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Abstract

Nanomaterials have gained a lot of attention in the past few decades as potential candidates for
biomedical applications. Currently, research with different nanomaterials is being carried out for
enhancing existing in-vivo imaging techniques, wound dressing, tissue engineering, heat induced
treatment and targeted drug delivery, where polymeric and inorganic nanoparticles have shown
wide potential. These materials have not only been engineered individually for specific
applications, but also combined for producing hybrid systems in order to address multiple areas at
once.(1) Two materials that have specifically caught attention are hydrogels and iron oxide

nanoparticles (IONPs).

The high-water affinity of hydrogels makes them flexible and soft emulating properties of living
tissues. They also exhibit good biocompatibility and biodegradability, thus proving to be
interesting materials for usage in field of biomedicine.(2) These materials can also be engineered
to incorporate multiple stimuli-responsive properties that are sensitive to light, heat, pH, radiation,
and electrical signals. Thus, multi-responsive hydrogels have previously been utilized and have
shown potential as targeted drug delivery devices, with low toxicity and undesired side effects as
compared to conventional techniques. Parallelly, IONPs have also gained wide importance in
therapeutics and theranostics over the past two decades due to the possibility of controllable
synthesis, thereby producing extremely small (< 20 nm) particles, having different morphology,
high monodispersity, and unique superparamagnetic properties.(3, 4) By utilizing their
superparamagnetic characteristic, heat can be generated from IONPs on exposure to alternating
magnetic fields (AMF), at radio frequency region.(5) This has opened up a field of treatment, called
hyperthermia, whereby the heat produced from IONPs can be used for cell apoptosis (killing).(6)
However, unwanted, and uncontrolled production of heat can also affect healthy cells and tissues
leading to side effects. Utilizing hydrogels to surface engineer IONPs, for producing hybrid structures
could be the next potential solution for mitigating the above stated problem. Henceforth, heat produced
from IONPs could be localized or controlled with hydrogel coating and could be utilized to trigger
release of bioactive agents from these hybrid structures, thus, making treatments more target specific
with less side effects. The stimuli-responsive contribution from hydrogels could also be engineered,

making these hybrid systems even more efficient.
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In this work, controlled and reproducible synthesis of monodisperse IONPs (16 + 2 nm) (in organic
media) was done using thermal decomposition method. The synthesized IONPs were phase transferred
from organic to aqueous media using sodium citrate, in order to make the IONPs dispersible in water,
which forms the steppingstone for biomedical application. Sodium citrate electrostatically stabilized
the IONPs in water, which was seen from negative zeta potential values, measured using Dynamic
Light Scattering (DLS). The stability of these particles was also tested at elevated temperatures (45 °C
and 60 °C), prolonged storage periods (2 months) and different pH conditions ranging from acidic to
alkaline (pH 3 to 8) before being used further. Heat generation of these particles were also studied at
optimized AMF condition (587 kHz, 12 mT). These particles showed significantly low specific
absorption rates (SAR) (1.76 W/g) as compared to conventional magnetite NPs, which was also in

accordance with the concept of achieving controlled heating.

Parallelly, a hydrogel, (poly- (N-isopropyl acrylamide-acrylic acid)) was tailored with thermal and
pH responsive properties. These systems showed collapse efficiencies ~ 97 % at 45 °C and also
reduction in hydrodynamic size (~ 63 nm) was seen at acidic pH=3.5 condition. Two systems;
phase transferred IONPs and NGs, were characterized individually and used in conjunction to

synthesize hybrid NGs with potential of being utilized as drug delivery devices.

Hybrid NGs were synthesized using three different techniques - (i. In-situ, ii. Post, iii. Addition),
with the idea of producing hybrid systems with different physico-chemical properties, which could
open up new opportunities as novel drug-delivery systems. With difference in synthesis
techniques, the hybrid systems showed different thermo-responsive properties which was analyzed
by studying the collapses of these systems at elevated temperatures (45 °C). The systems were
superparamagnetic and also pH responsive, which showed retention of magnetic properties from
IONPs and pH responsive properties from NGs polymeric structures when combined together.
Henceforth, successful synthesis of hybrid systems with thermal, pH and magneto-responsive

properties were shown in this study.

The hybrid systems were then loaded with a model protein, Cytochrome C (cyt C), and the effect
of thermal and pH responsive properties of hybrid systems on release of cyt C was studied under
condition — 40 °C and pH (3.5). The release of cyt C was tracked using UV-Vis spectroscopy (UV-

vis) for ~ 20 hours and the release profiles obtained were fitted with common mathematical models
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and analyzed. Hybrid NGs synthesized via in situ technique showed slowest release rates for the
first two hours (0.08 hour) as compared to other hybrid systems, showing potential as slower or

sustained release systems.

Lastly, to understand how magneto-responsive properties of these hybrid systems effected release
of cyt C, release studies were done under AMF condition for 10 hours. A major challenge faced
during this study, was unwanted production of background heat from water due to formation of
eddy currents. Henceforth, optimizations were tried, to mitigate the background heat signal. Real-
time monitoring of the temperature within the systems were performed for the entire duration of
the study. No noticeable changes in release profile of cyt C was seen on exposure to AMF
condition. This was because the release signal of cyt C due to controlled heat produced from hybrid

systems were masked by background heating effects.
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Background

Motivation

Nanomaterials are materials that have at least one dimension in the size range of one billionth of a
meter (10° m). For the past two decades, considerable research has been conducted on developing
and engineering magnetic nanomaterials. Magnetic nanomaterials form very effective energy
harvesting systems which have the potential to transform the existing therapeutic and diagnostic

methods. One such example of magnetic nanomaterial is iron oxide nanoparticles (IONPs).

Current radiation-based techniques for treatment of cancer have serious long-term health effects
like hair fall, impotency, and fast ageing. IONPs, due to their magnetic properties, show heating
effects on exposure to external alternating magnetic fields (AMF). This heat energy harvested from
magnetic IONPs can be potentially used for direct killing of foreign antigens, harmful cells, and
tissues. The process of heat induced treatment is known as hyperthermia and has been of emerging
interest as a supplementary tool with current radiation techniques. But a major challenge in the
field of hyperthermia is the unwanted heat production from magnetic nanoparticles which can also
damage healthy cells and tissues. Hence, the main vision was to coat, or surface engineer the
magnetic nanoparticles to control heat production and utilize the heat to trigger release of specific
bioactive agents in the human system. This can help to overcome current challenges faced in
hyperthermia technique and make treatments more specific with minimal side effects. A schematic
of the motivation of the work is shown in Figure 1. Thus, magnetic nanoparticles have good

potential in making existing diagnostic methods more flexible.
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Figure 1 — Schematic showing motivation of the work.
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Main Aim

The main aim of the project involves synthesis of hybrid nanoparticles with thermal, pH and
magneto-responsive properties. The initial part of the work will focus on controlled and
reproducible synthesis of IONPs using thermal decomposition technique in organic media. Thus,
an intermediate step will be used to phase-transfer the as-synthesized IONPs from organic to
aqueous media for applications in the field of biomedicine. Next, utilization of the phase
transferred IONPs with a bio-compatible, thermo-responsive polymer will be used to synthesize
hybrid nanoparticles. Furthermore, hybrid nanoparticles will be loaded with a drug and its releases
as function of temperature and external alternating magnetic fields will be tested. A flowchart

illustrating the aim is shown in Figure 2.

Magnetically
controlled heat. Drug
release due to change

in polymeric structure.

I

Controlled Phase transfer of Synthesis of Change in polymer
synthesis of — IONPs from hybrid systems Direct  Structure. Temperature ~ 40-
IONPs in organic to aqueous with stimuli- heat 45° C produced and drug
organic media media with phase responsive release.
transferring agent. properties.

Figure 2 — Flowchart illustrating the aim of the work
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Chapter 1: Introduction

Nanotechnology is the study of particles with at least one dimension less than 100 nm. Engineering
at molecular level helps to provide control over macroscopic properties of material (7). Therefore,
by optimizing synthesis and assembly processes of nanoparticles (NPs), the chemical and physical
properties of the final product can be tuned for specific applications in fields of medicine (8, 9) ,

catalysis (10) and electronics (11).

The use of magnetic nanoparticles in the field of medicine has gained immense importance. Small
size, controllable dispersity, surface functionalization for increasing biocompatibility and heat
production properties on exposure to alternating magnetic fields are important in various medical
applications, namely, cancer therapeutics, antimicrobial actions, vaccine delivery, imaging, and

site-specific targeting (12).

The upcoming sections will focus on common synthesis techniques, crystallographic phases,
magnetic properties, general mechanisms of heat production and surface functionalization of iron
oxide nanoparticles (IONPs). The later sections will shed light on stimuli-responsive polymers and
hybrid nanoparticle systems. Lastly, common pharmaceutical requirements and mathematical
models for understanding drug delivery mechanisms are described.

1.1. Iron Oxide Nanoparticles (IONPs)

Iron oxide nanoparticles (IONPs) have diameters typically between 1 and 100 nm. The most
common crystallographic structures of IONPs are magnetite (FesOs) and its oxidized form
maghemite (y-Fe203) (13). IONPs have attracted extensive interest due to its superparamagnetic
nature. Some common applications of iron oxide nanoparticles include magnetic storage devices

and high-sensitivity magnetic resonance imaging (MRI) for medical diagnosis and therapeutics.

In the following section, common synthesis routes of IONPs utilizing mechanisms of Classical

Nucleation Theory (CNT) are discussed.
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1.2. Synthesis of IONPs

In the past decade, synthesis of magnetic IONPs has been developed not only for understanding
fundamental scientific interest but also for many bio-technological applications, such as targeted
drug delivery, magnetic resonance imaging (MRI), magnetic hyperthermia and thermo ablation,
bio-separation, and biosensing. IONPs have received considerable attention in the field of
biomedicine as it offers unique advantages over other materials. For example, IONPs can be
engineered to produce physically and chemically stable nanostructures, tunable biocompatibility,

and environmentally safe (13).

This section is divided in two subsections. Firstly, general mechanisms involved in formation of
nanoparticles will be touched, which will later be followed up with discussions on more specific

synthesis techniques for producing IONPs.

1.2.1. General Mechanism of Nanoparticle Formation

The general formation of nanoparticles proposed by Lamer et al. involves concentration-based
precipitation in a solvent. The process can be divided into two parts — 1) nuclei formation of
initially precipitated solute particles followed by 2) subsequent growth of the formed nuclei (14).
The Lamer's model (shown in Figure 1.1) describes regions of nucleation and growth during
nanoparticle formation as function of time. For the formation of the initial embryo, the solute
concentration should be above a certain critical value (Cs). The system at this point reaches the
condition of supersaturation. At solute concentrations higher than the critical nucleation
concentration (C™min), the embryo reaches a particular size when it starts to form the first nuclei.
The further formation of nuclei reduces the supersaturation of the system. Below C"min, nucleation

stops, and the formed nuclei continue to grow by molecular addition.

The nucleation process can be classified into two types — 1) homogeneous nucleation and 2)
heterogeneous nucleation (15). Homogeneous nucleation occurs without the presence of an
external surface in the solvent and hence must overcome a larger surface energy barrier.
Heterogeneous nucleation occurs in the presence of an existing surface in the system and the

surface energy barrier is therefore lower (15).
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For application of nanoparticles specifically in the field of biomedicine, the most important factors
are controlling particle size and monodispersity to reduce agglomeration and toxicity effects (16).
High monodispersity of nanoparticles can be achieved by high degree of supersaturation in the
system which leads to the phenomenon of burst nucleation (formation of all nuclei at the same
time) (17). Following burst nucleation, growth of the formed nuclei proceeds. This growth process
can be controlled with the aid of stabilizing agents which determines the final particle size.
Utilizing the above discussed nucleation and growth mechanisms, different synthesis techniques

for producing IONPs is discussed in next subsection.
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Figure 1.1 — Lamer’s model describing nucleation and growth of nanoparticles as a function of
reaction time and solute concentration. Saturation concentration (Cs); minimum concentration
(C"min) for the formation of nuclei (18).

1.2.2. Synthesis of Iron Oxide Nanoparticles (IONPs): State of Art
IONPs have been synthesized via several routes. Two common approaches will be discussed :1)
co-precipitation (19) and 2) thermal decomposition (20) .
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1.2.2.1. Co-Precipitation

The basic concept of co-precipitation technique involves simultaneous precipitation of two or
more solutes from its solvent. Synthesis of IONPs via co-precipitation technique was first shown
by Massart et al. where an aqueous solution containing ferrous (Fe?*) and ferric (Fe**) ions in
stoichiometric ratio 1:2 was used, and precipitation occurred by addition of a basic solution (19).

The final product obtained was black colored precipitate of IONPs.

The main advantages of this process are relatively low synthesis times as compared to other
processes, inexpensive chemicals and experimental setups, and high production yields. But
major challenge involves difficulty in precise control of particle size and dispersity. Due to very
high supersaturation, agglomeration effect is hard to control via co-precipitation technique
which might pose problems for usage in biomedicine (16, 21) . Therefore, focus will be given
on thermal decomposition methods for controlled synthesis of IONPs which is discussed next.

1.2.2.2. Thermal Decomposition

Thermal decomposition is the preferred method for controlling particle size, morphology, and
dispersity of IONPs (22) . The main concept revolves around thermally decomposing iron
compounds with oxygen containing ligands (e.g., carbonyl, oleates, acetylacetonates or acetates)
in organic solvents at elevated temperatures to cause initial nucleation of IONPs and the final
growth process of IONPs is controlled via different organic stabilizing agents (23-25). The
reaction conditions are chosen based on the boiling point of the solvent and stabilizing agents
(26). The decomposition rate of the iron precursor determines the nucleation rate and in turn the
size and dispersity of the final particles. Thus, particle size and dispersity can be controlled using
precursor concentration, reaction heating rate, reaction temperature, solvent boiling point and
inert reaction atmospheres (27). Previous study by Cotin et al. showed the influence of reaction
heating rates on final particle size, distribution, and anisotropy (28).

The main advantages of synthesis of IONPs via thermal decomposition route is high control
over particle size, shape and monodispersity while some challenges involve low yields and use

of hydrophobic organic stabilizing agents like oleic acid and oleylamine which forms a
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hydrophobic coating on IONPs surface (26). Therefore, particles synthesized via thermal
decomposition cannot be directly dispersed in water and they require additional phase-
transferring steps before being used for biomedical purposes. Thermal decomposition using two
common precursors iron oleate (C1sHssFeO2) and iron pentacarbonyl (Fe (CO)s) are discussed

below.

Precursor Iron Oleate

Iron (111) oleate is commonly synthesized via a disproportionation reaction using iron chloride
(FeCl3-6H20) and sodium oleate which was used as precursor for further IONPs synthesis (26).
Iron (I11) oleate is then thermally decomposed in an organic solvent. The solvent of the reaction is
chosen based on its boiling point which should be higher than the thermal decomposition
temperature of the iron oleate precursor (26). One of the common stabilizing agents used in this

process is oleic acid to control the agglomeration of the IONPs.

The most important parameters to control shape, size and distribution of particles are the heating
rate of the reaction. Slower heating rates would slow down the nucleation rate of IONPs thus
decreasing the kinetic separation between nucleation and growth regimes of the reaction. This
would eventually lead to an overlap of the nucleation and growth regions of the reaction resulting
in increased average particle size and polydispersity index. Previous study by Bronstein et al.
showed variation of reaction rates depending on structure of iron oleate precursor complex, which
in turn affects final particle size and distribution (3). Generally, highly crystalline IONPs are

produced using iron oleate as precursor (26).

Precursor Iron Pentacarbonyl

In synthesis of IONPs with iron pentacarbonyl as precursor, a common solvent previously used is
octyl ether with oleic acid as stabilizing agent (26). The reaction involves mixing oleic acid with
octyl ether under inert atmospheres followed by quick addition of iron pentacarbonyl (26). The
inert atmosphere was maintained to prevent oxidation of the IONPs during the reaction. Particle
size and distributions was controlled by varying the heating rate of the reaction (26). IONPs
synthesized via iron pentacarbonyl showed relatively poor crystallinity as compared to IONPs
synthesized with iron oleate (26, 29). In the following section, typical crystallographic structures
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of IONPs obtained via above discussed methods are described.

1.3. Different Structures of IONPs

Eight different crystallographic phases of iron oxide are reported (30). The two most common
phases seen in obtained IONPs via thermal decomposition routes are magnetite (FesO4) and
maghemite (y-Fe203) (26). This section is divided in two parts where crystallographic structures of
Fes04 and y-Fe>O3 will be presented, respectively. Each of these structures has unique chemical

and magnetic properties which provides suitability for specific biomedical applications.

1.3.1. Magnetite

Magnetite (FesO4) has a face centered inverse cubic spinel structure (13). FezOa differs from most
other iron oxides as it contains both divalent and trivalent ions of iron (shown in Figure 1.2 - a)).
Fe304 has an inverse spinel structure that consists of a cubic closed packed array of oxide ions,
where all of the Fe?* ions occupy half of the octahedral sites and the Fe** are evenly distributed
across the remaining octahedral and tetrahedral sites. FesO4 has the lowest resistivity among iron
oxides due to its small bandgap (0.1 eV) (31).

1.3.2. Maghemite

The structure of maghemite (y-Fe203) is cubic (shown in Figure 1.2 - b)). Each unit of maghemite
contains 32 O? ions, 21' Fe®* ions and 2 vacancies (13). Oxygen anions form cubic close-
packed arrays in which Fe3* ions occupy the tetrahedral sites. The octahedral sites consist of the
remaining Fe®" ions and vacancies. Therefore, the maghemite can be considered as fully oxidized
magnetite, and it is an n-type semiconductor with a bandgap of 2.0 eV (13). y-Fe20s also has
similar crystal structure as FesO4 (shown in Figure 1.2 - a)) (13). Post-annealing treatments are
important for controlling the final crystallographic phase of iron oxides. Annealing treatments of

magnetite phase could form maghemite phase by oxidation (26).
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a) b)

Magnetite Maghemite
cubic, Fd3m Cubic, P4,32/Tetragonal, P4,2,2

Figure 1.2 a) - Crystal structure and crystallographic data of magnetite and b) maghemite (the
black sphere is Fe?*, the green sphere is Fe3* and the red sphere is O?") phases of iron oxide (13).

In next section, different types of magnetism and parameters governing heat generation from

IONPs on exposure to external magnetic fields are discussed.

1.4. Magnetic properties of IONPs

IONPs due to its unique magnetic properties can find wide potential in field of biomedicine which
involves magnetically triggered drug delivery systems, bioimaging and separation. This section
contains two subsections, where firstly different types of magnetisms occurring in nature will be
discussed briefly and will then be followed up with unique size dependent superparamagnetic

shown by magnetic nanoparticles.

