slight fluctuation is observed which then is rectified after stabilization
with SDS. Therefore, the SPIONs can be used for various medical
purposes like drug delivery, imaging and hyperthermia and thus these
can be used for hyperthermia. SQID results are supported by VSM
results (Figures 3.38 a—d; 3.39 a—d; 3.40 a - d).
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Figure 3.35 Magnetic hysteresis obtained from SQUID: (a) naked
SPIONSs, (b) after functionalizing with SDS, (c) after
curcumin
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3.2.9 Vibration Sample Magnetometer (VSM) Analysis

0.0020 — a
0.0015 /—-—"""”—_—

0.0010 {

0.0005 |
0.0000 —

-0.0005 |

DC Moment (emu)

0.0010

-0.0015 — I e

-0.0020 T T T T T 1

-60000 -40000 -20000 o 20000 40000 60000
Magnetic Feild (Oe)

0.003 4 b

0.002 P

0.001
0.000 - |
|

-0.001

DC Moment (emu)

-0.002 _

-0.003 T T T T T 1
-60000 -40000 -20000 o 20000 40000 60000

Magnetic Feild (Oe)
0.003
0.002 { P
0.001

|
|
0.000 |
|

-0.001 |

DC Moment (emu)

-0.002 A

-0.003 T T T T T 1
-60000 -40000 -20000 [¢] 20000 40000 60000

Magnetic Feild (Oe)

——d

0.003
0.002 - 7=
[
0.001 ‘

0.000 |

0.001 + |

DC Moment (emu)

0.002

-0.003 T T T T T 1
-60000 -40000 -20000 o 20000 40000 60000

Magnetic Field (Oe)

Figure 3.38 Magnetic hysteresis obtained from VSM: (a) naked
SPIONs, (b) after functionalizing with SDS, (c) after
curcumin loading, (d) after encapsulating with
biopolymer coating



DC Moment (emu)

DC Moment (emu)

DC Moment (emu)

Figure 3.39

112

0.00025 - /’————'
0.00020 e

0.00015 %
0.00010 ,/

0.00005 Y

0.00000 - - T T T
(o} 100 200 300 400
Temperature (K)

0.00040 ]
0.00035 - "
0.00030 i
0.00025 — P
0.00020 ] yd g

0.00015 i /

0.00010 P

0.00005

o 1(’)0 2(‘)0 3(‘)0 460
Temperature (K)

0.00046 - C

0.00040 - e

0.00035 | -

0.00030 ~ yd

0.00025 S

0.00020 |

0.00015 - b

DC Moment (emu)

0.00010

0.00005

T T T T T
o 100 200 300 400
Temperature (K)

0.00035 -
0.00030 e i d
0.00025 P

0.00020
0.00015
0.00010

0.00005

T T T T T
[ 100 200 300 400
Temperature (K)

Magnetization measurement obtained from VSM
(ZFC mode) all through the Coreshell-SPIONs
production: (@) naked SPIONs, (b) after
functionalizing with SDS, (c) after curcumin loading,
(d) after encapsulating with biopolymer coating



DC Moment (emu) DC Moment (emu)

DC Moment (emu)

DC Moment (emu)

Figure 3.40

113

0.000425 —- a

0.000420
0.000415
0.000410

0.00040S /

0.000400
0.00039S

0.000390

0.000385
T T T T T
o} 100 200 300 400
Temperature (K)
0.000435

0,000430—-

04000425; b
0.000420—4

0.000415—- M

0.000410
0.00040S -

0.000400

0.000395 -

T T T T T
o} 100 200 300 400
Temperature (K)

0.00036 —
0.00035 C
0.00034
0.00033
0.00032

0.00031

0.00030 T T T T T
(o] 100 200 300 400
Temperature (K)

0.000425
0.000420 d
0.000415

0.000410 -

0.000405 -
0.000400 -
0.000395 -

0.000390 -

0.000385 -

T T T T T
o 100 200 300 400
Temperature (K)

VSM magnetization measurement (FC mode) through
the Coreshell-SPIONs production: (a) naked SPIONSs,
(b) after functionalizing with SDS, (c) after curcumin
loading, (d) after encapsulating with biopolymer
coating



114

3.3 IN VITRO DRUG DELIVERY ASSAYS
3.3.1 MTT Assay

Cell cytotoxicity was directly proportional to the concentration
of core-shell (Figure 3.41). Curcumin is known to have anticancer
activity against several cell lines. IC50 (inhibitory concentration) was
found at 30 ug for HeLa cells and 80 pg for HCT116 cells.