1.4.1. Different types of magnetism

Magnetism in materials arise due to magnetic moments of individual atoms. The associated
magnetic moment of atoms is attributed to spin and orbital motion (probabilistic electron
distributions) of the electrons. Specifically, transition metal elements with unfilled 3d orbitals
(unpaired electrons) have characteristic magnetic moments. When the orbitals are filled, the net

magnetic moment becomes zero and the material becomes diamagnetic. Diamagnetic materials do
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not show any induced magnetism in the presence of an external magnetic field. Paramagnetic
materials have unpaired electrons. At room temperature, in the absence of an external magnetic
field, the net magnetic moment of the material remains zero due to random alignment of the
unpaired electrons. In the presence of an external magnetic field, the unpaired electrons align in
the direction of the field resulting in a net induced magnetic field (magnetic saturation) in the

material.

Ferromagnetic materials are permanent magnets which retain their magnetism on removal of the
external magnetic field. Ferromagnetic materials have a higher number of unpaired electrons
compared to paramagnetic materials. The degree of overlap of the orbitals, dependent on the crystal
structure of the material and can be understood based on two energy interactions — 1) Exchange
energy interaction (parallel coupling of magnetic moments) and 2) Bonding energy interaction
(antiparallel coupling of magnetic moments) (32). At large inter-orbital distances, the exchange
energy interaction becomes dominant forming parallel coupling of orbitals. This gives rise to a net
magnetic moment making the material ferromagnetic. Conversely, at small inter-orbital distances,
the bonding energy dominates favoring anti-parallel alignment and hence total cancellation of
magnetic moments happen. This type of material is known as an antiferromagnet. If the anti-
parallel magnetic moments are not equal in magnitude, a net moment in the material exists showing

ferrimagnetism. The different types of magnetism are illustrated in Table 1.1.
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Table 1.1 - Different types of magnetism and related properties (33).

dependent

Type of Susceptibility Atomic Example Susceptibility
Magnetism Behaviour
Diamagnetism Small and Atoms have no Au, Cu -2.74 * 10,
negative magnetic -0.77 * 10°®
moment
Paramagnetism Small and Atoms have Sn, Pt, Mn 0.19 * 10°°,
positive randomly 21.06*10°°,
oriented 66.10*10°®
magnetic
moments
Ferromagnetism Large and Atoms have Fe ~100.00
positive, parallel aligned
function of magnetic
applied field, moments
microstructure
dependent
Antiferromagnetism Small and Atoms have Cr 3.6*10°
positive mixed parallel
and anti-parallel
magnetic
moments
Ferrimagnetism Large and Atoms have Ba-ferrite ~3
positive, antiparallel
function of aligned
applied field, magnetic
microstructure moments
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1.4.2. Superparamagnetism of IONPs

Ferromagnetic materials with sizes generally less than 50 nm show a special type of magnetism
called superparamagnetism (5). At such small sizes, the surfaces are more dominant as compared
to their bulk counterparts. The magnetic moments for such small particles can be visualized as
single domain structures which remain randomly aligned without the presence of an external
magnetic field. In the presence of an external magnetic field, the randomly arranged magnetic
moments align in the direction of the field producing a net magnetic moment (shown in Figure 1.3

—a)).

The special property which sets superparamagnetic materials apart from their bulk ferromagnetic
counterparts is that they do not retain their magnetism at room temperature. Alike paramagnetic
materials, the superparamagnetic materials also have close to zero hysteresis losses, but the
magnetic susceptibility of these materials are multiple times higher and comparable to
ferromagnets. This means the magnetic energy losses in the material are minimized to zero during
cycles of magnetization and its reversal in presence of an external field. Figure 1.3 — a) and b)

shows comparison of the hysteresis of superparamagnetic and ferromagnetic materials.
The following section will cover details of mechanisms involved in heat production from

superparamagnetic IONPs on exposure to alternating magnetic fields (AMFs) and general

methodologies used for quantifying the produced heat.
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Figure 1.3 — Schematics showing the difference between paramagnetic and ferromagnetic
materials. a) Superparamagnetic materials containing single-domains, randomly oriented in the
absence of a magnetic field. Magnetization versus applied magnetic field curve of
superparamagnetic materials showing zero hysteresis. b) Ferromagnetic materials containing
multiple domains. Magnetization versus applied magnetic field curve of ferromagnetic materials
showing hysteresis (34).

1.5. General Mechanisms for Heat Generation from IONPs

Superparamagnetic IONPs have high magnetic susceptibility. An external alternating magnetic
field (AMF) typically in the radio frequency range (50-300 kHz) with strength close to the
saturation magnetization of IONPs is required to produce a phase lag with the flipping frequency
of the magnetic moments of IONPs (5). This causes loss of magnetic energy from IONPs in the
form of heat energy which can find applications in targeted tumor therapy or engineered drug
delivery systems (DDS). In a previous work by Riedinger et al., IONPs coated with a thermo-labile
azo molecule produced controlled heating under the presence of an external AMF. The heat was
utilized to release a chemotherapeutic agent, doxorubicin (4). This conversion of magnetic energy

of IONPs to heat is mainly contributed by two mechanisms — 1) Neels relaxation, 2) Browns
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relaxation which are discussed respectively, in the following subsections.

1.5.1. Neels Relaxation

In Neels mechanism, the individual magnetic moments of IONPs rotate in the presence of an
external magnetic field while the particles remain fixed along their own crystallographic axes
(shown in Figure 1.4 - a)) (5). For a superparamagnetic material, the mean flipping time of the
magnetic moments to its preferred energy orientation is called the Neels relaxation time. For
particle sizes less than 50 nm, the magnetic coercivity and anisotropic effects reduces as compared
to their bulk counterparts. Thus, rotation of individual magnetic moments is more energetically
favorable as compared to the rotation of the entire particles in the presence of an external magnetic
field. This reduces Neels relaxation time of IONP making it the most dominant mechanism for
heat production from particles less than 50 nm. Neels relaxation time increases exponentially with
particle diameter as magnetic anisotropy and coercivity effects appear (shown in Figure 1.5). The
dependence of Neels relaxation time (Cn) on particle diameter and magnetic anisotropy (K) can

be calculated by Equation 1 (5).

Cn = Col2y/(KT/ KV ) *e(*V)/k8*T )

where V — particle volume, K — is the magnetic anisotropy, which is also dependent on shape

anisotropy of IONPs, Co — pre-exponential component and kg — Boltzmann constant.

1.5.2. Browns Relaxation

In Brownian relaxation mechanism, the individual magnetic moments of particles remain fixed
while the entire particle rotates about its crystallographic axis (shown in Figure 1.4 — b)) (5). In
comparison with Neels relaxation, it is the preferred relaxation mechanism at larger particle

diameters when magnetic anisotropic effects are more. Brownian relaxation (Cg) time has linear

variation with hydrodynamic volume (shown in Equation 2 and Figure 1.5) (5).
Ce=(3nVw)/(ksT) (2)

where Vx — hydrodynamic volume, nj — viscosity of the solution.
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In practical scenarios, where size and magnetic anisotropic values of IONPs are distributions
instead of single values, both mechanisms may occur simultaneously and depending on the above
stated factors either one of them contributes more to the effective relaxation time (5). Calculation
of the effective relaxation time (C) is shown in Equation 3 (5). Apart from Neels and Browns
relaxation mechanisms, production of heat due to eddy currents are also seen. This heat is due to
small current loops produced in the solvent of dispersed IONPs on exposure to radio-frequency
AMFs (shown in Figure 1.4 — c)). This heat contribution does not come from IONPs but is
dependent on the properties of solvent like viscosity and polarity in which IONPs are dispersed
(5). Henceforth, heat generation from eddy currents can be regarded as background or external
heat which needs to be compensated while analyzing heating properties of IONPs.

1/C=1/Tg+1/Ty (3)

In the following section, existing methodologies for quantification of heat produced from
superparamagnetic IONPs on exposure to AMFs will be discussed.
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Figure 1.4 — Mechanisms for heat generation — a) Neels relaxation b) Browns relaxation and c)
Eddy currents.
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Figure 1.5 — Relaxation times for single-domain magnetite nanoparticles in an aqueous medium
(K=25 kdJ/m3 T =310 K, n=8.9%10" Pa s) (5).

1.6. Concept of Specific Absorption Rates of IONPs

Specific absorption rate (SAR) is a general term related with the amount of heat generated or
dissipated by an ensemble of nanoparticles (5). The magnetic susceptibility of a ferro-fluid
(ensemble of IONPs dispersed in a solvent) is a function of the frequency of the external alternating
magnetic field (AMF) required for generation of heat from IONPs (35). The magnetic
susceptibility of ferrofluids can be theoretically modelled by two components — 1) real part x (o)
and 2) imaginary part y ‘(o) (shown in Equation 4) (35). The real part of the magnetic
susceptibility y'(w) of the ferrofluid system increases with the frequency (f) of the external AMF

up to the point (f * Ty = 1) when it matches the natural flipping frequency of the system (defined
by the Neels relaxation time (tn)) i.e. the system remains in-phase with AMF (shown in Figure

1.6). Whereas, at frequencies higher than the Neels relaxation time (tn) of the system (out of phase

with the AMF), the real part of the susceptibility drops, and the imaginary part increases (shown
in Equation 5) (35). Heat generation from IONPs using AMF is dependent on the imaginary part
of the susceptibility (shown in Figure 1.6). The value of the imaginary part is maximized when f
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exceeds Ty and fulfills the condition of @*1Tn = 1 (shown in Equation 5) (35). It is at this point
SAR values are maximized for a ferro-fluid system at specific anisotropy and temperature (shown
in Equation 6). This is defined as the critical frequency of the system for maximizing SAR values
(35). At values above the critical frequency, when ®w*ty > 1, the imaginary part of the
susceptibility drops thus decreasing SAR values (shown in Figure 1.6). In the equations discussed
above, Tn is used instead of Teff as it is assumed the average size of IONPs in the ferro-fluid system
is very small (less than 20 nm), so contribution from Browns relaxation mechanism is neglected
(discussed in Section 1.5). Thus, for effective generation of SAR values, one needs to predict the
Neels relaxation time of the system. In practical scenarios, predicting the Neels relaxation time
from theoretical models is not possible as value of anisotropy and size of a ferro-fluid system forms
a distribution thus giving large deviations from theoretically predicted Neels relaxation time
(shown in Equation 1) (35).

w(w) = 1 () — iy ()

(4)
where y(m) — complex function of the magnetic susceptibility
1 (®) = Real L (0)=
part of the Imaginary part of
susceptibility the susceptibility

(@) Fxof (1+o?Tnd)-[i (0*Tn*yo)/ (1+0%TN?) (5)

where o = 2*n*f; y0 = nm?/3keTo

where ® — angular frequency, n — particle number density, m — particle mass, o — magnetic
permeability, ks - Boltzmann constant, T — temperature.

SAR = V¥ (0*y0*o*H?) * (0Tn /1+m2 Thd) (6)

where H — magnetic field amplitude, Cn— Neels relaxation time.
To control size and monodispersity, synthesis of IONPs in organic solvents via thermal
decomposition is the preferred route (discussed in Section 1.2, Subsection 1.2.2). Therefore, to

utilize superparamagnetic IONPs for biomedical applications, the nanoparticles need to be
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efficiently transferred from organic to aqueous medium via phase transferring agents. The next
section will include general function of phase transferring agents and specifically function of
sodium citrate as a phase transferring agent which is primarily focused in this study.

In phase magnetic susceptibility Out of ph.ase Out of ph.ase
magnetic magnetic
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corresponding to Point of maximum heat
Neels relaxation time (t,) generation

Figure 1.6 — Schematic showing heat generation from a ferro-fluid system as function of external
magnetic field frequency (fext) and magnetic susceptibility ().

1.7. Phase Transferring Agent

Efficient phase transfer of monodisperse IONPs from organic to aqueous medium can be
accomplished using different phase transferring agents (PTAS). In this section, general idea and
working principle of phase transferring agents and function of a common PTA — sodium citrate in

phase transfer process of IONPs are respectively discussed in the following subsections.

1.7.1. What is Phase Transferring Agent?
A phase transferring agent (PTA) is used with one reactant to make it react with a second reactant
present in a different phase (36). PTAs are used to transfer salts, colloidal particles, and

nanoparticles from one media to another (e.g., organic to aqueous media and vice versa) based on
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specific applications (1). During organic synthesis of nanoparticles, the final product needs to be
transferred to an aqueous media for biomedical applications (1). There are generally two possible
mechanisms which can occur during a phase-transferring process which involves ligand-ligand
interaction or exchange. In case of ligand-ligand interaction, the PTA chemically binds to the
existing ligands on the nanoparticles thus helping in transfer to a different media whereas in ligand-
ligand exchange, the PTA replaces the existing ligands on the nanoparticles during the phase
transfer process. A schematic is shown in Figure 1.7. In previous works of Bandyopadhyay et al.,
a ligand-ligand exchange mechanism was shown during phase transfer of IONPs from organic to

aqueous media using sodium citrate as PTA (37).

IONPs phase transferred in water
via ligand-ligand interaction

IONPs coated with organic ligand
in organic solvent

. IONPs .
2 Organic ligand = /_-\J F_h_

IONPs phase transferred in water
Phase transferring agent via ligand-exchange interaction

Figure 1.7 — Schematic showing the general phase transfer processes.

Phase transfer of IONPs using PTA in aqueous media, is commonly achieved by the process of
electrostatic stabilization (37). The PTAs used in these processes are usually ionic compounds
which chemically binds to the surface of IONPs and stabilizes them in water via electrostatic
repulsion (37). This prevents agglomeration of IONPs and helps to keep the system stably
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dispersed. Phase transferring of IONPs is important for increasing bio-circulation times of IONPs
inside the human system, reducing toxicity levels and retaining superparamagnetic properties (38,
39). lonic PTAs can be broadly classified into two types — 1) cationic and 2) anionic. Cationic
PTAs Coulombically stabilizes the IONPs by giving positive surface charge whereas anionic PTAs
stabilizes by negative surface charges (37). Previous studies have shown that cationic PTAs have
shown more cytotoxicity as compared to their anionic counterparts (40-42). Biological cells have
a potential difference across the interior and exterior parts of their cell membranes with a double
lipid bilayer in between. The exterior of the membrane is positive, and the interior is negatively
charged (43). Cationic surfactants show more active cellular uptake, reducing cell barrier
potentials and increasing cytotoxic effects as compared to anionic counterparts (42). Thus, in this
study, anionic PTA-sodium citrate will be used for phase transfer of IONPs. Phase transfer of

IONPs via sodium citrate is discussed next.

1.7.2. Sodium Citrate as Phase Transferring Agent

The structure of sodium citrate consists of two symmetric carbonyl groups (C=0O) and one
asymmetric carbonyl group as shown in Figure 1.8. During functionalization of IONPs, the
symmetric and the asymmetric C=0 groups chemically interacts with the surface of IONPs thus
dispersing the system in water (37). Successful functionalization of IONPs using sodium citrate is
attributed to negative zeta potential values. The Na* counterions of sodium citrate is charge
compensated by populations of negatively charged OH" ions forming an electrostatic double layer.
Thus, negative zeta potential values are observed for IONPs functionalized by sodium citrate (37).
A general schematic of the phase transfer process is shown in Figure 1.9.

The phase transferred IONPs needs to be coated with a stimuli-responsive polymer for being

utilized as efficient payload carriers for drug delivery. The following section will cover stimuli
responsive hydrogel (3-D polymeric networks), different properties and synthesis techniques.
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Figure 1.8 — Structure of sodium citrate (36).
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Figure 1.9 — Schematic showing the phase transfer of IONPs using sodium citrate in water.

1.8. Hydrogel

Hydrogels are 3-D polymeric networks dispersed in aqueous media (44). In simple terms, hydro

means water and gel means a 3-D polymeric network. The most important property of hydrogel is

large water holding capacities facilitated by the hydrophilic functional groups. Hydrogels can hold

significant amounts of water, but the whole structure does not dissolve in water. This resistance to

dissolution of the structure is mainly attributed to strong crosslinks between monomers forming

the three-dimensional polymeric network (44). It is due to this water-retention capacity of hydrogel

which makes its structure quite flexible and susceptible to different degrees of swelling and

collapses based on various chemical and biological stimuli (shown in Figure 1.10) (45). Hydrogels
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are defined as two or multi-component systems consisting of interlinked 3-D clusters of
macromolecules with water phase in between (46). These structures are biocompatible and have
flexibilities close to natural tissues. Thus, hydrogels have widely become popular over the past 50

years due to their applications in field of biomedicine (47, 48).

Hydrogels can be synthesized in various ways. The most general idea of hydrogel synthesis
involves one step procedures like polymerization of single or multi-functional monomers or multi-
step procedures involving synthesis of polymers and subsequently cross-linking them with a
preferred cross-linking agent (45). Based on different types of synthesis procedures, the properties
of hydrogels like cross-linking density, swelling capacity, biodegradability and mechanical
strength can be tailored (45). The hydrogel used in this study is poly (N-isopropylacrylamide-

acrylic acid) (pNIPAm-aac) and its properties will be discussed in next subsections.

pH
Electric field X l I

Magnetic field

Pressure
Y Drug-loaded
4 unswollen hydrogel

lonic strength

Drug release from swollen hydrogel

Figure 1.10 — Schematic of hydrogel showing drug release due to structural collapse as functions
of multiple stimuli (45).

1.8.1. Poly (N-isopropylacrylamide-acrylic acid)

Poly (N-isopropylacrylamide-acrylic acid) (pNIPAm-aac) is a stimuli-responsive polymer first
synthesized during the 1950s (46). One of the common ways to synthesis pNIPAm-aac is via the
concept of radical polymerization, using monomers N-isopropylacrylamide (NIPAM), acrylic acid
and N, N’methylene-bis-acrylamide (BIS). N-isopropylacrylamide (NIPAM) gives thermo-

responsive properties to the final hydrogel structure, acrylic acid is used to give pH responsive

40|Page



properties and BIS helps to form 3-D crosslinking polymeric networks.

1.8.1.1. Thermal Properties

pPNIPAmM is one of the most used and studied thermo-responsive hydrogels for biomedical
applications due to its high biocompatibility. The solubility of pNIPAm varies inversely with
temperature as compared to general salts (49). Thus, solubility of pNIPAmM in water decreases with
increase in temperature which starts changing the morphology of pNIPAm from globule to coiled
state above a certain critical temperature (~ 32 °C) defined as volume phase transition temperature
(VPTT) of the polymeric system (shown in Figure 1.11) (50). VPTT shows the change in
volumetric dimensions of the hydrogel as function of temperature (51).

At temperatures lower than VPTT, pNIPAm-aac is dispersed in water in a globule state due to the
formation of hydrogen bonds between the amide groups of the hydrogel and the water molecules.
At temperatures above VPTT, due to outflow of bound water molecules from the polymeric
network, the hydrogen bonds between the polymer and the water molecules break (51). This
increases the net-entropy, lowering the total Gibb's energy of the system (51). Thus, the process
becomes entropically favorable at temperatures higher than VPTT (51). The VPTT of a system
can be fine-tuned by changing the hydrophilic-lipophilic balance (HLB) of the polymeric network
(51).

The VPTT of hydrogels is the most important factor for engineering hydrogel-based drug delivery
systems. By general rule, increase in hydrophobic groups of the polymeric networks decreases the
solubility of the polymeric networks in water, thus lowering its VPTT, whereas increasing
hydrophilic groups (e.g., more ionic functional groups) increases the solubility, thus increasing its
VPTT (51).
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Figure 1.11 - Volume response of hydrogel as function of temperature (50).

1.8.1.2. pH Sensitive Properties

Hydrogel systems incorporated with specific acidic or basic groups can be made pH sensitive.
Based on the pH-dependent ionization of the acidic and basic groups, collapse and swelling
properties of the system can be controlled. Acidic groups dissociate at relatively higher pH as
compared to basic groups and due to the electrostatic repulsion caused due to the ionization of
these groups, a swelling effect of the system is seen whereas the same effect can be seen for basic
groups at relatively lower pH. In some studies, it has been seen that pH responsive
swelling/collapse caused due to basic groups is much less pronounced as compared acidic groups
(52).

In this study, acidic group (acrylic acid) has been implemented in the pNIPAmM system. The
dissociation (pKa) value for acrylic acid is 4.2. At pH values above 4.2, deprotonation of the acid
occurs causing a swelling effect whereas pH values below 4.2, acrylic acid does not dissociate,
and a relative collapse of the system is observed (51). Hence, engineering pH sensitivity to
hydrogel system can have good potential in the field of oncology. Previous studies have shown

that the pH value of the surrounding environment in cancer tissues is mildly acidic (~ 6.4) as
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compared to healthy tissues (7.2-7.5). Thus, environment-based pH responsivity can be utilized

for producing advanced drug delivery systems (53).

1.8.1.3. Synthesis Routes

The most common polymerization concept used is radical polymerization (FRP) (54). FRP is a
method in which polymerization proceeds with the formation of free radicals. The final polymeric
product is formed by successive addition of free-radical building blocks. Generation of free
radicals can be formed by initiator molecules or by application of external stimulus like ionizing
radiation, electric discharge, or sonication (51). The free radical after being initiated continuously

adds monomeric units, thereby growing the polymeric chain.

Some of the common synthesis techniques under free radical polymerization includes — 1) bulk
polymerization 2) suspension polymerization 3) emulsion polymerization 4) dispersion
polymerization and 5) precipitation polymerization (51). In this study, precipitation
polymerization will be used in synthesis of pNIPAm-aac systems and is discussed in detail next.

1.8.1.3.1 Precipitation Polymerization

In precipitation polymerization, the main components involve a monomer, an initiator and a
solvent which forms the continuous initial phase of the system. The initiator and the monomer
remain soluble in the continuous phase. As the reaction is initiated via formation of free radical,
the polymeric chain grows in length. Upon reaching a certain length, the polymeric chain collapses
upon itself and precipitates from the continuous phase. The precipitated polymeric chain grows
further by aggregation. On reaching a critical size, the polymeric particles are stabilized by
imparted charge from the initiator. The final product formed is insoluble in the continuous phase.
Thus, precipitation polymerization gives good control over particle sizes. Additionally, ionic
surfactants are also commonly used for higher degree of electrostatic stabilization for synthesizing
monodisperse systems of polymeric nanoparticles (51). A schematic showing the different phases
of precipitation polymerization is shown in Figure 1.12. Synthesis of crosslinked functional
polymers with uniform size, high water compatibility using precipitation polymerization was seen

from previous study of Zhang et al (55).
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Figure 1.12 — Schematic showing the different phases of precipitation polymerization.(51)

Hydrogel discussed in this section, could be potentially utilized with different nanoparticle systems
in order to synthesize hybrid nanoparticles which is discussed next. Henceforth, hybrid
nanoparticles can show multi-functional properties like heat, pH, electrical and light responsivity

which could have immense importance in biomedicine.

Hybrid Nanoparticles: Nanoparticles Polymeric Composites

Hybrid nanoparticle is a generic term used to describe a nanostructure composed of at least two
distinguishable components. The structure can consist of two different organic nanoparticles,
inorganic nanoparticles, or a combination of both organic and inorganic nanoparticles (56). This
helps to overcome the limitations of single-component systems thus giving higher degrees of
functionality to the nanostructure. E.g., hybrid inorganic nanostructures consisting of iron oxide
nanoparticles coated with thermo-responsive polymers shows two different functionalities — heat
sensing and superparamagnetism (57). Thus, different functionalities can be used in combination
for many applications in advanced nano-drug delivery systems.

Some common hybrid nanostructures include — core-shell, yolk-shell, heterodimer, Janus, and dots

on nanotube/nanorod (56). A schematic showing the different hybrid nano-architectures is shown
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in Figure 1.13.
a) b) ©) d
e) f)
Figure 1.13 — Schematic showing different hybrid nano-architectures — a) single-core/single shell

b) multiple core/single shell c) yolk-shell d) heterodimer e) Janus and f) dots on
nanotube/nanorod (56).

In this work, focus will be given to synthesize hybrid NGs consisting of superparamagnetic IONPs
and a thermo and pH-responsive polymer poly-N-isopropyl-acrylamide-acrylic acid (pNIPAm-
aac). Hence, the thermal, pH and magnetic properties of the hybrid nanostructure will be utilized
to synthesize multi-functional drug-delivery systems (DDS). Therefore, in the following section,
the general pharmacokinetic properties and the common mathematical models required for

understanding drug delivery mechanisms are discussed.

1.9. General Pharmacokinetic Requirements of Drug Delivery Systems

Drug delivery systems (DDSs) are pharmaceutical constructions which can achieve target-specific
and controlled release of therapeutic agents in the human system. After incorporation of the DDS
in the human system, the bioactive agents are released and transported across various biological

barriers to reach the site of action. Considerable research has been conducted to understand the
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effects of biological barriers in transport of biological ingredients (58). Despite, significant
advancements, many drugs have undesirable toxic effects. Hence, future attempts should be made
to generate better patient compliance effect by optimizing the number and frequency of doses
required to maintain efficient therapeutic response. Therefore, it is necessary to develop DDS and
understand them prior to use in the human system. DDSs control the drug release rate and drug
absorption and ultimately the therapeutic effects of the drug. Theoretically, ideal DDSs ensure that
the active drug is available at the site of action according to the need of patient for an intended
duration. The drug concentration at the specific site should remain within the therapeutic window,
that is, between minimal effective concentration (MEC) and minimal toxic concentration (MTC)
(59). This concept is shown in Figure 1.14. In the following subsection, common mathematical

models used to engineer DDS is discussed briefly.

Concentration

(:innfzt timax Time
Figure 1.14 — Pharmacokinetic parameters showing released drug concentration as function of
temperature. Cmax— Maximum concentration of drug released, tmax— time to reach Cmax, AUC —
are under the curve, MTC — Maximum tolerated concentration, MEC — Minimum effective
concentration (59).

1.9.1. Common Mathematical Models
Engineering and controlling release from drug-delivery systems is an essential prerequisite for

efficient DDS. Therefore, quantitatively modelling of release dosages enable pharmacists and
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engineers to work together with the aim of designing controlled drug delivery systems. It is
possible to use mathematical tools that describe the dependence of release as function of time.
Hence it is very useful to predict the release kinetics before implementing in real-time human
biological systems. Analytical solutions have been used to design several simple and complex drug
delivery systems. They allow the measurement of important physical parameters like drug
diffusion coefficient, amount and type of active agents, polymer, and adjuvants as well as the size
and shape of the system required to achieve desired drug release profiles (60).

Some common mathematical models which will be used in this study to fit drug release profiles
are - zero-order model, first-order model, Higuchi model and Korsmeyer-Peppas model also

known as power law model) (60). Details of each individual models are briefly discussed next.

1.9.1.1. Zero-Order Model
Zero order models are usually used to fit drug release profiles which varies linearly over time.
Therapeutic systems exhibiting zero-order kinetics often show concentration-independent

releases. A typical mathematical formulation for a zero-order model is shown in Equation 9 (60).

Ct = Co+ kOt (9)

where C;- amount of active agent released as a function of time, C, - initial concentration of the
active agent released and ko - zero-order constant.

A typical problem with zero-order kinetic system is rapid release of bioactive agents over short
periods leading to alternating conditions of overexposure and underexposure. Therefore, frequent
dosages are necessary to maintain effective concentration within the therapeutic range but
compliance and control over the bioactive agent becomes difficult. Hence, systems can be made
to control the release rate of the bioactive agent thus maintaining exposure conditions within the
therapeutic range for prolonged period of time. This concept can be realized with active DDS
structures by using a variety of materials ranging from mineral oil to complex formulations such
as aqueous/alcoholic gels which can form a drug reservoir, thus maintaining adequate

concentration of the bioactive agent inside the DDS matrix (60).
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1.9.1.2. First-Order Model

First order models are generally used to describe concentration-dependent release profiles over
time. In simple terms, for first-order release kinetics, the amount of active biomaterial released
from the system at a specific instance is proportional to the amount remaining inside the matrix at
that point (60). Hence, release profiles with first-order kinetics show non-linearity and gradually
decreases as function of time. A typical mathematical formulation for a first-order model is shown
in Equation 10 (60).

logQ: = logQo + (k1*t)/2.303 (10)

where Q1 - amount of active agent released at time t, Qo - initial concentration of active agent in

the drug matrix, K - first order constant.

1.9.1.3. Higuchi Model

Higuchi model is used for systems containing high active material concentration (typically higher
than the solubility concentration) in the matrix, matrix with porosity. It also fits very well when
the concentration of the active material inside the matrix of the system is low and the release
happens mainly through the pores of the matrix (60). In general, the simplified form of the Higuchi
model linearly relates the fraction of drug released at specific time points as a function of square

root of time. The mathematical formulation for Higuchi model is shown in Equation 11 (60).

fi=knt (11)

where f1 - fraction of the drug released from the system at specific time points, ky - release constant
of Higuchi.

Some of the major drawbacks of the Higuchi model are — 1) it does not fit well with swelling,
collapsing, and eroding polymeric structures and 2) the diffusivity of the active material should be

constant ensuring maintenance of perfect sink conditions (60).
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1.9.1.4. Korsmeyer-Peppas Model

Korsmeyer-Peppas model or power law is one of the most comprehensive models to describe drug
release from polymeric systems (60). This model establishes an exponential relation between
release and time. The mathematical formulation is shown in Equation 12. This model was
specifically developed to understand drug release from 3D-polymeric networks like hydrogels
(60). The power law is useful when the release mechanism of the system is not known, and more
than one type of transport phenomenon is occurring (60). In simple terms, the power law is a
generalization of all the individual models (discussed above) trying to combine independent effects

of drug diffusion, relaxation, and transport (60).

Mi/M.. = Kt" + b (12)

where M; - amount of drug released over time, M. - amount of drug present at equilibrium, n -
exponent of release (describes the release phenomenon), b - burst release.

The value of n in the power law model gives information about the release mechanism or
combination of mechanisms involved in the system. The possible range of values for the power
law model and their associated release mechanisms are shown in Table 1.2 (60). Fitting with
mathematical models are important for producing efficient DDS as discussed in this section.
Another important aspect which needs to be considered is suitability of bioactive agent/drug with
the DDS interface. Therefore, proper drug selection is necessary for producing increased efficacy

of DDS. In the next section, common drugs used with DDS are discussed.
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Table 1.2 - Showing different release mechanisms based on different values of release exponent
(n) in power law model (60).

Release mechanism model Release exponent
(n)
Fickian diffusion 0.43-0.5
Anomalous transport 0.50<n>1,0
Case | transport 0.85-1.0
Super Case Il transport 085-1

1.10. Common Drugs for Drug Delivery Systems

Previously, studies have been performed where drugs with varying degrees of toxicity have been
tested with different DDS. For real-time applications, selection of proper drug, specific to DDS
properties is important and can be quite complicated. Appropriate drug selection can depend on
several factors like DDS solvent environment, interaction between drug and DDS, toxicity, and
therapeutic efficiencies and even mode of delivery in patients. Some available chemotherapeutic

drugs include doxorubicin, epirubicin and valrubicin.

In this work a non-toxic, hydrophilic model protein — cytochrome C (cyt C) was chosen. The
pNIPAm-aac (hydrogels) are highly soluble in water (discussed in Section 1.8) combined with the
hydrophilicity of cyt C makes the loading process efficient. The non-toxicity of the drug also
makes it suitable to work with it under laboratory conditions. The occurrence, and common

applications of cyt C is briefly discussed below.

Cytochrome C

The cytochrome C complex (cyt C) is a small hemeprotein found loosely associated with the inner
membrane of mitochondria in plants, animals and other unicellular organisms. Its main function is
cell apoptosis. Cyt C is water-soluble, unlike other cytochromes (61). It is capable of
undergoing oxidation and reduction as its iron atom converts between the ferrous and ferric forms

due to presence of a free single electron in its chain (61). It has also been shown to have therapeutic
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capabilities commonly being used as an anti-obesity drug for diet induced obesity (61).

In the next chapter, synthesis procedures for different samples used in this study and corresponding

characterization techniques are discussed.
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Chapter 2: MATERIALS AND METHODS

This chapter consists of three sections in which chemicals used for synthesis of different samples,
synthesis methods of different samples and its corresponding characterization techniques are

shown, respectively.

2.1. Materials

Iron chloride hexahydrate (FeCls.6H-0), oleic acid (99 %), 1-octadecene (99 %), oleylamine (99
%), iron pentacarbonyl, ferrous chloride tetrahydrate and ferric chloride anhydrous, agueous
ammonia solution (25 wt % NHz in water), N-isopropylacrylamide (NIPAM), acrylic acid (d =
1.051 mg/mL), sodium dodecylsulphate (SDS), potassium persulphate (KPS), N-N"-methylenebis
(acrylamide) (BIS), trisodium citrate dihydrate, acetone (99 %), hexane (99 %), toluene (99 %),
isopropanol (99 %), cytochrome C (cyt C) were purchased from Sigma-Aldrich®. Iron oleate
precursor was synthesized by using iron chloride hexahydrate (FeCls.6H20) and oleic acid.
NIPAM was recrystallized to remove impurities and all other chemicals were used as received.
Milli-Q (MQ) water (18.2 MQ/cm at 25 °C, filtered with pore size 0.22 puM) was used from
MilliQ® Reference Water Purification System installed in the Ugelstad Laboratory.

2.2. Methods

In this section, different synthesis procedures used are shown. Methods involving synthesis of iron
oleate precursor, derivation of IONPs from precursors, phase transfer of IONPs, synthesis of
thermal and pH responsive hydrogel - Poly (N-isopropylacrylamide-acrylic acid) (pNIPAm-aac)
and hybrid systems containing pNIPAm-aac and IONPs will be presented in the following

subsections.

2.2.1. Synthesis of Iron Oleate

The iron-oleate complex was prepared using a previously reported protocol (62). FeClz-6H20 (5.4
g) and sodium oleate (18.25 g) were dissolved in a mixture of solvents consisting of ethanol (40
mL), MQ water (30 mL) and hexane (70 mL), in a round bottom flask (250 mL). The final solution
was refluxed at 70 °C for 4 hours under vigorous stirring at 1100 rpm. Two separate phases were

formed as shown in Figure 2.1. A dark red phase containing iron oleate complex with organics and
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a colourless aqueous phase. The product was transferred to a separator funnel and washed three

times with MQ water.

The dark red phase containing iron oleate was collected in a round bottom flask (500 mL) and
mounted in a Bilchi R-210 Rotavapor System for further drying of the remaining organics. The
rotavapor system contained Biichi V-491 heating bath and V-700 vacuum pump. The temperature
of the heating bath was kept constant at 80 °C and the pressure and rotation were slowly varied
over a range from (250-75 mbar) and (400-100 rpm). The entire drying process lasted for 1 hour.
Finally, a darkish brown viscous paste of iron oleate was obtained (shown in Figure 2.1) which

was further utilized in synthesis of iron oxide nanoparticles (IONPs).

Iron hexachloride + sodium Water cleaning with
oleate Refluxed 70 °C separatory funnel (3
Water + hexane + ethanol (4 hours) times)

Final product Rotavapor drying of
hexane and ethanol

Figure 2.1 — Schematic showing synthesis of iron oleate.
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2.2.2. Synthesis of IONPs using Iron Oleate

The synthesis protocol have been adapted from the previous works of Sharma et al. (63). In this
method, iron oleate (1.65 g) was measured into a 3-necked round bottom flask (100 mL). Oleic
acid (600 pL) and the solvent 1-octadecene were added to the flask. The top opening of the flask
was connected to a conventional condenser whch was further connected to a standard schlenk line.
The reaction was carried out in argon atmosphere. One opening of the 3-necked round bottom flask
was blocked with a stop-cock and in the last opening a temperature sensor was placed to measure
the change in temperature of the reaction mixture. The temperature sensor was connected to a
microcontroller for examining and controlling the temperature profile during the reaction. A
magnetic stirrer was used at 450 rpm for homogeneous temperature distribution in the system. The
reactants were heated at a rate of 3 °C/min up to 320 °C. Then the temperature was kept constant
at 320 °C for 45 mins and finally cooled for 20 mins. The round-bottom flask was removed from
the setup and the formed particles were moved for cleaning. For cleaning the particles, hexane (25
mL), isopropanol (50 mL) and acetone (25 mL) were added in the same solution and the particles
were precipitated using a round neodymium-based magnet. The main function of isopropanol was
to transfer the particles from 1-octadecene to hexane and acetone was used to precipitate out the
particles from hexane. Further three times cleaning were performed using acetone and the final
particles were dispersed in toluene (20 mL) by ultrasonication for 1 min. A schematic of the
reaction procedure is shown in Figure 2.2. The IONPs obtained using this method will be termed
as IONPs_oleate for the entire study.

U Heating rate = 3 °C/min U U 45 mins at 320 °C  Magnetic separation
U growth phase and cleaning of IONPs

Iron oleate & oleic acid At 320 °C, nucleation of
IONPs happened

Figure 2.2 - Schematic showing synthesis of IONPs using iron oleate as precursor
(IONPs_oleate).
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2.2.3. Synthesis of IONPs using Iron Pentacarbonyl

The synthesis is based on the work by Singh et al. with some modifications (29). Oleylamine (740
uL) was heated in 1-octadecene (25 mL) in a three necked round bottom flask up to 120 °C for 30
mins. Then the heating was further continued at a heating rate of 10°C/min up to 180 °C. The iron
pentacarbonyl precursor was quickly injected at this point using a syringe (5 mL) and the reaction
was continued at 180 °C for further 20 mins. Then the reaction was naturally cooled to room
temperature. Cleaning of the particles was performed in the exact same manner as in the case of
IONPs derived from iron oleate (discussed in Subsection 2.2.2). The final particles were dispersed
in hexane (20 mL) by ultrasonication for 1 min. A reaction schematic is shown in Figure 2.3. The

IONPs derived using this method will be termed as IONPs_penta for the entire study.