90
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40
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20
10
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Figure 3.41 MTT assay of Coreshell-SPIONs
3.3.2 Nuclear Staining

Core-shell was found to induce apoptosis in the HelLa and the
HCT 116 Cells, which was evidenced Pre-apoptotic cells observed

through Hoechst staining (Figure 3.42 and 3.43).
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Figure 3.42 Nuclear staining of HeLa cells treated with Coreshell -
SPIONs (a) CPT, (b) Untreated, (c) 2 hours treated
(d) 6 hours treated, (e) 12 hours treated, (f) 24 hours

treated
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Figure 3.43 Nuclear staining of HCT 116 cells treated with
Coreshell-SPIONSs, (a) CPT, (b) Untreated, (c) 2 hours
treated, (d) 6 hours treated, (e) 12 hours treated, (f) 24
hours treated



117

3.3.3 Apoptotic Assay

Apoptosis is a usual physiologic progression which befalls
through embryonic growth as well as in upkeep of tissue homeostasis.
The apoptotic program is characterized by certain morphologic features,
including loss of plasma membrane, asymmetry and attachment,
condensation of the cytoplasm and nucleus, and internucleosomal
cleavage of DNA. Loss of plasma membrane is one of the earliest
features. In  apoptotic cells, the membrane phospholipid
phosphatidylserine (PS) is translocated from the inner to the outer leaflet
of the plasma membrane, thereby exposing PS to the external cellular
environment. Annexin V is a 35-36 kDa Ca2+ dependent phospholipid-
binding protein that has a high affinity for PS, and binds to cells with
exposed PS. Annexin VV may be conjugated to fluorochromes including
FITC. Since externalization of PS occurs in the earlier stages of
apoptosis, FITC Annexin V staining can identify apoptosis at an earlier
stage than assays based on nuclear changes such as DNA fragmentation.
FITC Annexin V staining precedes the loss of membrane integrity which
accompanies the latest stages of cell death resulting from either
apoptotic or necrotic processes. Therefore, staining with FITC Annexin
V is typically used in conjunction with a vital dye such as propidium
iodide (PI) or 7-Amino-Actinomycin (7-AAD) to allow the investigator
to identify early apoptotic cells (Pl negative, FITC Annexin V positive).
Viable cells with intact-membranes exclude PI, whereas, the membranes
of dead and damaged cells are permeable to PIl. For example, cells that

are considered viable are FITC Annexin V and Pl negative; cells that are
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in early apoptosis are FITC Annexin V positive and Pl negative; and
cells that are in late apoptosis or already dead are both FITC Annexin V
and PI positive. This assay does not distinguish between cells that have
undergone apoptotic death versus those that have died as a result of a
necrotic pathway because in either case, the dead cells will stain with
both FITC Annexin V and Pl. However, when apoptosis is measured
over time, cells can be often tracked from FITC Annexin V and Pl
negative (viable, or no measurable apoptosis), to FITC Annexin V
positive and Pl negative (early apoptosis, membrane integrity is present)
and finally to FITC Annexin V and PI positive (end stage apoptosis and
death). The movement of cells through these three stages suggests
apoptosis. In contrast, a single observation indicating that cells are both
FITC Annexin V and PI positive, in itself, reveals less information about

the process by which the cells underwent their demise.