Reflux Reaction

(
Temp 120 °C
Time 30 mins

.

Oleylamine At temperature 120 °C _

(stabilizing agent +
Magnetic
separation \ | ]

reducing agent) + 1-
Octadecene (solvent)
of TONPs (
and cleaning Ui
done using
n-hexane, “On

isopropanol
and acetone.

ur/ ),
surnu (f Sunesyy

Addition of Iron Pentacarbonyl (precursor)
at 180 °C

Figure 2.3 - Schematic showing synthesis of IONPs using iron pentacarbonyl as precursor
(IONPs_penta).
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2.2.4. Concentration test of IONPs

The concentration test for the obtained IONPs (discussed in Subsections 2.2.2 and 2.2.3) was
performed to calculate particle yield (mg/ml), For the concentration test, 3 empty Eppendorf tubes
were first weighed. A known volume (300 uL) of both the IONPs systems was taken out from their
respective organic media (toluene in case of IONPs_oleate and hexane in case of IONPs_penta
particles) and poured in the empty Eppendorf tubes. The tubes were dried at 70 °C for 6 hours to
evaporate the solvent. Lastly, the dried tubes were weighed and the concentration of IONPs was
obtained by using Equation 13. The average value of concentration (mg/ml) obtained over three

batches were taken and used further.

Concentration (mg/ml) = (Weight of tubes after drying — Weight of empty tubes) *3.3 (13)

2.2.5. Phase Transfer of IONPs

The as-synthesized IONPs were chemically engineered with sodium citrate for phase transfer from
organic solvent to water for further study. The phase transferring process was taken and modified
from previous works of Bandyopadhyay et al. (1). In the first step, IONPs (5 mg) were precipitated
from their respective organic solvents. IONPs_oleate which was dispersed in toluene, methanol
was used to precipitate the particles. In case of IONPs_penta, acetone and isopropanol were used

in a ratio of 3:1 to precipitate from hexane.

The precipitated IONPs (5 mg) were cleaned three times with sodium citrate solution (10 mM)
while being kept on the neodymium-based magnet. Finally, the cleaned IONPs were mixed with
10 mL sodium citrate solution and kept for ultrasonication for 2 hours at 65 °C.

The sodium citrate functionalized IONPs obtained were further cleaned three times with MQ water
on a magnet and finally the phase transferred particles were re-dispersed in 5 mL MQ water for
further use. A flowchart showing the phase transfer of IONPs with sodium citrate to transfer them
from organic solvent to water is shown in Figure 2.4. The phase transferred IONPs (if the IONPs
are derived from iron oleate) will be simply referred to as phase transferred IONPs_oleate particles
and similarly for the phase transferred IONPs (if the IONPs are derived from iron pentacarbonyl)
will be simply referred to as phase transferred IONPs_penta particles.

56|Page



Sonicated

2 hours

Figure 2.4 — Schematic showing the flowchart of phase transfer of IONPs with sodium citrate
from organic to aqueous media.

2.2.6. Concentration Test of Phase Transferred IONPs

A similar technique was followed for the concentration test of phase transferred IONPs (as
discussed in Subsection 2.2.4). For the concentration test, 3 empty Eppendorf tubes were first
weighed. A known volume (1000 uL) of both the phase transferred IONPs systems was taken out
from water and poured in the empty Eppendorf tubes. The tubes were dried at 70 °C for 6 hours to
evaporate the solvent. Lastly, the dried tubes were weighed, and the concentration of particles were
obtained using Equation 13. The average value of concentration (mg/ml) obtained over three

batches were taken and used further.

2.2.7. Recrystallization of N-isopropyl acrylamide

N-isopropyl acrylamide (NIPAM) was recrystallized for removal of impurities which could inhibit
the radical polymerization reaction. The protocol was modified from the one reported by
Bandyopadhyay et al. (1). In the recrystallization process, the NIPAM monomer (5 g) was
dissolved in n-hexane (50 mL) at 110 °C in a glass flask equipped with a water condenser, and the
reaction was made to run for 2 hours. Thereafter, the flask was directly put into an ice bath for 30
mins for rapid recrystallization. The solution was then filtered by using ¢-70 mm filter paper
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circles yielding the pure monomer. After drying, the purified NIPAM was stored at —21 °C to
prevent absorption of moisture. An image of the final product is shown in Figure 2.5.

Figure 2.5 — Image of recrystallized NIPAM.

2.2.8. Synthesis of pNIPAm-aac nanogels

pNIPAm-aac nanogels (NGs) were synthesized using free radical polymerization. The
experimental procedure was taken from Bandyopadhyay et al. (1). A molar composition of 85 %
NIPAM, 10 % acrylic acid and 5% BIS was used. NIPAM (181 mg) and BIS (14.8 mg) were put
directly in the round bottom flask under nitrogen atmosphere. In parallel, an SDS solution (4.2
mM) was prepared in MQ water (10 mL). The as-prepared SDS solution was added to the round
bottom flask containing the reactants and left to stir under nitrogen flow for 30 mins. The acrylic
acid solution (126 pL, 1.46 M) was added 5 mins before addition of the KPS (400 puL, 207.2 mM)
which functions as an initiator for the polymerization reaction. MQ water was used as solvent for
both acrylic acid and KPS. The reaction was allowed to run for further 2 hours. The formed NGs
solution was poured into a prewashed dialysis tube (MWCO14 kDa) and dialyzed overnight to
remove unreacted residual reactants. Finally, the dialyzed NGs were freeze dried using a freeze
drier. A reaction schematic for the synthesis of NGs is shown in Figure 2.6. The pNIPAm-aac
nanogels will be abbreviated as bare NGs/NGs for the entire study.
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Figure 2.6 — Reaction schematic showing the steps for synthesis of pNIPAm-aac hydrogel (NGS).

2.2.9. Synthesis of Hybrid Systems
NGs systems containing phase transferred IONPs will be referred to as hybrid NGs for the entire
study. Three different methodologies — insitu, post and addition were employed for synthesis of

hybrid NGs as discussed next.

2.2.9.1. Synthesis of Hybrid Systems using In-situ Technique

An in-situ method was used to synthesize pNIPAm-aac nanogels (NGs) with phase transferred
IONPs. The samples will be referred to as NGs_insitu. The phase transferred IONPs were added
during the synthesis of NGs. This method is modified from the works of Bandyopadhyay et al. (1).
A similar approach was followed (discussed in Subsection 2.2.6) but the only difference was the
addition of phase transferred IONPs with SDS. A molar composition of 85 % NIPAM, 10 % acrylic
acid and 5 % BIS was used. NIPAM (181 mg) and BIS (14.8 mg) were put directly in the round
bottom flask under nitrogen atmosphere. Different amounts of phase transferred IONPs were
added with SDS solution (10 ml, 4.2 mM), and the solution was left to stir under nitrogen flow for
30 min. Prior to addition of the initiator KPS solution (400 pL, 103.6 mM), acrylic acid (126 uL,
1.46 M) was added into the solution. MQ water was used as solvent for both KPS and acrylic acid.
The reaction was allowed to run for further 2 hours. A flowchart of the in-situ technique is shown
in Figure 2.7. The formed NGs_insitu solution was dialyzed and freeze dried. The NGs_insitu
particles were magnetically separated and cleaned with MQ water two times to get the magnetic
bottom product. The two intermediate cleaning steps with MQ water were performed with further

efforts to remove bare NGs (non-magnetic part) from the magnetically collected bottom product.
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The magnetic bottom product was then analyzed to understand the interaction of phase transferred
IONPs with NGs. A flowchart of the magnetic separation procedure implemented is shown in
Figure 2.8. The samples separated in this manner will be referred to as magnetically separated

NGs_insitu particles.

SDS + Phase
transferred

. ‘ ‘ B —

Dialysed and
freeze dried

Figure 2.7 — Flowchart showing the steps for synthesis of NGs_insitu systems.

Magnetic bottom Magnetic bottom
NG _insitu product obtained product obtained Final
samples — - dispersed in MQ - dispersed in MQ magnetically

magnetic water and water and separated
separation for magnetic magnetic NG _insitu
15 mins separation for 15 separation for 15 particles
mins mins

Figure 2.8 — Flowchart showing the magnetic separation and cleaning steps to obtain
magnetically separated NGs_insitu systems.

2.2.9.2. Synthesis of Hybrid Systems using Post Technique

A post technique was used to synthesize pNIPAm-aac (NGs) with phase transferred IONPs. The
samples prepared using this route will be abbreviated NGs_post for the entire study. The post
coating protocol have been adapted and modified from the previous works of Bandyopadhyay et
al. (1). In this process, the major difference with insitu technique is the addition of the phase

transferred IONPs after synthesis of NGs. The bare NGs were first prepared using the same
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protocol (discussed in Subsection 2.2.8). The freeze dried bare NGs obtained were mixed with
known amount of phase transferred IONPs (centrifuged out from aqueous media at 14,500 rpm for
10 mins) and stirred for 2 hours at 500 rpm. After 2 hours, the as-obtained NGs_post particles were
freeze dried to form powder. A flowchart of the post-coating technique is shown in Figure 2.9. The
NGs_post particles were also magnetically separated following a similar protocol as used in case
of magnetically separated NGs_insitu particles. The samples in this case will be referred to as

magnetically separated NGs_post particles.

. .H . SDS [ As-synthesized NGs ]

NGspost particles Stirring Freeze dried NGs + phase Dialysed and
500 rpm, transferred IONPs freeze dried
2 hours

Freeze dried

Figure 2.9 - Flowchart showing the steps for synthesis of NGs_post systems.

2.2.9.3. Synthesis of Hybrid Systems using Addition Technique

An intermediate hybrid system was synthesized by addition technique to understand how
temperature and stirring effect interaction of phase transferred IONPs with NGs. First, a similar
protocol was followed (discussed in Subsection 2.2.8) to prepare bare NGs. In this process, known
amount of phase transferred IONPs were added with NGs before dialysis. The system was then
dialyzed for 24 hours and freeze dried. A flowchart of the addition technique is shown in Figure
2.10. The samples obtained using this method will be abbreviated as NGs_added for the entire
study. The NGs_added particles were also magnetically separated following a similar protocol as

used in case of magnetically separated NGs_insitu and post particles. The samples in this case will
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be referred to as magnetically separated NGs_added particles. The different systems and their

variations synthesized and discussed overall in this section is presented in Table 2.1.

\
As-synthesized NGs

SDS + phase transfered
IONPs
J

y

Dialysed and
freeze dried

Figure 2.10 - Flowchart showing the steps for synthesis of NGs_added systems.
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Table 2.1 - Different particles and their variations synthesized with different techniques.

Particles and their variations

Technique used (in brief)

IONPs_oleate Thermal decomposition of iron oleate
precursor.
IONPs_penta Thermal decomposition of iron pentacarbonyl

precursor.

Phase transferred IONPs_oleate

Phase transfer using sodium citrate — to
transfer IONPs_oleate from organic media to

water.

Phase transferred IONPs_penta

Phase transfer using sodium citrate — to

transfer IONPs_penta from organic media to

water.
NGs Free radical polymerization
NGs_insitu Free radical polymerization with phase

transferred IONPs incorporated during the

process (in-situ technique).

NGs_insitu magnetically separated

Magnetic separation of magnetic part from

NGs_insitu systems.

NGs_post

Free radical polymerization with phase
transferred IONPs incorporated after the

process and stirred. (post technique).

NGs_post magnetically separated

Magnetic separation of magnetic part from

NGs_post systems.

NGs_added

Free radical polymerization with phase
transferred IONPs added after the process

without stirring. (added technique).

NGs_added magnetically separated

Magnetic separation of magnetic part from

NGs_added systems.
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2.2.10. Loading of Drug — Cytochrome C

Two common loading approaches involve -1) incorporation of the drug in the system at the point
of synthesis (in-situ technique) and 2) addition of the drug in the system after synthesis (post-
technique). The absorption of the drug in the hydrogel matrix can be achieved by a breathing in

technique (64). A schematic of the breathing in mechanism is shown in Figure 2.11.

In this study, post breathing in mechanism has been implemented to load the hydrogel with
cytochrome C (cyt C). Utilizing the high-water holding property of pNIPAm-aac hydrogels, the
hydrogels swell in aqueous media (discussed in Chapter 1, Section 1.8). Cyt C dissolved in the
aqueous medium then gets taken in by the nanogels and the structure gets loaded with the drug.

The optimized loading protocol has been directly taken from the previous works of
Bandyopadhyay et al. (1). For effective loading of hydrogel samples, freeze-dried hydrogel (1.67
mg) was mixed with water (1 mL) containing cyt C (0.5 mg) in a glass vial (6 mL). Another parallel
glass vial was prepared containing similar weights of hydrogel and cyt C. The two vials were kept
on shaking for 2 hours and the two vials were mixed to form a 2 mL solution of the loaded
hydrogel. The solution was then dialyzed for 24 hours to remove unloaded cyt C and the final
sample was then taken for further release studies. A general flowchart of the loading protocol is

shown in Figure 2.12.

_Drug moeties
. . // C] C] \\‘
- Breathing in ‘
y. N mechanism | Swelled-up |
B Hyrga ) =B — \  Hydrogel
..‘\\\.M .////' ‘l \ '\‘\‘ C] C] '//,....
] o Unloaded drug +________C]

Figure 2.11 — Schematic showing the general breathing in drug loading technique.(65)
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Shaking — 2 hrs

Mixed

Shaking — 2 hrs

Figure 2.12 — Flowchart showing the loading protocol.

2.3. Characterization

2.3.1. X-ray Diffraction

Crystallographic structures of IONPs were investigated by X-ray powder diffraction (XRD) using
a Bruker D8 Advance Da-Vinci equipped with a LynxEye detector working in Bragg—Brentano
geometry. Diffraction patterns were recorded with CuKa radiation (A = 1.5406 A), a step size of

20 =0.0138 ° and an integration time of 0.75 s using a variable divergent slit.

2.3.2. High Resolution Transmission Electron Microscopy

High resolution transmission electron microscopy (HRTEM) images were taken using the JEOL
2100 transmission electron microscope operating at 200 kV. The samples were diluted with their
respective solvents and drops of the diluted samples (~ 20 uL) were put on a Formvar carbon-
coated copper grid. Imaging was performed on IONPs samples. The size and polydispersity
index were analyzed from the obtained HRTEM images using ImageJ software. The size
analysis was performed manually for 200 particles. The images were taken and segmented in
four equal parts. From each part, 50 particles were chosen manually and analyzed. This was
done to proportionately select particles over the entire image.
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2.3.3. Dynamic Light Scattering

Malvern Zetasizer Nano ZS® was used to measure the particle size and zeta potential of phase
transferred IONPs, NGs, NGs_insitu, NGs_post and NGs_added systems at different conditions.
The variation of these conditions was performed by changing the temperature and pH of the
system. For NG samples, the temperature was varied from 25 to 60 °C and its effect on sample size
was studied. The samples were also studied at acidic conditions of pH = 3.5. For phase transferred
IONPs, the size and zeta potential values were also observed at 25, 45 and 60 °C, respectively. The
solvent used for all the samples was MQ water. All values were generated in triplicates and the

average was taken.

2.3.4. Vibrating Sample Magnetometry

Magnetic measurements of IONPs, phase transferred IONPs and NGs systems were carried out
using MicroMag™ 3900 vibrating sample magnetometer (VSM). MicroMag™ 3900 was operated
at room temperature with maximum applied magnetic fields of 1 T and the magnetization of the
samples were recorded. The magnetization data obtained as a function of applied field was

normalized by the mass of the sample used for comparative study.

2.3.5. Modular System for measuring Magnetic Susceptibility

A magnetic susceptibility meter (MFK1) commonly called kappabridges, was used to measure the
variation of magnetic susceptibility as a function of temperature (-196 — 0 °C). The device was
maintained at default settings of AC magnetic field strength 200 A/m and 976 Hz. Susceptibility

data obtained for IONPs as function of temperature was mass normalized for comparative study.

2.3.6. UV-visible Spectroscopy

UV-vis spectroscopy was used for studying the loading and release of cyt C from NGs, NGs_insitu,
NGs_post and NGs_added samples. Analysis of the loading and release studies were carried out
using Shimadu© UV-vis recording spectrophotometer, model no. UV-2401PC. For loading and
release studies, the relative decrease in intensity for cyt C absorbance peak in the range 409-411nm

was observed over time.
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2.3.7. Volume Phase Transition Temperature Calculations

The calculation of the volume phase transition temperature (VPTT) for hydrogels was devised
based on its swelling and collapse behavior. The study of swelling and collapse behavior of general
hydrogel systems is based on variation of specific spectroscopic parameters (for e.g., — optical
density) as function of temperature (66). Real time hydrogel systems are not completely
monodispersed thus differently sized particles will collapse at their own unique VPTT. This results
in a range of temperatures along the collapsing or swelling curve, thus making it difficult to
comment on a single temperature defining the VPTT of the entire system. Hence, VPTT in our
system was defined as the temperature at which the ratio of the collapsed and swelled hydrogels
was equal (67). Figure 2.13 shows a general example of utilization of spectroscopic parameters to
calculate VPTT.

Collapsed

OD 500 nm

0.5

v Tm

296 308 319 330

Temperature (K)

Figure 2.13 - Change in optical density as a function of temperature for determination of VPTT

Thus, the above-mentioned definition of calculating VPTT is devised based on the swelling and
collapse behavior of the hydrogel (68). In this study, the variation in hydrodynamic diameter of
the nanogel systems was studied as function of temperature (25-60 °C) using Malvern Zetasizer
Nano ZS®. The nanogel systems were heated from 25-60 °C and conversely cooled in the same
temperature range. Thus, heating, and cooling curves were obtained for the systems. The
temperature change was done in steps of 5 °C. Hydrodynamic sizes of the nanogel systems were
obtained at each step. A spectroscopic parameter (a) was introduced to define the change in

hydrodynamic sizes of the nanogel systems (shown in Equation 14). The value (a) showed
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normalized volumetric collapses of the systems. The calculated a values were then plotted as
function of temperature in Sigma Plot® and was fitted with a five parameter Gaussian curve as
shown in Equation 15. Based on the fitting parameters obtained from the Gaussian curves, a
Matlab® code was used to replot the curves between 25 and 60 °C as shown in Figure 2.14 (69).

a = (D/Dg)® (14)

where D — hydrodynamic diameter at specific temperature point, Do — hydrodynamic diameter at
25 °C.

y=yo+a/1 + e [~ xob])C (15)
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Figure 2.14 - Schematic depicting area equalization for VPTT calculations

The code then divides the curve into two parts and calculates the area under the curve using
Simpson’s 1/3" rule. A mean temperature is chosen to start the calculation. A tolerance value is
set defining the preciseness of VPTT calculation. The number of iterations defined the resolution
of the code on the curve. If the relative difference of the areas of the collapsed and swelled states
do not fall under the mentioned tolerance value, the code loops itself unless the value of relative
difference in area goes below the tolerance value. The number of iterations and tolerance have
been fixed at 1000 and 0.001 respectively for all calculations of VPTT. Hence VPTT values were

obtained from the heating and cooling curves and an average value was reported
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2.3.8. Release Study of Cytochrome C

For the release study of cytochrome C (cyt C), the loaded hydrogel systems (2 mL) were taken,
and additional water (3 mL) was added to dilute the samples before UV-visible spectroscopy was
conducted using a UV-vis spectrophotometer. This dilution was done to bring down the
absorbance intensity of cyt C within instrumental limits. In this case, the decrease in concentration
of cyt C inside the dialysis tube was examined over time. The release of cyt C was studied based
on the decrease of absorbance peak in the spectral range 409-411 nm over a period of 20 hours.
The release setup was maintained at different conditions of 40 °C, 45 °C with acidic pH conditions
(3.5) based on specific experiments performed. A typical setup of dialysis for drug release study
is shown in Figure 2.15. The sink condition for the release of cyt C was maintained by MQ water
(2 litres) in the beaker. The molecular weight of cyt C is ~ 12000 Da (70). The dialysis membrane
used in the release setup had a cut off (14000 Da) higher than the molecular weight of cyt C which

allowed released drug from hydrogel systems to diffuse out from the membrane into the sink.

Dialysis

Hydrogel system
membrane

loaded with cyt C

Figure 2.15 — Dialysis setup for release of cytochrome C.
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2.3.9. Magnetherm

Magnetherm is designed for studying heating properties of magnetic nanoparticles. An image of
different components of the device is shown in Figure 2.16. The magnetherm device consists of
four parts: 1) Function generator — for producing discrete electrical frequencies, 2) power amplifier
— for amplifying the electrical frequencies to produce higher voltages 3) magnetherm unit -
consisting of a solenoid coil and a capacitor which utilizes the voltage and frequency produced to
generate AMF. The magnetherm unit also serves as the sample holder for exposing the sample to
AMF and 4) water bath — which is connected to the magnetherm unit to mitigate any heat generated
from the magnetic coils (inside the magnetherm unit). A rough schematic of the connections of the
magnetherm device is shown in Figure 2.17. Before running measurements, the AMF condition
defining the magnetic field frequency and amplitude was set by changing the capacitance and
solenoid in the magnetherm unit. The system can operate with solenoid coils of 2 different turns
(9 and 18) with 3 different capacitor values, thus giving options for running the instrument at 6
possible frequencies and magnetic field conditions. The six different frequency and their

corresponding magnetic field values are shown in Table 2.2.

Heat production studies were performed from phase transferred IONPs on exposure to different
AMF conditions using the therm setup. Phase transferred particles (10 mg) were dispersed in MQ
water (1 ml) for the experimental runs. Therefore, background heating effects from MQ water
without the particles also needed to be checked (baseline temperature correction), on exposure to
AMF conditions. Increase in temperature was seen from MQ water without the particles due to
formation of eddy currents which is common at high AMF frequencies in radio-frequency range
(discussed in Chapter 1, Section 1.5) (5, 71). Three baseline runs were done at each AMF
condition. Parallelly, the experimental runs were performed for phase transferred IONPs_oleate
particles dispersed in MQ water. Each individual baseline was subtracted from the temperature
profile of the particles. Therefore, three datasets of time vs temperature profiles were obtained.
The average of the datasets at each time point is presented further in this study. The experimental
runs were conducted for period of 1 hour and the change in temperature was recorded each second
with precision of 0.01 °C. The heat generated from magnetic nanoparticles was quantified using

specific absorption rates (SARS) (discussed in Chapter 1, Section 1.6). SAR values were calculated
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directly from provided manufacturers software by inputting obtained average temperature profiles

as function of time.

Function generator

Power amplifier

Water bath Magnetherm unit

Figure 2.16 — Image of different components of Magnetherm device.

Function generator Power amplifier Magnetherm unit
(TG1000) (QPX 1200S) (magnetic coils)

Water bath (LT
ecocool™ 150)

Figure 2.17 — Rough schematic of the connections of magnetherm device.
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Table 2.2 — Showing different frequency values with its corresponding magnetic fields.

No of AMF Coil Capacitor value Nominal frequency Maximum
conditions turn (nF) (kHz) magnetic field
value (mT)
1 9 200 162.2 25
2 9 88 243.4 21
3 9 6.2 930.3 12
4 18 200 102.7 30
5 18 88 154.1 21
6 18 6.2 587.3 12

2.3.10. Release Study of Cytochrome C: with Magnetherm Setup

Cytochrome C (cyt C) was loaded in hydrogel systems using same procedure (discussed in Section
2.2, Subsection 2.2.10). In this setup, hydrogel systems loaded cyt C (2 mL) were put in a dialysis
tube and the tube was connected to a sample holding shaft as shown in Figure 2.18 — a). The tube
with the sample holding shaft was put inside a water jacket which functioned as sink in this setup
as shown in Figure 2.18 — b). Heated water from water bath was circulated outside the walls of the
jacket using flow tubes to maintain temperature of the sink. The sink in this setup was much smaller
in volume as compared to sink (discussed in Subsection 2.3.8). Henceforth, the water inside the
jacket was rotated using an external pump to maintain constant sink conditions. The tube, holding
shaft and jacket was placed inside magnetic coils and the release study was performed as shown
in Figure 2.18 — ¢). The shaft was slowly rotated using a stepper motor to account for uniform
diffusion of cyt C from the membrane into the sink. The study was performed for total time of 10
hours for different hydrogel systems. The release in this case was also recorded using UV-vis
spectrophotometer. Release data were collected every hour. After every hour, the dialysis tube was
taken out and the decrease in concentration of cyt C was seen based on decrease of its equivalent
absorbance peak in the range 409-411 nm. Release studies were performed with and without
alternating magnetic fields (AMFs). The cut off for the dialysis membrane in this setup was 20000

Da. In the following chapter, results obtained in this work are presented.
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Figure 2.18 — a) Image showing dialysis tube connected to shaft. b) Image showing water jacket
which functions as sink. ¢) Image showing the tube, shaft and water jacket placed inside
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Chapter 3: Results

This chapter will first start with size, crystal structure and magnetic characterization of two types
of IONPs — 1) IONPs_oleate and 2) IONPs_penta obtained from thermal decomposition of
precursors iron oleate and iron pentacarbonyl, respectively. In the next section, the properties of
phase transferred IONPs_oleate and IONPs_penta particles will be shown. The following section
will involve characterization of bare NGs. Thereafter, the different hybrid NGs systems will be
presented and compared. Lastly, the loading and release of cytochrome C under different
conditions of elevated temperatures, acidic pH, and external alternating magnetic fields (AMFs)

will be presented.

3.1. Iron Oxide Nanoparticles

In this section, characterization of IONPs synthesized by thermal decomposition methods are
presented. The entire section is divided in three subsections. Firstly, images obtained from
HRTEM is presented. Secondly, crystallographic, and magnetic characterization of IONPs
systems using XRD and VSM is shown. In the last subsection, IONPs yield (mg/mL) obtained

from concentration test are shown.

3.1.1. Size Characterization of Iron Oxide Nanoparticles

The HRTEM images of IONPs_oleate and IONPs_penta particles are shown in Figure 3.1- a) and
b) respectively. The average size for IONPs_oleate particles was 16 + 2 nm and IONPs_penta
particles was 8 = 1 nm with polydispersity index (PDI) of (~ 0.1) in both cases. For calculation of
PDI, the formula used is shown in Equation 16 (72).

PDI = (Standard deviation/Mean size) (16)

The size distribution of IONPs systems is shown in Figure 3.1- ¢) and d) respectively.
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Figure 3.1 —a) and b) HRTEM image of IONPs_oleate and IONPs_penta particles. The scale bar
is 200 nm in both the images! . ¢) and d) Particle size distribution of IONPs_oleate and
IONPs_penta particles, respectively.

Courtesy — Anuvansh Sharma, PhD
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3.1.2. Crystallographic and Magnetic Characterization of Iron Oxide Nanoparticles

The XRD pattern of IONPs_oleate and IONPs_penta particles is shown in Figure 3.2 —a) and b)
respectively. IONPs_oleate particles exhibited characteristic peaks at 26 values — 30 °, 35 °, 43 °,
62 ° which represents inverse cubic spinel structure of magnetite (63). The above-mentioned 20
values correspond to lattice planes - (220), (311), (400) and (440) respectively as matched with
crystallographic database (COD-1539747 FesOa4) using DIFFRAC.EVA software. Similarly, for
IONPs_penta particles characteristic peaks of magnetite phase was seen at 20 values — 35 ° and 43
° corresponding to lattice planes - (311) and (400) matched with crystallographic database (COD-
1539747 Fes0a) using DIFFRAC.EVA software.

The magnetic hysteresis (M-H loops) of IONPs_oleate and IONPs_penta particles are shown in
Figure 3.2 — ¢). The maximum applied magnetic field was 1 T. Both systems showed
superparamagnetism at room temperature with zero hysteresis losses. The measured saturation
magnetization of IONPs_oleate was 74.3 emu/g and that of IONPs_penta particles was 21.9 emu/g.
Figure 3.2 — d) shows the magnetic susceptibility of IONPs_oleate and IONPs_penta particles as
function of temperature. The temperature point where the magnetic susceptibility value maximizes
shows the blocking temperature (Tg) of the system (73). From Figure 3.2 — d) the Tg for
IONPs_oleate and IONP_penta systems were obtained at -190 °C (83 K) and -38.7 °C (234.3 K)

respectively.
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Figure 3.2 - a) and b) XRD pattern showing crystallographic data of IONPs_oleate (matched
with (COD-1539747 Fe30a4)) and IONPs_penta particles (matched with (COD-1539747
Fes0a4)), respectively. ¢) Magnetic hysteresis (M-H loops) of IONPs_oleate and IONPs_penta
particles using VSM at room temperature. d) Magnetic susceptibility measurements of
IONPs_oleate and IONPs_penta particles as function of temperature using magneto-
susceptibility meter.
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3.1.3. Concentration Test of Iron Oxide Nanoparticles

The concentration obtained for as-synthesized IONPs_oleate and IONPs_penta particles was 11.0

+ 3.7 mg/mL and 15.7 = 0.9 mg/mL respectively as shown in Table 3.1.

The IONPs_oleate and penta particles were dispersed in 20 mL of toluene and hexane, respectively

(discussed in chapter 2, section 2.2.2 and 2.2.3). The obtained concentration values were used to

take out a predetermined amount of IONPs (5 mg) from their respective organic solvents which

was further used for the phase transfer process as discussed in the upcoming part.

Table 3.1 — Shows the concentration values obtained for IONPs_oleate and IONPs_penta
particles, respectively.

Particles Volume of | Weight of Weight of | Concentration Average
dispersed empty Eppendorf (mg/ml) concentration
IONPs used | Eppendorf | tubes after (mg/ml)
(uL) tubes (mg) | drying (mg)
at 70 °C for
6 hours
300 999.8 1010.0 10.2
IONPs_oleate 300 994.5 1006.2 11.7 11.0+£3.7
300 1002.5 1013.5 11.0
300 987.9 992.3 14.7
IONPs_penta 300 992.6 997.5 16.3 15.7+£0.9
300 1008.4 1013.2 16.0

78|Page




3.2. Phase Transferred Iron Oxide Nanoparticles (IONPs)

The as-synthesized IONPs were phase transferred using sodium citrate to transfer from organic to
aqueous media. This section is divided in five subsections. Firstly, the hydrodynamic sizes and
zeta potentials of the phase transferred IONPs obtained using DLS technique are presented. The
repeatability of the process is also shown. Secondly, stability studies of the particles over time,
different temperatures, and pH conditions are shown followed by concentration study of the
obtained phase transferred IONPs. Thereafter, magnetic characterization of phase transferred
IONPs are presented using VSM. Lastly, heat production from phase transferred IONPs on
exposure to AMF under different field conditions is studied using Magnetherm setup.

3.2.1. Hydrodynamic Size and Zeta Potential Measurements using Dynamic Light Scattering
The hydrodynamic sizes and zeta potential of phase transferred IONPs_penta and IONPs_oleate
particles are shown in Figure 3.3 - a), b), ¢) and d). A series of 12 and 10 experiments respectively
were performed to phase transfer IONPs_oleate and IONPs_penta particles. The average
hydrodynamic size and zeta potential for IONPs_oleate particles obtained over 12 experiments
was 236 + 32 nm and -50 = 2 mV, respectively whereas for IONPs_penta particles obtained over
10 experiments was 355 + 37 nm and -41 £ 7 mV.
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Figure 3.3 — a) and b) Hydrodynamic sizes (nm) and zeta potentials (mV) of phase transferred
IONPs_penta particles. c) and d) Hydrodynamic sizes (nm) and zeta potentials (mV) of phase
transferred IONPs_oleate particles.
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3.2.2. Stability Study of Phase Transferred IONPs
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Figure 3.4 — a) and b) Hydrodynamic sizes (nm) and zeta potential (mV) of IONPs_oleate and
IONPs_penta particles at temperatures 25 °C, 45 °C and 60 °C respectively. ¢) and d)
Hydrodynamic sizes and zeta potentials of IONPs_oleate and IONPs_penta particles for a time
period of 2 months.
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The stability of phase transferred IONPs_oleate and IONPs_penta particles at elevated
temperatures of 45 °C and 60 °C was studied by measuring hydrodynamic sizes and zeta potentials
as shown in Figure 3.4 — a) and b), respectively. The stability of the phase transferred IONPs over

a period of two months is shown in Figure 3.4 —c) and d).

Hydrodynamic sizes and zeta potentials were measured at different pH values for both phase
transferred IONPs_oleate and penta particles as shown in Figure 3.5 — a) and b). The phase
transferred IONPs_oleate particles were stable in the pH range (~ 3.5 — 7) and the IONPs_penta
particles were stable in the range (~ 4 — 7). At more acidic pH conditions, less than ~ 3.5 for
IONPs_oleate and ~ 4 for IONPs_penta particles, the hydrodynamic sizes increased above 500 nm
correspondingly lowering the zeta potential values, thus decreasing the stability of the systems, in

turn showing agglomeration effects.
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Figure 3.5 — a) Hydrodynamic size (nm) and zeta potential (mV) of phase transferred

IONPs_oleate particles at different pH conditions. b) Hydrodynamic size (hm) and zeta potential
(mV) of phase transferred IONPs_penta particles at different pH conditions.

3.2.3. Concentration Test of Phase Transferred IONPs

The as-synthesized IONPs were phase transferred using sodium citrate to transfer them from
organic to aqueous media. The concentration values obtained for phase transferred IONPs_oleate
and IONPs_penta particles was 0.8 + 0.1 mg/mL and 0.5 £ 0.1 mg/mL respectively as shown in

82|Page



Table 3.2.

The obtained concentration values for both the systems were used to take out predetermined
amounts of phase transferred IONPs from aqueous media which was further used with pNIPAmM-

aac nanogels (NGs) to synthesize hybrid NGs.

Table 3.2 — Shows the concentration values obtained for phase transferred IONPs_oleate and
IONPs_penta particles, respectively.

Particles Volume of | Weight of Weight of | Concentration Average
dispersed empty Eppendorf (mg/ml) concentration
IONPs used | Eppendorf | tubes after (mg/ml)
(uL) tubes (mg) | drying (mg)
at 70 °C for
6 hours
0.8
1000 999.2 1000.0
Phase 0.8 08+0.1
transferred 1000 987.6 988.4
IONPs_oleate
0.7
1000 1002.2 1002.9
0.7
1000 999.8 1000.2
Phase 0.9 05+0.1
transferred 1000 992.5 993.1
IONPs penta
0.6
1000 1000.4 1001.0

3.2.4. Magnetic Characterization of Phase Transferred IONPs

The magnetic hysteresis of phase transferred IONPs_oleate and penta particles are shown in Figure
3.6 —a) and b) respectively. The maximum external applied magnetic field was 1 T. Both phase
transferred systems were superparamagnetic at room temperature with close to zero hysteresis
losses. The measured saturation magnetization (Ms) of IONPs_oleate particles was 26.1 emu/g

and that of IONPs_penta was 0.6 emu/g.
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Due to relatively low Ms values of phase transferred IONPs_penta particles, the oleate system was

chosen for study on exposure to different AMF conditions as presented next.
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Figure 3.6 - a) Magnetic hysteresis (M vs H) of phase transferred IONPs_oleate particles at room

temperature. b) Magnetic hysteresis (M vs H) of phase transferred IONPs_penta particles.

3.2.5. Heat production from Phase Transferred IONPs with Alternating Magnetic Field

The average change in temperature (° C) for phase transferred IONPs_oleate particles as function
of time under five different external AMF conditions are shown in Figure 3.7 - a), b), c), d) and e)

respectively. The error in temperature at each time point is shown by the shaded black region while

the average temperature values are shown by white lines. The temperature profiles obtained were
used to calculate specific absorption rates (SAR) (W/g) at different AMF conditions. The SAR

values with error bars at different AMF conditions is shown in Figure 3.7 — ).
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Figure 3.7 - a), b), ¢), d) and e) Temperature change as function of time under different AMF
conditions for phase transferred IONPs_oleate particles. The shaded regions (shown in black)
show the error in temperature produced. f) Specific absorption rates (SAR) (W/g) for phase
transferred IONPs_oleate particles at different AMF conditions.

In Figure 3.8 — a) and b) a comparison of the temperature progression vs time and SARs for
magnetite (FesO4) nanoparticles (NPs) and phase transferred IONPs_oleate particles are shown,
respectively. The experimental runs in Figure 3.8 —a) is shown up to 10 mins. Both the experiments
were performed at AMF condition (587 kHz, 12 mT).

The temperature and pH based physico-chemical properties of bare NGs is discussed in upcoming

section 3.3. It is important to understand the properties of bare NGs which was further utilized in
synthesizing hybrid NGs (containing phase transferred IONPS).
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Figure 3.8 - a) Comparative study of temperature change (° C) as function of time (seconds)
between magnetite NPs and phase transferred IONPs_oleate particles. The experimental run was
performed at optimized AMF condition (587 kHz, 12 mT). b) Comparison of specific absorption

rates (SAR) (W/g) of magnetite NPs and phase transferred IONPs_oleate particles.

3.3. N-isopropyl Acrylamide-Acrylic Acid Nanogels

The NGs were used with phase transferred IONPs to synthesize hybrid NGs to investigate thermal,
pH and magnetic properties for drug delivery applications. This section is divided in three
subsections. The first subsection will start with presenting amount of NGs obtained per batch. The
second and third subsections will involve study of thermal and pH-responsive properties of NGs
using DLS.

3.3.1. Synthesized Amounts

Seven batches of NGs were synthesized. The NGs amount obtained per batch is shown in Table
3.3. The average NGs yield obtained was 156.9 + 9.8 mg. Samples from these batches were further

taken for characterization to understand different properties as discussed in the upcoming parts.