Apoptotic assay was performed at 1C50 concentration against
both the cell lines, 30 pug and 80 g respectively, which are illustrated in
Figure 3.41. Two to six hours of treatment of HelLa cells showed a
minor difference where 12" hour of incubation increases apoptotic cells
(15%) and it reached 57.75% (UR-29.94 + LR-00.18 + UL-27.63 =
57.75%) in 24™ hour including early/late apoptosis. Time to time
apoptotic variations occurred are given in the figures 3.44 — 3.49 and the
comparison is given in Figure 3.50 with quadrant statistics and
described in nutshell in Table 3.16. Similarly, in HCT 116 cells also
apoptosis is induced time to time proving the slow and steady drug

delivery. At 24™ hour of incubation of HCT 116 cells with core-shell
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SPIONs induced apoptosis (UR-12.49 + LR-20.63 + UL-00.83 =
33.95%) considerably lesser than that worked in HelLa cells. Time to
time apoptotic variations occurred are given in figures 3.52 — 3.57 and
the comparison is given in Figure 3.58, quadrant statistics and in
Figure 3.59 histogram statistics. Similar results were recorded by
Rajan et al., (2017) against HelLa cells while using camptothecin loaded

magnetite nanoparticle.

3.3.3.1 Flow Cytometry Analysis HeLa Cells

The figures from 3.44 to 3.59 represent flow cytometry
analysis data in quadrant and histogram statistics from Annexin V-FITC
staining for HeLa and HCT 116 cells. In the quadrants there are four
cases: Upper Right (UR), Upper Left (UL), Lower Right (LR) and
Lower Left. The data found in UR represents apoptotic cells and
necrotic cells (late apoptosis). The data found in UL represents necrotic
cells / cell debri. The data found in LR represents early apoptotic cells
and the data found in LL represents viable cells / live cells. The
histogram data show the comparison of the distribution of Annexin V

negative cells (M1) and Annexin V positive cells (M2).
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Figure 3.44 Apoptosis assay in HelLa is found positive to

Camptothecin when it is used as the positive control.
According to quadrant statistics the cells are positive
leading to apoptosis in 24 hours’ treatment. The same
phenomenon is confirmed with histogram statistics
(M2 12.58%) positive and (M1 65.38%) negative. The
statistics evidentially vindicate the cells are prone to
CPT positive.
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Figure 3.45 HelLa - Untreated: In quadrant the cells in LL
(72.36%) are viable; UL (1.16%) necrotic/cell debris;
UR (4.67%) necrotic; LR (2.09%) early apoptotic cells.
In histogram M1 (73.80%) are Annexin V negative
and M2 (6.51%) are Annexin V positive. In untreated
more viability is found even after 24 hours of culture.
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Figure 3.46 HelLa - Core-shell treated for 2 hours: In quadrant the
cells in LL (69.35%) are viable; UL (1.89%)
necrotic/cell debris; UR (4.82%) necrotic; LR (2.03%)
early apoptotic cells. In histogram M1 (71.54%) are
Annexin V negative and M2 (6.59%) are Annexin V
positive. Initiation of apoptosis is found after 2 hours
of culture with core-shell. Curcumin begins to get
released from the core-shell.
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Figure 3.47 HelLa - Core-shell treated for 6 hours: In quadrant the

cells

in LL (60.51%) are viable;

UL (5.79%)

necrotic/cell debris; UR (6.41%) apoptotic/necrotic;
LR (2.57%) early apoptotic cells. In histogram M1
(66.74%) are Annexin V negative and M2 (8.57%) are
Annexin V positive. Initiation further moves at 6 hours
of culture with core-shell. Curcumin begins to get
released from the core-shell but still slower.
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Figure 3.48 HelLa - Core-shell treated for 12 hours: In quadrant
the cells in LL (36.47%) are viable; UL (1.40%)
necrotic/cell debris; UR (7.76%) apoptotic/necrotic;
LR (1.3%) early apoptotic cells. In histogram M1
(38.52%) are Annexin V negative and M2 (17.76%0)
are Annexin V positive. Initiation is further intensified
at 12 hours of culture with core-shell. Curcumin
begins to get released from the core-shell leading
towards a considerable effect in the cell line.
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Figure 3.49 HelLa - Core-shell treated for 24 hours: In quadrant
the cells in LL (10.01%) are viable; UL (27.63%)
necrotic/cell debris; UR (29.94%) apoptotic/necrotic;
LR (0.12%) early apoptotic cells. In histogram M1
(46.54%) are Annexin V negative and M2 (21.81%)
are Annexin V positive. The drug release is further
intensified at 24 hours of culture with core-shell.
Curcumin begins to get released from the core-shell
leading towards a greater effect in the cell line.
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Comparing the effect of curcumin delivery in HeLa all
through the four time durations in quadrant statistics
(a) CPT, (b) Untreated, (c) 2 hours, (d) 6 hours, (e) 12
From the above quadrant
statistics, it is understood that HelLa cells are highly
prone to curcumin. Cell viability is declined at time to
time release of the drug leading to greater effect at 24

hours,

hours’ treatment.