86|Page




Table 3.3 — NGs amounts obtained per batch.

No of batches Obtained amounts (mg) | Average amount (mg)

143.4
165.2
152.0

156.0 156.9+9.8
162.4

170.8
148.2

~N| o g & ol N

3.3.2. Thermo-responsive Properties

The hydrodynamic sizes at 25 °C and 45 °C for seven batches of NGs is shown in Figure 3.9 — a).
All the NGs batches showed collapse in size when the temperature was increased from 25 °C to
45 °C. The average size of NGs for seven batches at 25 °C and 45 °C was 250 + 20 nm and 93 +
2 nm, respectively. NGs from batch 1 was taken and the collapse in hydrodynamic diameter was
studied as function of temperature. The diameter of NGs were recorded at different temperatures
using DLS during heating and cooling cycles. The obtained diameters at different temperature

points were used to calculate normalized volumetric collapses of NGs using Equation 17.

a=(D/Do)? (17)

where D — hydrodynamic diameter at specific temperature, Do — hydrodynamic diameter at 25
°C.

The parameter (a) representing volumetric collapse of NGs was plotted as function of temperature
as shown in Figure 3.9 - b). The heating and cooling dataset of temperature vs normalized
volumetric collapses (a) was fitted with a five parameter Gaussian curve. The R? values obtained
for both fitted heating and cooling datapoints was ~ 0.99, which showed good fitting (shown in

Table 3.5). The fitted curves were replotted using a Matlab® code to calculate the VVolume Phase
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Transition Temperature (VPTT) of NGs systems (discussed in detail in Chapter 2, Section 2.3.7).
The calculated VPTT of NGs is shown in Table 3.6.
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Figure 3.9 - a) Shows the hydrodynamic sizes (nm) of seven batches of NGs at 25 °C and 45 °C,
respectively using DLS. b) Shows the volumetric collapse (VCE) of NGs as function of
temperature (25 — 60 °C) during consecutive cycles of heating and cooling.

3.3.3. pH-responsive Properties
The combined effect of temperature and pH on hydrodynamic size of NGs is shown in Figure 3.10.
NGs from batch 1 was taken to understand pH-responsive properties. Sizes of NGs at two different

pH conditions (4.2 and 3.5) were obtained at specific temperatures of 25 °C, 40 °C and 45 °C.

The NGs was later utilized with phase transferred IONPs for synthesizing hybrid NGs which is
shown in next section.
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Figure 3.10 — Hydrodynamic sizes of NGs at specific temperatures of 25 °C, 40 °C and 45 °C at
pH — 4.2 and 3.5, respectively measured using DLS.

3.4. Hybrid NGs: NGs with Phase Transferred IONPs

Phase transferred IONPs was used with pNIPAm-aac (NGs) nanogels to synthesize multi-
functional hybrid NGs with thermal, pH and magnetic properties. This section is divided into two
subsections. Firstly thermal, pH and magnetic properties of NGs with phase transferred
IONPs_oleate particles will be shown and similarly the second subsection will cover NGs with

phase transferred IONPs_penta particles.

3.4.1. NGs with Phase Transferred IONPs_oleate Particles

NGs with phase transferred IONPs_oleate particles were synthesized using three different
techniques — 1) in-situ, 2) post, 3) addition (discussed in Chapter 2, Section 2.2.9). The hybrid NGs
obtained from these techniques is referred to as NGs_insitu, NGs_post and NGs_added,
respectively. Firstly, amount of hybrid NGs obtained with different techniques will be presented.
Next, thermal, pH and magnetic properties of hybrid NGs will be understood. Lastly, the hybrid
NGs were separated magnetically (with a neodymium magnet) to collect the magnetic bottom

product (discussed in Chapter 2, Section 2.2.9). The bottom product was analyzed to understand
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the interaction between NGs, and phase transferred IONPs. The magnetically separated samples is
referred to as NGs_insitu magnetically separated, NGs_post magnetically separated and
NGs_added magnetically separated, respectively.

3.4.1.1. Synthesized Amounts

The different amounts of phase transferred particles used for in-situ, post and addition techniques
are shown in Table 3.4. The obtained amounts of hybrid NGs per batch is also included in Table
3.4. Hybrid NGs containing the highest amount of phase transferred particles (4 mg) synthesized
using three different techniques were later characterized to understand its thermal, pH and
magnetic properties.

Table 3.4 — Hybrid NGs amount obtained per batch.

Hybrid NGs Amount of phase transferred IONPs_oleate Obtained amount (mg)
used (mg)
NGs_insitu 0.8 175.3
1.0 163.2
1.3 152.7
2.0 158.0
3.0 167.4
4.0 170.8
NGs_post 4.0 145.2
NGs_added 4.0 162.0

3.4.1.2. Thermo-responsive Properties

The thermo-responsive properties of hybrid NGs synthesized using in-situ, post and added
techniques, respectively is shown in Figure 3.11 and Figure 3.12, respectively. Figure 3.11 - a)
shows the hydrodynamic sizes of NGs_insitu particles at 25 °C and 45 °C, as function of different
masses of phase transferred IONPs_oleate used. The first point on the x-axis (0 mg) in Figure 3.11
- a) stands for hydrodynamic size of bare NGs (without phase transferred IONPSs) (discussed in

Section 3.3). The hydrodynamic size of bare NGs was replotted to compare with hybrid NGs. The
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highest mass of phase transferred IONPs_oleate particles used to synthesize NGs_insitu system
was 4 mg. Same amount of phase transferred particles (4 mg) was chosen to synthesize hybrid
NGs using post and added techniques. Henceforth, comparison of hydrodynamic sizes of
NGs_insitu, NGs_post and NGs_added particles obtained from three different techniques at 25 °C
and 45 °C is shown in Figure 3.11 — b).
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Figure 3.11 a) — Hydrodynamic sizes (nm) of NGs_insitu particles at 25 °C and 45 °C,
respectively with different amounts (mg) of phase transferred IONPs_oleate. b) Hydrodynamic
sizes (hm) of NGs_insitu, NGs_post and NGs_added particles with phase transferred
IONPs_oleate (4 mg) at 25 °C and 45 °C, respectively.

The comparison of the volumetric collapse efficiencies VCE (%) at 45 °C for bare NGs,
NGs_insitu, NGs_post and NGs_added systems, respectively is shown in Figure 3.12 a). The VCE
(%) of the nanogel systems at 45 °C is calculated using Equation 18.

VCE (%) = [1 - (D4s/D25)°] * 100 (18)
where Dss = Hydrodynamic diameter at 45 °C, D2s = Hydrodynamic diameter at 25 °C.
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Figure 3.12 a) — Comparison of the volumetric collapse efficiencies VCE (%) at 45 °C for bare

NGs, NGs_insitu, NGs_post and NGs_added particles (with phase transferred IONPs_oleate (4

mq)). b), ¢) and d) Normalized volumetric collapses of NGs_insitu, NGs_post and NGs_added

particles (with phase transferred IONPs_oleate (4 mg)) as function of temperature (25 — 60 °C)
during consecutive cycles of heating and cooling.

The normalized volumetric collapse of NGs_insitu, NGs_post and NGs_added systems containing
phase transferred IONPs_oleate (4 mg) as function of temperature (25 — 60 °C) is shown in Figure
3.12 — b), ¢) and d), respectively. The hydrodynamic diameters obtained using DLS were used to
calculate volumetric collapses as function of temperature using Equation 17. The heating and

cooling dataset of temperature vs normalized volumetric collapses (a) was fitted with a five
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parameter Gaussian curve to calculate VPTT of hybrid NGs systems. All the R? values obtained
for fitted heating and cooling datapoints for three hybrid NGs was ~ 0.99 (shown in Table 3.5).
The calculated VPTTs of hybrid NGs is shown in Table 3.6.

3.4.1.3. pH-responsive Properties

The combined effect of temperature and pH on hydrodynamic size (nm) of NGs_insitu and
NGs_post systems are shown in Figure 3.13 —a) and b), respectively. Sizes of NGs_insitu particles
at two different pH conditions (4.8 and 3.5) were obtained at specific temperatures of 25 °C and
40 °C. Likewise, for NGs_post particles the sizes were also obtained at specific temperatures of
25 °C and 40 °C maintaining pH conditions (4.5 and 3.5). At more acidic pH (3.5), the
hydrodynamic sizes were smaller and hence collapse of hybrid NGs was higher. The magnetic

properties of hybrid NGs is shown next which can be employed for different biomedical

applications.
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Figure 3.13 a) — Hydrodynamic sizes of NGs_insitu particles at specific temperatures of 25 °C
and 40 °C at pH — 4.8 and 3.5, respectively. b) Shows the hydrodynamic sizes of NGs_post
particles at specific temperatures of 25 °C and 40 °C at pH — 4.5 and 3.5, respectively.
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3.4.1.4. Magnetic Properties

The magnetic hysteresis of NGs_insitu, NGs_post and NGs_added particles is shown in Figure
3.14 — a). The maximum external applied magnetic field was 1 T. All the hybrid NGs were
superparamagnetic at room temperature. The measured saturation magnetization of NGs_insitu,
NGs_post and NGs_added particles was 0.03 emu/g, 0.06 emu/g and 0.01 emu/g, respectively.
The saturation magnetizations (emu/g) for NGs_insitu systems as function of mass of phase
transferred IONPs_oleate particles used is shown in Figure 3.14 — b). The saturation

magnetizations increased with increase in mass of phase transferred particles.

In the upcoming part, the magnetic part from hybrid NGs was separated magnetically (using a
neodymium magnet) and its thermo-responsive properties was studied.
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Figure 3.14 a) — Magnetic hysteresis (M vs H) of NGs_insitu, NGs_post and NGs_added
particles containing phase transferred IONPs_oleate (4 mg) at room temperature. b) Saturation
magnetizations (emu/gm) of NGs_insitu particles as function of mass of phase transferred
IONPs_oleate (mg) used.

3.4.1.5. Magnetically Separated Hybrid NGs
The hybrid NGs were separated magnetically and its thermo-responsive properties were studied.
The separated hybrid NGs is referred to as NGs_post, NGs_insitu and NGs_added magnetically
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separated particles. The hydrodynamic sizes for NGs_post, NGs_insitu and NGs_added
magnetically separated particles at specific temperatures (25 °C, 45 °C and 60 °C) is shown in
Figure 3.15.
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Figure 3.15 — Hydrodynamic sizes (nm) at 25 °C, 45 °C and 60 °C respectively for NGs_post,
NGs_insitu and NGs_added magnetically separated particles.

Table 3.5 — R?-values showing fitting of heating and cooling data points with five-parameter
sigmoidal curve.

NGs systems Heating Datapoints — R? Cooling Datapoints — R?
Bare NGs ~0.99 ~0.99
NGs_insitu ~0.99 ~0.99
NGs_post ~0.99 ~0.99
NGs_added ~0.99 ~0.99
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Table 3.6 — Calculated VPTTs of bare NGs, hybrid NGs and hybrid NGs magnetically separated

particles.
NGs systems Volume Phase
Transition Temperature

(VPTT) (° C)
Bare NGs 359+0.3
NGs_insitu 36.8+0.2
NGs_post 35.7+0.2
NGs_added 37.6+0.1

3.4.2. NGs with Phase Transferred IONPs_penta Particles

The phase transferred IONPs_penta particles were also used with NGs to synthesize hybrid NGs.
The hybrid NGs were synthesized using insitu and post technique. The different amounts of phase
transferred particles used for synthesis of hybrid NGs using insitu and post techniques are shown
in Table 3.7. The obtained amounts of hybrid NGs per batch is also included in Table 3.7. Hybrid
NGs containing the highest amount of phase transferred particles (4 mg) synthesized using

different techniques were later characterized to understand it thermal and magnetic properties.

Table 3.7 - Hybrid NGs amount (mg) obtained per batch.

Hybrid Amount of phase transferred IONPs_oleate | Obtained amount (mg)
NGs used (mg)
1.0 156.2
NGs_insitu 1.3 155.9
1.5 156.0
4.0 168.7
NGs_post 4.0 149.4
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3.4.2.1. Thermo-responsive Properties

The thermo-responsive properties of hybrid NGs synthesized using in-situ and post techniques, is
shown in Figure 3.16. Figure 3.16 - a) shows the hydrodynamic sizes of NGs_insitu particles at 25
°C and 45 °C, as function of different masses (mg) of phase transferred IONPs_penta particles.
The hydrodynamic size of bare NGs is also plotted with NGs_insitu systems for comparison as
shown in Figure 3.16 — a). The hydrodynamic sizes (nm) of NGs_insitu and NG_post systems
containing phase transferred particles (4 mg) at 25 °C and 45 °C respectively is shown in Figure
3.16 —c).

The volumetric collapse efficiency (VCE) (%) at 45 °C for NGs_insitu and NGs_post systems is
shown in Figure 3.16 — d). The VCE (%) of the particles at 45 °C is calculated using Equation 18.
The collapse of NGs_insitu system containing phase transferred particles (4 mg) as function of
temperature (25 — 60 °C) is shown in Figure 3.16 — b). The hydrodynamic diameters obtained using
DLS were used to calculate normalized volumetric collapses as function of temperature using
Equation 17 and in turn VPTT of the systems (discussed similarly in Subsection 3.3.2). The
calculated VPTT of NGs_insitu system is shown in Table 3.9.
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Figure 3.16 a) — Hydrodynamic sizes of NGs_insitu particles at 25 °C and 45 °C, respectively
with different amounts of phase transferred IONPs_penta particles. b) Normalized volumetric
collapses of NGs_insitu particles (with phase transferred IONPs_penta (4 mg)) as function of
temperature (25 — 60 °C) during consecutive cycles of heating and cooling. ¢) Comparison of the
hydrodynamic sizes of bare NGs, NGs_insitu and NGs_post particles with phase transferred
IONPs_penta (4 mg) at 25 °C and 45 °C, respectively. d) Comparison of the volumetric collapse
efficiencies (VCE) (%) at 45 °C for bare NGs, NGs_insitu, NGs_post particles (with phase
transferred IONPs_penta (4 mg)).
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Table 3.8 — R?-values showing fitting of heating and cooling data points with five-parameter
sigmoidal curve.

NGs systems Heating Datapoints — R? Cooling Datapoints — R?
Bare NGs ~0.99 ~0.99
NGs_insitu ~0.99 ~0.99

Table 3.9 — Calculated VPTTs of bare NGs, NGs_insitu particles

NGs systems Volume Phase
Transition Temperature
(VPTT) (°C)

Bare NGs 35.9+0.3

NGs_insitu 36.8+0.1

3.4.2.2. Magnetic Properties
The magnetic hysteresis of NGs_insitu particles is shown in Figure 3.17. The maximum external
applied magnetic field was 1 T. The measured saturation magnetization of the system was 0.0013

emu/g.
The obtained hybrid NGs was further utilized as drug-delivery systems (DDS). In the following

section, loading and release of model protein, Cytochrome C (cyt C) from hybrid NGs is studied.

The effect of physico-chemical properties of hybrid NGs on release mechanisms is investigated.

9 |Page



0.0020
0.0015 r
.
.
0.0010 - o
.
°
.

0.0005 -

M (emu/g)

0.0000 -

-0.0005 -

-0.0010 ' ; ‘ ‘ ‘

H (kOe)

Figure 3.17 - Hysteresis (M vs H) loop of NGs_insitu particles containing phase transferred
IONPs_penta (4 mg) particles at room temperature.

3.5. Release Study of Cytochrome C

The hybrid NGs were loaded with a model drug, cyt C. The release studies were performed for
period of 20 hours at 40 °C and acidic pH (3.5) and the release of cyt C was detected using UV-
Vis spectroscopy. This section is divided into two subsections. Firstly, loading (L.E) and
encapsulation efficiencies (E.E) of cyt C with bare and hybrid NGs systems (NGs_insitu,

NGs_post and NGs_added) are presented. In the second subsection, the release of cyt C at

condition 40 °C and 3.5 pH is shown.

3.5.1. Release of Cytochrome C
The calculated loading and encapsulation efficiencies (L.E and E.E) for different hybrid NGs

systems containing phase transferred IONPs_oleate particles is shown in Table 3.10. The highest
L.E and E.E was seen for bare NGs and the lowest values were obtained for NGs_added system.

The standard deviation in L.E and E.E values shown in Table 3.10 for NGs and NGs_insitu systems

was calculated over 4 samples.
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Table 3.10 - Loading and encapsulation efficiencies (L.E and E.E) of NGs and hybrid NGs

systems.
Samples Loading efficiency (L.E) Encapsulation efficiency (E.E)
(%) (ug/mg)
NGs 85+12 255 + 36
NGs_insitu 70£10 212 + 30
NG_post 91 276
NG_added 68 206

The release of cyt C from bare NGs, NGs_insitu, NGs_post and NGs_added systems as function

of time (hours) is shown in Figure 3.18. The release condition was maintained at 40 °C and 3.5

pH. From Figure 3.18, the highest amount of cyt C at the end of ~ 20 hours was released from

NGs_post system (~ 59 %) and the lowest amount released was seen from NGs_added system (~

34%). It should be noted that for bare NGs systems, the release data is shown up to 10 hours. The

L.E for the batches of NGs, NGs_insitu, NGs_post and NGs_added systems (for which the release

studies are shown) was 87 %, 80 %, 91 % and 68 % respectively.
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Figure 3.18 — Cytochrome C release (%) as function of time for bare NGs, NGs_insitu,
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In next section, release of cyt C from hybrid NGs is studied on exposure to alternating magnetic

field (AMF) and the real time temperature of the system was constantly monitored.

3.6. Release Study of Cytochrome C: with Alternating Magnetic Field

The release of cytochrome C from hybrid NGs containing phase transferred IONPs_oleate
particles were performed on exposure to alternating magnetic field (AMF) while the temperature
of the system was monitored real time. The magnetherm setup was utilized to perform this study
(discussed in Chapter 2, Section 2.3, Subsection 2.3.10). The release studies were performed for
period of 10 hours. This section is divided in two subsections. In the first subsection, two different
conditions in which release study was performed is shown. In the second part, the release of

cytochrome C from hybrid NGs is presented with the optimized release conditions.

3.6.1. Dynamic Release Conditions

Release study of cyt C was performed at dynamic temperature conditions. The real-time
temperature at which the NGs systems were exposed varied as function of time, which was
recorded with a fibre optic probe (shown in Chapter 2, Subsection 2.3.10, Figure 2.18 — a)).
Dynamic temperature profile was recorded for 1 hour. The average and standard deviation (shaded
region) of obtained temperature profiles were taken for five runs (shown in Figure 3.19 — a)), thus
showing the dynamic condition was repeatable. Release of cyt C from NGs systems were
performed on exposure to above stated dynamic condition. Temperature profiles for 1 hour will be
referred to as 1 cycle for the entire study. The total duration of release study was performed for 10
cycles (i.e., 10 hours). This dynamic condition will be referred to as TP_WMF (temperature profile

without magnetic field).