() 24 hours.



Table 3.16 Tabulation of HeL.a quadrant results
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Events CPT UT |2 hours |6 hours |12 hours | 24 hours
Total events | 12285 | 12795 | 13170 | 12630 | 22235 10700
Gated events| 9541 | 10273 | 10285 | 9508 | 10397 9952

UL % 06.94 | 01.16 | 01.89 | 05.69 | 01.40 27.63

UR % 12.03 | 04.67 | 04.82 | 06.41 07.76 29.94

LL % 5452 | 72.36 | 69.35 | 60.51 | 36.47 10.01
LR % 04.17 | 02.09 | 02.03 | 02,57 | 01.13 00.18

As per the data UT remains with 72.36% of viable even after

24 hours. In comparison with the UT there is a slow and steady increase

in the apoptotic / necrotic cells. It reaches up to 29.94% at 24 hours’

time. It proves the slow and steady release of drug during the course of

24 hours. Further, in comparison with LL this phenomenon is more

evident. In 24 hours the population in LL decreased to 10.01% i.e., the

viability is higher at 2 hours with 69.35%. Moreover, it is observable

that all through the drug releasing period of time a small portion of cells

found in LR representing early apoptosis. In UL at 24 hours there found

27.63% of cells exhibit necrosis (late apoptosis) or would have reached

to the state of cell debris.
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Figure 3.51 Comparing the effect of curcumin delivery in HelLa all
through the four time durations in histogram statistics
(@) CPT, (b) Untreated, (c) 2 hours, (d) 6 hours,
(e) 12 hours, (f) 24 hours

Table 3.17 Comparing HelLa apoptosis obtained in histogram
statistics where Annexin V positive (M2) increases while
Annexin V negative (M1) decreases as curcumin is
released from the core-shell as a proof for sustained
curcumin delivery.

CPT UT |2 hours| 6 hours | 12 hours | 24 hours
Events | 9545 | 10273 | 10285 | 9508 10397 9952
M1% | 65.38 | 73.80 | 71.54 | 66.74 38.52 46.54
M2% | 1852 | 6.51 6.59 8.57 8.30 21.81
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3.3.3.2 Flow Cytometry Analysis of HCT116 Cells
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Figure 3.52 Apoptosis assay in HCT 116 is found positive to
Camptothecin when it is used as the positive control.
According to quadrant statistics the cells are positive
leading to apoptosis in 24 hours’ treatment. The same
phenomenon is confirmed with histogram statistics
(M2 40.85%) positive and (M1 59.58%) negative. The
statistics evidentially vindicate the cells are prone to
CPT positive.
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Figure 3.53 HCT 116 - Untreated: In quadrant the cells in LL
(82.32%) are viable; UL (2.34%) necrotic/cell debris;
UR (0.06%0) necrotic; LR (0.02%) early apoptotic cells.
In histogram M1 (93.81%) are Annexin V negative
and M2 (0.38%) are Annexin V positive. More
viability is found in untreated even after 24 hours of
culture.



131

= HCT116-CORE-2HRS <, HCT116-CORE-2HRS
o ~—
g %
o
s
S @ = C\é
?8
< -
o o
o o
Al
>
2 4 1 10 10 10 10 10
0 00 OOFSC-SOO 800 000 FITC Annexin V
Quad Events % Gated % Total X Mean X Geo Mean Y Mean Y Geo Mean
UL 309 3.08 2.34 43.59 2725 191.24 179.86
UR 44 0.44 0.33 156.09 147.28 250.30 218.52
LL 9658 96.29 73.23 9.69 6.63 9.92 5.22
LR 19 0.19 0.14 130.73 128.03 91.62 87.17
8 HCT116-CORE-2HRS
Y
o
O
o I
w N
E ¢ J
>
S o
©8
(@)
<5
o o
100 101 102 108 104

FITC Annexin V

Marker Left, Right Events % Gated % Total Mean GeoMean CV Median Peak Ch

All 1, 9910 13189 100.00 100.00  13.72 7.97 162.71 7.30 1
M1 1, 45 12321 9342 9342 10.29 7.28  88.46 6.92 6
M2 45, 2227 701 5.32 532 7779 69.20 77.06 60.98 47

Figure 3.54 HCT 116 - Core-shell treated for 2 hours: In quadrant
the cells in LL (73.23%) are viable; UL (2.34%)
necrotic/cell debris; UR (0.33%) necrotic; LR (0.14%)
early apoptotic cells. In histogram M1 (93.42%) are
Annexin V negative and M2 (5.32%) are Annexin V
positive. Initiation of apoptosis is found after 2 hours
of culture treated with core-shell. Curcumin begins to
get released from the core-shell.
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Figure 3.55 HCT 116 - Core-shell treated for 6 hours: In quadrant
the cells in LL (47.50%) are viable; UL (2.83%)
necrotic/cell debris; UR (3.54%) apoptotic/necrotic;
LR (4.89%) early apoptotic cells. In histogram M1
(66.51%) are Annexin V negative and M2 (33.62%)
are Annexin V positive. Initiation of curcumin release
further moves at 6 hours. Unlike HelLa cells HCT 116
are found to be more uniform in responding to the
drug.
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Figure 3.56 HCT 116 Cells - Core-shell treated for 12 hours: In
quadrant the cells in LL (34.17%) are viable; UL
(1.35%) necrotic/cell debris; UR (7.91%)
apoptotic/necrotic; LR (9.16%) early apoptotic cells.
In histogram M1 (44.66%) are Annexin V negative
and M2 (55.47%) are Annexin V positive. Initiation is
further intensified at 12 hours of culture treated with
core-shell. Curcumin released from the core-shell
leading to a considerable effect in the cell line.
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Figure 3.57 HCT 116 - Core-shell treated for 24 hours: In
quadrant the cells in LL (28.96%) are viable; UL
(0.83%)  necrotic/cell  debris; UR  (12.49%)
apoptotic/necrotic; LR (20.63%) early apoptotic cells.
In histogram M1 (29.43%) are Annexin V negative
and M2 (70.75%) are Annexin V positive. The drug
release is further intensified at 24 hours of culture.
Curcumin begins to get released from the core-shell
leading towards a greater effect in the cell line which is
evidenced by Annexin V positive cells.
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Figure 3. 58 Comparing the effect of curcumin delivery in HCT 116
cells all through the four time durations in quadrant
statistics (a) CPT, (b) Untreated, (c) 2 hours, (d) 6
hours, (e) 12 hours, (f) 24 hours

Table 3.18 Tabulation of HCT 116 quadrant results

Events CPT UT | 2 hours |6 hours |12 hours | 24 hours
Total events | 16713 | 12574 | 13189 | 18347 | 15761 15209
Gated events| 11137 | 10654 | 10030 | 10781 8288 9572

UL % 00.49 | 02.34 | 02.34 | 02.83 01.35 00.83

UR % 04.01 | 00.06 | 00.33 | 03.54 07.91 12.49

LL % 50.02 | 82.36 | 73.23 | 47.50 34.17 28.98
LR % 08.11 | 00.02 | 00.14 | 04.89 09.16 20.63
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Figure 3.59 Comparing the effect of curcumin delivery in HCT 116

cells all through the four time durations in histogram
statistics (a) CPT, (b) Untreated, (c) 2 hours,
(d) 6 hours, (e) 12 hours, (f) 24 hours

Table 3.18 Comparing HCT 116 apoptosis obtained in histogram
statistics where Annexin V positive (M2) increases
while Annexin V negative (M1) decreases supporting
the response of cells to the slow and steady release of
curcumin

CPT uT 2 hours | 6 hours | 12 hours | 24 hours

Events | 16713 | 12514 | 13189 18347 15761 15209

M1 59.58 | 93.81 93.42 66.51 44.66 29.43
M2 40.85 0.38 5.32 33.62 55.47 70.75
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3.3.4 Caspase 3 Expression Assay

Steady increase in caspase 3 expression was observed in both
the cell lines.