Similarly, dynamic temperature profile with AMF was also recorded for 1 hour. The average and
standard deviation of obtained temperature profiles were taken for five runs (shown in Figure 3.19
— b)) thus showing that this dynamic condition was also repeatable. Release of cyt C was also
performed for 10 cycles under this condition. The dynamic condition in this case will be referred

to as TP_MF (temperature profile with magnetic field).

Lastly, comparison of TP_WMF and TP_MF conditions is shown in Figure 3.19 — ¢). The average
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temperature values from both profiles were fitted with five parameter sigmoidal curve and
compared. The overall temperature points for condition TP_WMF was comparatively higher as
compared to TP_MF. The obtained R? values from both fitted TP_MF and TP_ WMF profiles was
~ 0.99. The standard deviation of the temperature profiles overlapped but still differences were

prominent between the two profiles especially at temperatures above 35 °C as seen from Figure
3.19 —a) and b) respectively.
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Figure 3.19 — a) Temperature profile without AMF as function of time used as release condition
(TP_WMF). b) Temperature profile with AMF as function of time used as release condition
(TP_MF)); shaded region shows standard deviation in temperature c) Fitted average values of
TP_WMF and TP_MF with five parameter sigmoidal curve.
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3.6.2. Release of Cytochrome C: With Alternating Magnetic Field

The release study of cyt C was performed at dynamic conditions — TP_WMF and TP_MF to
understand the effect of AMF. For condition TP_MF, the magnetic field amplitude and frequency
used was 12 mT and 587 kHz, respectively. The field parameters were optimized with phase
transferred IONPs_oleate particles (shown in Section 3.2, Subsection 3.2.5). NGs and hybrid NGs
systems were exposed to TP_WMF and TP_MF for 10 cycles. Each cycle lasted for 1 hour.
Therefore, the release studies were performed for period of 10 hours. The release of cyt C was
analyzed using UV-vis after each cycle. The release (%) as function of number of exposed cycles
at condition TP_MF is shown in Figure 3.20 — b). For release study, bare NGs and hybrid NGs
systems (with phase transferred IONPs_oleate particles) were used. Another system was
introduced to understand the effect of increasing amounts of phase transferred IONPs_oleate
particles on release of cyt C. In this system, known amount of phase transferred IONPs_oleate
particles (10 mg) was simply added to bare NGs system already loaded with cyt C and release was
performed under condition - TP_MF. The details of this system is attached in Appendix B. This
system is referred to as Loaded NGs_added. From Figure 3.20 — b) under condition TP_MF,
maximum and minimum release (%) of cyt C was observed from bare NGs (~ 72%) and Loaded
NGs_added (~ 25 %) after exposure for 10 cycles. In this study, all the systems had loading
efficiencies (L.E) 77 £ 1 %. In Figure 3.20 — a), the release of cyt C from NGs_insitu systems were
shown at two different conditions - TP_MF and TP_WMTF to understand the effect of AMF on
release profiles.

In upcoming Chapter 4, the results presented in this chapter will be discussed in detail.
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Chapter 4: Discussion

In this chapter, the results will be discussed in the same chronological order as presented in Chapter
3. In the first section, size, crystallographic, and magnetic properties of iron oxide nanoparticles
(IONPs) will be discussed. The second, third and fourth sections will involve detailed discussion
on properties of phase transferred IONPs, bare NGs and hybrid NGs, respectively. In fifth section,
release profiles of cytochrome C (cyt C) from NGs systems under different conditions of elevated
temperatures and acidic pH will be fitted with conventional drug delivery models and analyzed.
Lastly, release of cyt C from bare and hybrid NGs on exposure to external AMF conditions will

be discussed.

4.1. Iron Oxide Nanoparticles

The properties of IONPs_oleate and IONPs_penta particles derived from two different precursors
— 1) iron oleate and 2) iron pentacarbonyl will be discussed in this section. This section is divided
in two subsections. The obtained sizes imaged using High Resolution Transmission Electron
Microscopy (HRTEM) and crystallographic and magnetic properties of IONPs are discussed
accordingly in each subsection.

4.1.1. Size Characterization of Iron Oxide Nanoparticles

The average sizes of IONPs_oleate particles (16 £ 2 nm) was larger as compared to IONPs_penta
particles (8 £ 1 nm) (shown in Figure 3.1 - a) and b)). The size ranges obtained for both the systems
was in accordance with previous work done by other research groups (29, 63). The formula used
for calculating polydispersity index (PDI) was taken from previous works of Pusey et al. in which
the PDI scale is defined between values 0-1 (72). Small value on the PDI scale corresponds to high
monodispersity of the system. The PDI obtained for both the systems was ~ 0.1. Henceforth, both
systems showed monodispersity which is an important criterion for applications in biomedicine
relating to magnetically controlled drug release, magnetic detection and magnetic resonance
imaging (MRI) due to homogeneous structural and magnetic properties of the IONPs systems (74).
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4.1.2. Crystallographic and Magnetic Characterization of Iron Oxide Nanoparticles
IONPs_oleate particles exhibited characteristic peaks which showed dominant inverse cubic
spinel structure of magnetite (75). There might also be presence of tetragonal maghemite phase
(Fe203) occurring from oxidation of magnetite phase (FesO4) due to air exposure (63, 75). But
only XRD is not enough to distinguish between the mentioned phases due to their close
crystallographic structures. Also, the enhanced peak broadening effect seen due to small size of
nanoparticles (< 20 nm) makes it even more difficult to quantify percentages of magnetite and
maghemite phases (63). The broad peak at 26 value — 19.8° is due to presence of organic ligand
oleic acid which is used as stabilizing agent to control particle growth and aggregation (discussed
in Chapter 1, Section 1.2, Subsection 1.2.2) (63, 76) .

IONPs_penta particles also showed presence of magnetite phase. But due to much smaller size of
IONPs_penta particles (8 £ 1 nm) as compared to IONPs_oleate particles (16 + 2 nm), the peak
broadening effect was more pronounced. IONPs_penta particles formed core-shell structures as
shown in a magnified image in Figure 3.1 — b). This was also seen in previous works done by
research groups and it had also been studied that the core consisted of iron whereas the shell was
composed of iron oxide (29, 77). It has been previously reported that IONPs_penta particles are
more amorphous as compared to IONPs_oleate particles (29, 76). Henceforth, it may be due to
amorphous nature of IONPs_penta particles as well as smaller size as compared to IONPs_oleate
particles, the other standard diffraction peaks of magnetite at 30° and 62° were not detected. There
might be presence of some maghemite phase due to air exposed oxidation of its outside shell, but
it is difficult to understand using only XRD technique (29, 77).

The saturation magnetization (Ms) seen for IONPs_oleate particles (74.3 emu/g) was ~ 3.4 times
higher as compared to IONPs_penta particles (21.9 emu/g) (shown in Figure 3.2 — c)). The
obtained magnetization values for IONPs_penta systems were in close range with previous works
performed by Singh et al (29). The lower magnetization value obtained for IONPs_penta particles
is mainly due to two reasons — 1) nanoscale Kirkendall effect at room temperature and 2) small
size and amorphous nature of core-shell IONPs_penta particles (29, 77). Kirkendall effect involves
depletion and diffusion of iron core from the core-shell structures of IONPs_penta particles due to

oxidation at room temperature. The Fe atoms from the core has higher outward rate of diffusion
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as compared to inward diffusion rate of oxygen thus giving rise to unbalanced interfacial diffusion
of Fe and O atoms. This gives rise to hollow or yolk-type structures. The transition from core-shell
to hollow yolk-type structures had been previously studied to occur within 30 days (29). In
amorphous IONPs_penta particles, the atomic magnetic moments have disordered orientation
arising from random arrangement of atoms in the crystal structure. Also, at small sizes (less than
10 nm), the magnetic domains become non-existent which contributes to random alignment of
magnetic moments (discussed in Chapter 1, Section 1.4, Subsection 1.4.2) (29, 77). It is due to
both above-mentioned factors, the magneto-crystalline anisotropy (energy required to rotate the
individual magnetic moments) reduces. Hence, less energy is required to thermally misalign the
magnetic moments. Therefore, at room temperature (25 °C), the external applied field (1 T) (used
during VSM characterization) was insufficient to completely overcome the thermal energy related
disorderliness in magnetic moments and align all the moments in the field direction (77). It is for
these reasons, that the saturation magnetization of IONPs_penta was significantly lower as

compared to IONPs_oleate particles at room temperature.

In temperature vs susceptibility plot (shown in Figure 3.2 — d)), the observed Tg values for
IONPs_penta particles (83 K) was much lower as compared to IONPs_oleate particles (234.3 K).
This can again be attributed to low magneto-crystalline or magnetic anisotropic energy of
IONPs_penta particles arising due to its smaller size and amorphous nature. The obtained Ts
values for both the systems were higher as compared to previous work done by other research
groups (29). It should be pointed out that Tg values are conventionally obtained from temperature
vs magnetization plots. Therefore, Tg value shifts are seen in our study. Also, the susceptibility
measurements were done at AC magnetic field conditions of 976 kHz which needs to be considered
as it causes increase in Tg values (78).

In this section, crystallographic and magnetic properties of IONPs are discussed which are
essential for surface engineering of IONPs for further applications in field of biomedicine. The
IONPs were then phase transferred using sodium citrate to transfer from organic to agueous media

which will be discussed in next section.
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4.2. Phase Transferred Iron Oxide Nanoparticles

This section is divided in four subsections. In the first subsection, properties of phase transferred
particles in terms of hydrodynamic sizes and zeta potentials are discussed. In second and third
subsections, stability of these particles under different conditions and magnetic properties are
discussed, respectively. Lastly, heat production from phase transferred IONPs under different
AMF conditions in terms of specific absorption rates (SARs) will be understood.

4.2.1. Hydrodynamic Size and Zeta Potential Measurements using Dynamic Light Scattering
The IONPs were successfully phase transferred from organic to aqueous media using sodium
citrate. The carbonyl groups (C=0) of sodium citrate ionically interacts with the surface of IONPs
resulting in the phase transfer process (63). The stabilization of phase transferred IONPs_oleate
and IONPs_penta particles in water was seen by negative zeta potential values as shown in Figure
3.3 — b) and d) respectively. This is due to Na* counterions of sodium citrate which is charge
compensated by populations of negatively charged OH ions of water forming an electrostatic
double layer. Hence, the particles get electrostatically stabilized in water (37, 63). Batches of 10
and 12 experiments were performed to phase transfer IONPs_oleate and IONPs_penta particles,
respectively which was used further in the study. The average hydrodynamic sizes and zeta
potentials of IONPs_oleate and penta particles were similar with previous reported works, which

showed repeatability of the process (37, 63).

4.2.2. Stability Studies of Phase Transferred IONPs

The temperature stability study (shown in Figure 3.4 —a) and b)) showed almost little to no change
in hydrodynamic sizes and zeta potentials for both phase transferred IONPs_oleate and penta
particles. This showed that sodium citrate coating on IONPs was also stable at temperatures of 45
°C and 60 °C. Later in this work, hybrid NGs (NGs containing phase transferred IONPs) were
synthesized, and its properties were studied at higher temperatures of 45 °C and 60 °C. Henceforth,
this study was important to understand the individualistic effect of temperature on phase
transferred particles.

Storage of nanoparticles for extended periods of time are a big challenge due its extremely high

specific surface area and reactivity (79). Thus, time-based stability study for period of two months
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was also performed as shown in Figure 3.4 — c¢) and d), respectively. The hydrodynamic sizes (nm)
and zeta potential (mV) for both system of particles, IONPs_oleate and IONPs_penta for extended
periods of two months showed good stability.

The human biological systems have varying pH conditions starting from mildly alkaline to acidic
like in digestive systems (80). Hence, pH stability range was also studied (shown in Figure 3.5 —
a) and b)), as these particles will be later used for potential biomedical applications. At acidic
conditions (pH ~ 3), increase in size resulting from agglomeration of the particles were observed.
This is due to reducing electrostatic stability of the systems. During electrostatic stabilization of
IONPs with sodium citrate, the carboxylic acid groups of sodium citrate remain in dissociated state
forming carboxylate ions and Na* ions. The positive charge of Na™ ions of sodium citrate get
electrostatically balanced with negative OH"ions, thus forming an electrical double layer. Sodium
citrate has three ionizable carboxylic groups with pKa values (3.13, 4.76 and 6.4) at 25°C.(81) At
acidic conditions, when the pH of the environment is lower or close to the pKa values of carboxylic
groups of sodium citrate, dissociation of carboxylic groups into carboxylate ions and Na* ions
become hindered, which in turn disrupts formation of the electrostatic double layer and the stability
of the entire system showing agglomeration effects. The pH stability window for phase transferred
IONPs_oleate particles (3.5 — 7) was broader as compared to IONPs_penta particles (4 — 7). This
could also be linked to the fact that the hydrodynamic sizes of phase transferred IONPs_penta
particles (355 + 37 nm, -41 + 7 mV) were larger and zeta potentials were smaller as compared to
IONPs_oleate particles (236 + 32 nm, -50 + 2 mV). Henceforth, the phase transferred
IONPs_oleate particles were comparatively more stable which was also seen from larger pH

stability window.

4.2.3. Magnetic Properties of Phase Transferred IONPs

The saturation magnetization (Ms) of phase transferred IONPs_oleate particles (26.1 emu/g) was
significantly higher as compared to phase transferred IONPs_penta particles (0.6 emu/g) as shown
in Figure 3.6 — a) and b). The Ms of phase transferred IONPs_oleate and IONPs_penta particles
were significantly reduced as compared to its parent IONPs_oleate and IONPs_penta particles.
Saturation magnetization is a property that indicates the statistical average of magnetic moments in

the direction of the externally applied magnetic field. In case of phase transferred particles, sodium
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citrate was present with IONPs, but only IONPs have magnetic response and this property is
divided by the total mass of the system (i.e., IONPs + sodium citrate). Thus, it is expected that
surface modified IONPs present lower Ms. values in comparison with unmodified IONPs (82).

Optimization of heat production from phase transferred IONPs_oleate particles under different

magnetic field conditions is discussed next.

4.2.4. Heat production from Phase Transferred IONPs with Alternating Magnetic Field

The background heat contribution from MQ water (dispersion media) generated from eddy
currents needs to be accounted for while analyzing heat production from phase transferred particles
(discussed in detail in Chapter 2, Section 2.3, Subsection 2.3.10). The highest detectable
temperature increase for the particles was seen at AMF condition (587 kHz, 12 mT) with least
deviation from eddy currents. In Figure 3.7 —b) and c), the negative values of average temperatures
plotted vs time should be discussed. At AMF frequencies, 154 kHz, and 162 kHz, respectively no
production of heat from phase transferred particles were observed. Exposing the particles under
above-mentioned frequencies was similar to baseline run (with only MQ water). Thus, the negative
temperatures were due to experimental noise originating from temperature variations from eddy

currents (baseline).

SAR values are quantification of the amount of power dissipated from the phase transferred
particles in the form of heat energy (discussed in Chapter 1, Section 1.6). The temperature profiles
obtained were used to calculate specific absorption rates (SAR) (W/g) at different AMF conditions.
The highest SAR (1.7 £ 0.4 W/g) was seen at AMF condition (587 kHz, 12 mT). The heat energy
produced from magnetic nanoparticles is due to flipping of magnetic moments on exposure to
AMF. Two main mechanisms — Neels relaxation and Brownian relaxation determine the
production of heat from magnetic nanoparticles (discussed in detail in Chapter 1, Section 1.6). In
this study, it is difficult to determine the dominant mechanism determining heat production from
phase transferred particles without knowledge of actual sizes, distribution and interparticle
interaction of the system. At later stages of the work, the optimized AMF condition (587 kHz, 12
mT) was utilized for studying magnetically controlled drug release systems.
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Previous works have shown magnetite (FesO4) NPs synthesized by co-precipitation technique to
produce high SAR values (> 100 W/g) (83). The synthesis procedure for magnetite NPs is attached
in Appendix A. The temperature increase vs time and SARs for magnetite NPs were significantly
higher as compared to phase transferred IONPs_oleate particles as shown in Figure 3.8 — a) and
b), respectively. The increase in temperature after 10 mins for phase transferred IONPs_oleate was
~ 1.3 °C and for magnetite NPs was ~ 73.8 °C. It is difficult to control heat production from
magnetite NPs and therefore, it can lead to heat cytotoxicity effects affecting healthy tissues by
impairing DNA, RNA synthesis, repair, and overall cell respiration (84). On the other hand, the
heat energy produced from phase transferred IONPs are lower and controllable and below heat
cytotoxic threshold levels. Henceforth, the heat generation from phase transferred particles are in
line with the motivation of the work, which involves production of controlled heat to trigger release
of specific bioactive agents, reducing side effects to minimum.

The properties of bare NGs; which will be later utilized with the phase transferred particles to

synthesize hybrid NGs is discussed next section.

4.3. N-isopropyl Acrylamide-Acrylic Acid Nanogels
pNIPAm-aac (NGs) are thermal and pH responsive polymeric structures which will be later used
with phase transferred IONPs to synthesize hybrid NGs. In this section, the thermal and pH

properties of NGs will be discussed.

4.3.1. Thermo-responsive Properties

Seven batches of NGs with comparable sizes at 25 °C and 45 °C showed repeatability of the
synthesis process (69). NGs bond with water molecules through amide side chains. The
hydrophobic effect caused by the isopropyl groups become dominant above Volume Phase
Transition Temperature (VPTT) of the system, thus entropically favoring release of bound water
due to breakage of hydrogen bonds (discussed in Chapter 1, Section 1.8). Hence, polymer-polymer
interactions grow stronger than polymer-solvent interaction and the polymer attains a coiled
structure resulting in phase separation. The average VPTT of NGs was 35.9 + 0.3 °C calculated

from heating and cooling curves (shown in Figure 3.9 — b)).
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4.3.2. pH-responsive Properties

The combined effect of temperature and pH on NGs in terms of hydrodynamic sizes (hnm) is shown
in Figure 3.10. At more acidic pH (3.5), the hydrodynamic sizes were smaller and hence higher
collapses of NGs were seen. An explanation for the above stated observation is discussed. The
dissociation (pKa) value for acrylic acid is 4.2. At pH (3.5) which is below 4.2, acrylic acid does
not dissociate, and relatively the system collapses more. This occurs due to an overall reduction in
surface charge due to non-dissociation of acrylic acid. This in turn lowers the electrostatic
repulsion in between the polymeric chains allowing them to come closer thereby reducing the
overall matrix size of NGs (1, 69). Hence, incorporating pH sensitive properties in NGs can be

utilized for producing targeted drug delivery systems in the field of oncology (53).