3.3.4.1 HeLacells

Magnetite nanoparticle loaded with camptothecin was also
reported to enhance caspase 3 in HeLa cells.
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Figure 3.60 Caspase 3 expression in HelLa is found positive to
Camptothecin when it is used as the positive control
(M2 43.07%) and negative (M1 1.02%0).
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Figure 3.61 Caspase 3 expression in HelLa for untreated remains
negative at the highest percentage (M1 64.79%) and
positive to caspase-3 FITC in a very minor percentage
(M2 0.55%).
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Figure 3.62 Caspase 3 expression in HelLa for 2 hours’ core-shell
treated remains negative at the highest percentage (M1
64.70%) and positive to caspase-3 FITC in a very
minor percentage (M2 0.58%).
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Figure 3.63 Caspase 3 expression in HeLa for 6 hours’ cores-shell
treatment remains considerably negative (M1 40.01%)
and positive to caspase-3 FITC at an enhanced
percentage (M2 4.26%). At 6 hours the drug begins to
get released and the cells positively respond to it.
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Figure 3.64 Caspase 3 expression in HelLa for 12 hours’ cores-shell
treatment remains considerably negative (M1 35.53%o)
and positive to caspase-3 FITC further at an enhanced
percentage (M2 6.47%). At 12 hours the drug remains
get released and the cells positively respond to it at an
elevated level.
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Figure 3.65 Caspase 3 expression in HelLa for 24 hours’ cores-shell
treatment moves to an equatorial level (M1 23.34%)
negative and positive to caspase-3 FITC (M2 20.55%).
At 24 hours the drug still remains get released and the
cells positively respond to it at an elevated level.
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Comparison of Caspase-3 Expression in HelLa all
through the four time durations. Though 24 hours’
core-shell treatment is not as that of the positive

control

camptothecine the highest percentage of

caspase-3 expression provides the perpetual response

of the cells further.
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Figure 3.67 Caspase-3 Expression in HelLa Cells depicted in
histogram statistics and the values given in Table 3.19

Table 3.19 Tabulation
expression in Hel a cells. As the caspase-3 negative cells
(M1) decrease caspase-3 positive cells increase (M2). At
24 hours the positive cells begin to out high in caspase-3
expression proving sustained delivery of curcumin.

of histogram

statistics

of

caspase-3

CPT UT | 2hours | 6 hours | 12 hours | 24 hours
Events | 5093 | 7533 8348 7086 9106 8556
M1 1.02 | 64.79 | 64.70 40.01 36.53 23.34
M2 | 43.07 | 0.55 0.58 4.28 6.47 20.55
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Figure 3.68 Overlay of Caspase-3 Expression by core-shell treated
HeL a cells all through the four hours

3.3.4.2 Caspase-3 expression assay in HCT 116 cells
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M2 48, 2548 5839 66.77 48.61 114.36 107.09 37.10 109.41 115

Figure 3.69 Caspase 3 expression in HCT 116 is found positive to
Camptothecin when it is used as the positive control
(M2 48.61%) and negative (M1 24.52%).
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Figure 3.70 Caspase 3 expression in HCT 116 untreated remains
negative at the highest percentage (M1 81.42%) and
positive to caspase-3 FITC in a very minor percentage
(M2 5.44%).
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Figure 3.71 Caspase 3 expression in HCT 116 for 6 hours’ cores-
shell treatment remains considerably negative (M1
22.90%) and positive to caspase-3 FITC at an
enhanced percentage (M2 52.48%). At 6 hours the
drug furthermore gets released and the cells positively
respond to it.
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Figure 3.72 Caspase 3 expression in HCT 116 for 12 hours’ core-

shell treatment found a drop in negative (M1 18.18%)
and up-rise in positive to caspase-3 FITC further at an
enhanced percentage (M2 58.77%). At 12 hours the
drug remains get released and the cells positively
respond to it at an elevated level. It is leading to
further sustained delivery of curcumin.
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Figure 3.73 Caspase 3 expression in HCT 116 for 24 hours’ cores-
shell treatment moves highly positive (M2 58.77%)
negative to caspase-3 FITC (M1 18.18%). At 24 hours
the drug still remains get released and the cells
positively respond to it at an elevated level. It justifies
the slow and steady release of curcumin from
Coreshell-SPIONSs. Delivery of the loaded drug still
continues to get released at sustained level.
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Figure 3.74 Comparison of Caspase-3 Expression in HCT 116 all
through the three time durations. The response of cells
to caspase-3 FITC at 24 hours’ core-shell treatment
went beyond to the level of the positive control
camptothecine. There is a considerable variance found
in between 12 hours and 24 hours, validating the
expression of caspase-3 and proving sustained delivery
of curcumin from the Coreshell-SPIONSs.
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statistics of caspase-3
expression in HCT 116 cells. As the caspase-3 negative
cells (M1) decreases in number caspase-3 positive (M2)
cells increase. At 24 hours capase-3 expression appears
highly raised up in comparison with that of the total
events taken into consideration.

Table 3.20 Tabulation of histogram statistics of caspase-3

expression in HCT 116 cells. As the caspase-3 negative

(M1) cells decreases caspase-3 positive (M2) cells

increase. At 24 hours, positive appears out-high in

caspase expression
CPT | UT | 2hours |6 hours| 12 hours | 24 hours

Events | 8745 | 10450 - 9267 8790 4426
M1 24.52 | 81.42 - 22.90 18.18 16.40
M2 48.61 | 5.44 - 52.48 58.77 51.73
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Figure 3.76 Overlay of caspase 3 Expression by core-shell treated
HCT116 cells

3.4 X-RAY IMAGING

SPIONs were helping in visualizing the quail’s egg clearly and
they were enhancing the effect of X-ray and it could be used as
contrasting agent in X-ray imaging. Even the SPIONs were obeying to
magnetic field (Figure 3.77 d).

Figure 3.77 X-ray imaging of quail’s egg. a) Control egg;
b) Applied magnetic field; ¢) SPIONs introduced,
d) SPIONs dispersed with applied magnetic field
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3.5 TOXICITY STUDIES

Gut was found to be disintegrated was seen in earthworms
exposed to higher concentrations, i.e. 200 and 400 ng (Figure 3.78 b-d).
Silver and gold nanoparticles were found to cause cytotoxic effects
(Samrot et al., 2018a; Samrot et al., 2018b). Earthworms were tending to
accumulate iron oxide into the system, which was evidenced by prusian
blue staining (Figure 3.79 b-d).

Figure 3.78 H&E staining of earthworm exposed to SPIONSs
(a) Control, (b) 100 ng/10 ml exposed, c¢) 200 ng/10 ml,
d) 400 ng/10 ml exposed. EP epidermis, CM circular
muscle, TM transverse muscle, and G gut region. b—d
Solid arrows show the impact with some granular
lipofuscin-like deposits, b—d erosion of the epithelium
(dashed arrow), c, d with fibrosis of the circular
muscle (purple arrow) and with gut disintegration
(dotted arrow)



154

p AJ Y ) 4 8
(& Y A ] g -
a b AR
| ) R [T YA %
s : ) o o¥.
:"‘.L) St | g \ s
A,
;‘rﬁ-/.' \ { " A
~ 4 v
: ‘ 3
o X 5 . ’a
» N
. )‘ L3
2 oy D, &
] &t ._«6‘""\ 3
/ \ \
- )
b
C D
\ A
N PR ‘
™ ¥
//.

\’

Figure 3.79 Prussian blue staining of earthworm exposed to
SPIONs a) Control, b) 100 ng/10 ml exposed, c) 200
ng/10 ml, d) 400 ng/10 ml exposed. Solid arrows show
the stained region of iron accumulation.

Table 3.21 Phenotypic changes observed in earthworm

S No Parameter Control 100ng 200ng 400ng
analyzed exposed | exposed exposed
1. |Color change Nil Brown Brown Brown to
black
2. |Behavioral change| Nil Nil Nil Nil
3. |Death Nil Nil Nil Nil




155

CHAPTER 4

SUMMARY

Targeted drug delivery is possible when the drug is tagged
with a proper carrier. The carrier can be moved to the target
site and the drug be delivered to interact at the required site.

SPIONs are better nano-carriers which can be moved to any
site. SPIONs could be moved by applied magnetic field to the
target site.

In this study, SPIONS production was standardized and it was
found to be produced with 0.133% of precursor iron molecular
solution and under external applied magnetic field, where the
other concentrations showed aggregation and bigger in size.

Once the SPIONs production was optimized, it was used for
tagging curcumin, which was not much easier until it was
functionalized with SDS.

When the SPIONs were functionalized with SDS, it increased
the stability of SPIONs, which was identified and analyzed by
zetapotential analysis.

Functionalized SPIONs were tagged with curcumin and
encapsulated with a biopolymer — chitosan.

The obtained Coreshell-SPIONs were found to be below 35
nm, stable and also crystalline.
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The chemical structure, morphology etc. of naked SPIONs and
Coreshell-SPIONs were analyzed microscopically and
spectroscopically.

The Coreshell-SPIONs were checked for their anticancer
activity against two cancer cell lines: HeLa cells and HCT 116
cells.

IC50 was determined by MTT assay as 30 ug and 80 pug
against HeLa and HCT116 cell lines respectively.

This concentration was further used for other anticancer
activity studies like nuclear staining, flow-cytometry and
caspase-3expression assay.

Coreshell-SPIONs were found to cause apoptosis in both the
cell lines as the drug released in sustained manner.

After evaluating its potency as nano-drug-carrier, it was used
as contrasting agent for X-Ray imaging of Quail’s egg. It was
acting as a good contrasting agent and enhanced the inner
content of egg clearly. Moreover, the SPIONs were obeying
applied magnetic field inside the egg and opening a way for
enhanced X-ray imaging technique.

SPIONs were also evaluated for their toxicity against
earthworms, where it was not causing any evident activity on
morphology but it was causing lipofuscin like accumulation
and erosion on epithelium.

SPIONs were found getting accumulated inside the
experimental earthworm tissue, which was evidenced by
prusian blue staining.
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CHAPTER 5

CONCLUSION

In this research work, super paramagnetic iron oxide
nanoparticles (SPIONs) production was optimized and 0.133%
precursor solution was found to be producing mono dispersed SPIONs
of size between 15 and 20 nm. SPIONs were functionalized with an
anionic detergent. Functionalization was found aiding the tagging of a
hydrophobic drug curcumin, following this, it was encapsulated with
chitosan biopolymer. Every stage was characterized by SEM, TEM,
AFM, FTIR, UV-Vis, XRD, XPES, Raman Spectroscopy, SQUID,
VSM. Thus made Coreshell-SPIONs were subjected for drug delivery
against two cancer cell lines (1) HCT 116 and (2) HelLa cells and were
showing 1Csq at 30 pg and 800ug concentration against HeLa and HCT
116 cell lines respectively. Anticancer studies were taken forward with
IC50 concentration by nuclear staining (Hoechst staining), flow
cytometry (to detect the stage of cells) and expression of caspase 3
(apoptosis inducing enzyme). The Coreshell-SPIONs were reported to
be effective and found inducing apoptosis by caspase 3 expression. The
sustained delivery of curcumin was well analyzed according to four time
durations: 2 hours, 6 hours, 12 hours and 24 hours. Viability of both
HelLa and HCT 116 cells were found declining as the drug continued to
get released from the Coreshell-SPIONs. As part of the imaging
technique SPIONs were researched for their efficiency as contrasting
agent in X — ray imaging. It was found enhancing the imaging of inner
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matter of quails’ egg where egg yolk was clearly visualized. SPIONs
were also found responding well to the simultaneous application of X-
ray in the presence of applied magnetic field. As part of the toxicity
studies SPIONs were analyzed by administering them against
earthworm, where it caused some impacts like erosion of epithelium,
lipofuscin deposition etc. Through this study, SPIONs were found to be
highly useful for carrying the desired drug (curcumin). It was found that
SPIONSs could be used as drug delivery vehicle in a sustained manner.
SPIONs could be used as contrasting agent in X-ray imaging technique.
In case of the disposal of SPIONs care must be taken.
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