The important trend to note is that at temperatures above VPTT of the NGs system (~ 36 °C), the
effect of pH on hydrodynamic diameter became less pronounced. For instance, at 25 °C, an
additional decrease in hydrodynamic diameter (~ 64 nm) was observed at more acidic pH (3.5) as
compared to pH (4.2). Whereas at 40 °C, a much smaller additional decrease in hydrodynamic
diameter (~ 6 nm) was noted at above-specified pH conditions. A possible explanation is discussed.
At a specific temperature, the NGs have a particular size to which it can collapse. For temperatures
(25 °C), which is below the VPTT of NGs systems, the hydrophobic effect from isopropyl groups
is negligible and hence the effect of acidic pH is dominant on the hydrodynamic sizes of NGs.
Whereas at temperatures (40 °C and 45 °C) above VPTT of NGs systems, hydrophobicity of NGs
has much more dominant effect on collapses in size as compared to acidic pH conditions.
Henceforth, a size difference of only 6 nm and 1 nm for acidic pH (3.5) at elevated temperatures

of 40 °C and 45 °C is seen, respectively.

4.4. Hybrid NGs: NGs with Phase Transferred IONPs

Hybrid NGs were synthesized using three different techniques with the idea of producing hybrid
systems with different physico-chemical properties which could open up new opportunities. In this
section, first hybrid NGs with phase transferred IONPs_oleate will be discussed, which will be
followed by hybrid NGs with penta particles.
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4.4.1. NGs with Phase Transferred IONPs_oleate Particles

The NGs with phase transferred IONPs_oleate particles synthesized using three different
techniques — 1) in-situ, 2) post, 3) addition is referred to as NGs_insitu, NGs_post and NGs_added
(as previously stated in Chapter 3, Section 3.4). The thermal, pH and magnetic properties is

discussed next.

4.4.1.1. Thermo-responsive Properties

The synthesis of hybrid NGs with in situ technique involved addition of the phase transferred
particles during start of the reaction (discussed in Chapter 2, Section 2.2, Subsection 2.2.9). All
hydrodynamic sizes (nm) of NGs_insitu systems synthesized with different amounts of phase
transferred particles (mg) was higher as compared to the average size obtained for bare NGs (250
+ 20 nm). The size of NGs_insitu system containing particles (4 mg) was 323 + 4 nm while that
of bare NGs was 250 £+ 20 nm. This suggests that within NGs_insitu system, there might be two
population of particles — 1) hybrid NGs particles (which contained phase transferred particles) and
2) bare NGs. But this difference in size between the two population of particles was not significant
as small amounts of phase transferred particles were used during in situ synthesis technique (shown
in Table — 3.4). This is to overcome the difficulty of sticking of phase transferred particles to
magnetic stirrer during the reaction. The highest amount of particles used was 4 mg. Above particle
amount (4 mg), considerable wastage of phase transferred particles occurred due to sticking with
magnetic stirrer which would have made it difficult to quantitatively understand the amount of
particles present in NGs_insitu systems at the end of reaction. An image of magnetic stirrer with

the sticking problem is shown in Figure 4.1, when 4.7 mg of particles were used in the process.

Figure 4.1 — Image of magnetic stirrer showing sticking problem, when phase transferred
particles (4.7 mg) was used during in situ reaction.
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Thus, within NGs_insitu systems the population of hybrid NGs particles (which contained phase
transferred particles) were considerably small as compared to population of bare NGs. Therefore,
the system seemed bare NGs dominated. The VPTT of NGs_insitu system (36.8 = 0.2 °C) was
higher by ~ 1 °C as compared to bare NGs (35.9 £ 0.3 °C). This small increase in VPTT for
NGs_insitu system can be attributed to relatively much smaller populations of hybrid NGs particles
(containing phase transferred particles). A possible hypothesis for increase in VPTT of NGs_insitu
system is that the phase transferred particles got incorporated inside polymeric NGs structures,
which allowed less space for the chains to collapse, in turn increasing the VPTT of the system
(85). The increase in VPTT of NGs_insitu systems can also be discussed based on hydrophilic-
lipophilic balance (HLB) of NGs polymeric network. An inherent property of the phase transferred
particles are its hydrophilicity. Therefore, overall hydrophilicity of hybrid NGs might increase
when particles are incorporated, increasing the solubility of the system and in turn pushing VPPT

to higher temperatures (51). A rough schematic of above stated hypothesis is shown in Figure 4.2.

Bare NGs Collapsed state
above VPTT

v

Less space to

® collapse
® ' > ‘ VPTT increase
Hybrid NGs with Collapsed state
incorporated particles above VPTT

inside core.

Figure 4.2 — Schematic showing the hypothesis if particles get incorporated inside the polymeric
NGs matrix.

Due to high water stability of phase transferred particles; another probable scenario needs to be
considered. The particles may be distributed both in the core and in the porous shell matrix forming

crosslinking structures with BIS which is used as crosslinker in the reaction (discussed in Chapter
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1, Section 1.8). This may give rise to two counter interactive effects - 1) incorporation of the
particles inside the polymer core, which might hinder the collapse of the hydrophobic hydrocarbon
chain of NGs at higher temperatures due to less space and hence increase in VPTT could be
expected, (discussed above), 2) particles present on the outer regions of porous gel matrix forming
crosslinking structures with (BIS), could also enhance the overall collapse capacity of the system
(51, 85). For instance, both the VPTT (36.8 £ 0.2 °C) and VCE (%) (97 %) of NGs_insitu system
(discussed above) was higher, as compared to bare NGs (shown in Figure 3.12 a) and Table — 3.6).
These values are in accordance with the above stated hypothesis, which might suggest that phase
transferred particles get distributed both in the core and porous shell matrix of bare NGs. A
schematic of above stated hypothesis is shown in Figure 4.3. But from only DLS data, it is not
possible to draw precise conclusion on particle distribution and interaction with polymeric chains

of NGs and understand its associated effects.

Bare NGs Collapsed state
above VPTT
At 45 °C
Less space to 4 Particles forming
O 0q 7 collapse cross-linkages VPTT and overall
4 Qv .
.8 . “’ collapse capacity
- At 45 °C v increase
Hybrid NGs with Collapsed state
particles distributed above VPTT

inside core and porous
shell matrix.

Figure 4.3 - Schematic showing the hypothesis, if particles get distributed both in core and
porous shell matrix of polymeric NGs.

The synthesis of hybrid NGs with post technigue involved reacting phase transferred IONPs with
freeze dried bare NGs (i.e., NGs synthesized, dialyzed, and dried) with stirring (discussed in
Chapter 2, Section 2.2, Subsection 2.2.9). The amount of phase transferred particles with bare
NGs, used in this case was also 4 mg, so that the system could be comparable to NGs_insitu.

Similar to NGs_insitu system, the NGs_post system could also be assumed dominated by bare

116 |Page



NGs as very less amount of phase transferred IONPs (4 mg) was used. During in situ technique,
there was probability that the particles get incorporated in the core of the NGs as discussed above.
Whereas in case of post technique, the probability of particles getting incorporated in the core of
NGs is much less as seen from previous works of Anthony et al. with bare NGs and gold
nanoparticles system (65). But the major challenge, is to understand whether the particles are
getting into the porous polymeric shell network forming cross-linkages with BIS or interacting
externally forming terminal bridging structures in between two bare NGs particles. A rough
schematic of two plausible interactions of bare NGs with phase transferred particles during post

synthesis technique is shown below in Figure 4.4.

Tl A

Bare NGs

e Phase transferred
particles

Figure 4.4 — Schematic showing two possible interaction of phase transferred particles with
bare NGs during post synthesis technique. a) Particles forming cross-linkages with porous shell
of bare NGs. b) particles forming external terminal bridges in between NGs.

In previous studies, possible argumentation of particles forming cross-linkages in porous shell
matrix of NGs was given for post systems containing NGs with gold nanoparticles (69). In that
system, the size of gold nanoparticles (hydrodynamic size ~ 50 nm) was suggested smaller as
compared to the pore size of bare NGs, hence scenario as shown in figure 4.4 — a) was more
probable. Previous studies by Raghunathan et al. have also reasoned similar scenario with NGs
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and gold nanoparticle systems, when the size obtained for gold NPs was 60 nm (86). But in our
system, the sizes of phase transferred IONPs are significantly larger (236 + 32 nm) and scenario
shown in Figure 4.4 — b) where the particles are forming external terminal bridges in between NGs
are more probable. The VPTT of NGs_post system (35.7 + 0.2 °C) was similar to bare NGs (35.9
+ 0.3 °C) which might again suggest above stated scenario, because if the particles formed cross-
linkages with BIS in porous shell of NGs (shown in Figure 4.4 —a)) a significant decrease in VPTT
of the system would have been expected (65, 86). If we assume that in our case the scenario shown
in Figure 4.4 — b) is dominant during post synthesis technique, then in theory NGs_post system
should have comparatively larger sizes than NGs_insitu system. But the hydrodynamic size of
NGs_post system was smaller by (47 nm) as compared to NGs_insitu system at 25 °C as shown
in Figure 3.11 —a). It is difficult to conclusively comment on this difference in sizes seen between
NGs_post and NGs_insitu systems as there are several contributing variables like particle number,

interaction of phase transferred particles with NGs and size deviation of bare NGs population.

The synthesis of hybrid NGs with addition technique involved addition of the phase transferred
particles (4 mg) into as-synthesized NGs and then the samples were dialyzed and freeze dried
(discussed in Chapter 2, Section 2.2, Subsection 2.2.9). The main idea of performing this
experiment was to study whether the phase transferred particles will interact with NGs without the
effect of stirring or elevated temperature. The main difference to be noted in this system as
compared to NGs_post, was that the particles without stirring or application of heat were added to
as-synthesized NGs before dialysis. Then the sample solution was dialyzed and freeze dried to
obtain NGs_added system in powder form. The purpose of dialysis for 24 hours was to remove
unwanted polymeric residues from the system which had not completed the polymerization
process to form 3-D polymeric NGs (discussed in Chapter 2, Section 2.2, Subsection 2.2.8).
Henceforth, there was possibility of interaction of the phase transferred particles with the
incompletely polymerized structures. The VPTT of NGs_added (37.6 £ 0.1 °C) was higher as
compared to bare NGs, NGs_insitu and NGs_post systems. This might suggest some interaction
of phase transferred particles with the unreacted residues, abruptly altering the VPTT of the entire
system.

Next, the magnetic and pH-responsive properties of NGs_insitu, NGs_post and NGs_added

systems will be discussed, which is important for synthesizing stimuli-responsive drug delivery
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systems.

4.4.1.2. pH-responsive and Magnetic Properties

The combined effect of temperature and pH on NGs_insitu and NGs_post systems in terms of
hydrodynamic sizes (nm) are shown in Figure 3.13 — a) and b) respectively. Both the systems
showed similar kind of pH response as compared to bare NGs (discussed in Section 4.3). At more
acidic pH (3.5), the hydrodynamic sizes were smaller and hence higher collapses of NGs_insitu
and NGs_post systems were seen. This can be again attributed to non-dissociation of acrylic acid
at pH values less than 4.2 which causes the polymeric chains to come closer due to reduced
electrostatic repulsion, showing more collapse (69). Henceforth, from the pH studies it was shown
that incorporating phase transferred IONPs (4 mg) with NGs using different techniques did not

have significant effect on the pH-responsivity of the system.

All the hybrid NGs retained superparamagnetism with zero hysteresis loss at room temperature as
shown in Figure 3.14 — a). This suggests no major agglomeration of phase transferred IONPs in
the hybrid NGs systems, as agglomeration can introduce magneto crystalline energy which could
disrupt superparamagnetic properties (87). The Ms value seen for NGs_post (0.06 emu/g) was
highest as compared to NGs_insitu (0.03 emu/g) and NGs_added (0.01 emu/g) systems when
exposed to an external magnetic field of 1 T. It is difficult to comment on small differences in Ms
values seen between three systems which might be attributed to different distributions of phase
transferred IONPs within and outside polymeric NGs population. Another important point was
that the measurements were also performed only once. In all the three systems, the magnetization
values were significantly reduced as compared to values obtained for phase transferred IONPs.
This was due to small amount of particles (4 mg) present in ~ (160 — 170 mg) of NGs (shown in
Table 3.4). In case of hybrid NGs, the amount of NGs present with phase transferred IONPs was

~ 40 — 42.5 times more.
The saturation magnetizations increased with increase in mass of phase transferred particles

(shown in Figure 3.14 — b)). This showed that Ms values of hybrid NGs can be tuned while

retaining superparamagnetic properties.
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All the three hybrid systems, NGs_insitu, NGs_post and NGs_added were dominated by bare NGs
population. Henceforth, the magnetic part, which might contain phase transferred particles
interacted with bare NGs was separated using a neodymium magnet and its thermo-responsive

properties is discussed next.

4.4.1.3. Magnetically Separated Hybrid NGs

Magnetic separation of hybrid NGs were performed to study interacted phase transferred IONPs
particles with bare NGs. Increase in hydrodynamic sizes (shown in Figure 3.15) were seen for the
magnetically separated systems as compared to parent hybrid NGs which largely contained bare
NGs. This may be attributed to two possible reasons. Firstly, magnetically separated particles were
considerably larger as compared to bare NGs due to presence of NGs with interacted phase
transferred particles. Secondly, there might be aggregation during the magnetic separation process.
All the magnetically separated systems showed collapse at 45 °C, which confirmed that there was
interaction of phase transferred particles with bare NGs for all the three different synthesis
techniques implemented. If there was no interaction between the phase transferred IONPs and bare
NGs, then no collapse in size would have been observed for the magnetically separated particles,
as the phase transferred particles do not show significant decrease in size with increasing
temperature (shown in in Section 3.2, Figure 3.4 — a)). The maximum collapse of bare NGs was
seen up to temperature 45 °C while the magnetically separated systems showed collapse up to
temperature 60 °C. This might suggest that with magnetic separation process, the properties of the
magnetic part start to show significance which was otherwise overshadowed with relatively high
population of bare NGs. There might be little to no presence of bare NGs in the magnetically
separated systems. From previous studies, it has been seen that magnetic separation and cleaning
processes are effective in removing non-magnetic part (bare NGs) (88). It is difficult to exactly
comment on collapses seen up to 60 °C for magnetically separated systems. One possible reason
might involve larger sizes of magnetically separated particles requiring higher temperatures to
reach maximum collapse. The sizes of NGs_post particles (1081 + 6 nm) were larger as compared
to NGs_insitu particles (916 + 101 nm). This could be due to possible hypothesis of phase
transferred particles forming external terminal bridging structures connecting bare NGs (shown in
Figure 4.4 —Db)).
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The NGs_added magnetically separated particles also showed collapse at 45 °C and 60 °C,
respectively. This showed that the phase transferred particles interacted with bare NGs during
addition technique, which was implemented without stirring and heating. For NGs_added
magnetically separated system, a significantly smaller collapse in size (119 nm) was observed
between temperature points (45 °C and 60 °C) as compared with NGs_insitu (365 nm) and
NGs_post magnetically separated (366 nm) systems as shown in Figure 3.15. It is difficult to
conclusively comment on the above stated observation, but a possible hypothesis can be drawn. In
addition technique, the phase transferred IONPs are added in the as-synthesized NGs without
stirring or application of heat and then the entire system is dialyzed and freeze dried. Collapses of
NGs_added magnetically separated systems at elevated temperatures showed interaction between
phase transferred particles and bare NGs in the added procedure. An important point to note, is
that the phase transferred particles were added before the dialysis step. Thus, there was probability
of interaction between the phase transferred particles and residual polymeric structures which then
could not be removed by dialysis. Therefore, the magnetically separated system could get divided
in two populations — 1) residual polymeric structures with phase transferred particles 2) NGs with
phase transferred particles. The population of NGs with particles could be assumed similar to post
system, where external interaction of phase transferred IONPs with NGs forming bridges is more
probable (shown in Figure 4.4 —b)). The collapse of residual polymeric structures interacted with
phase transferred particles is probably less as compared to NGs with particles. This in turn could
bring down the overall collapse of the system. This hypothesis shows accordance with relatively
small collapses in size between 45 °C and 60 °C for NGs_added as compared to NGs_insitu and
NGs_post magnetically separated systems. A rough schematic of the above discussed hypothesis
showing difference in NGs_added and NGs_post magnetically separated systems is shown in
Figure 4.5 — a) and b), respectively.

After the magnetic separation process, the obtained masses of magnetically separated systems were
significantly lower than 3.3 mg. 3.3 mg was the mass of nanogel samples used to load cytochrome
C (discussed in Chapter 2, Subsection 2.2.10, Figure 2.11). Thus, these systems were not used for
drug delivery devices in this study. Bare NGs, NGs_insitu, NGs_post and NGs_added systems
were used for loading of cytochrome C and the effect on release mechanisms of cyt C based on

their subtle differences in physico-chemical properties is studied and discussed in Section 4.5.
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Figure 4.5 — a) and b) Rough schematic hypothesizing NGs_added and NGs_post magnetically

separated systems, respectively.

4.4.2. NGs with Phase Transferred IONPs_penta Particles

The bare NGs with phase transferred IONPs_penta particles were also synthesized using in situ

and post techniques. The thermal and magnetic properties of these systems are discussed next.
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4.4.2.1. Thermal and Magnetic Properties

The synthesis of hybrid NGs with in situ technique involved addition of the phase transferred
IONPs_penta particles during start of the reaction. The hydrodynamic sizes (nm) of NGs_insitu
systems synthesized with different amounts of phase transferred particles (mg) was comparatively
higher as compared to average size obtained for bare NGs (shown in Figure 3.16 —a)). The highest
mass of phase transferred IONPs_penta particles used during in-situ technique was 4 mg. The same
mass of phase transferred IONPs_oleate particles were also used to synthesize NGs_insitu systems,

so that both the systems were comparable.

All the NGs_insitu systems, synthesized with different masses of IONPs_penta particles showed
increase in size as compared to bare NGs (shown in Figure 3.16 — a)). The obtained hydrodynamic
size (nm) of NGs_insitu system (308 £ 8 nm) with particle (4 mg) was in close range with size
seen for NGs_insitu system with phase transferred IONPs_oleate particles (323 + 4). The
normalized volumetric collapses as function of temperature (25 — 60 °C) shown in Figure 3.16 —
b) was similar to bare NGs and other hybrid NGs systems containing IONPs_oleate particles. This
was again due to small amount of phase transferred particles used in the process and the system
remains dominated with bare NGs population. The VPPT calculated for NGs_insitu system (36.8
+ 0.1 °C) (shown in Table 3.9) was higher by ~ 1 °C as compared to bare NGs (35.9 £ 0.3 °C).
The VPTT obtained for this system was similar to NGs_insitu systems with phase transferred
IONPs_oleate particles. The VCE (%) (97 %) at 45 °C for this system (shown in Figure 3.16 — d))
was also similar to NGs_insitu systems with phase transferred IONPs_oleate particles. From above
discussed thermal data, it can be assumed that both NGs_insitu systems containing phase
transferred IONPs_oleate and IONPs_penta particles, respectively showed similar thermo-
responsive properties. This might be attributed to the fact that both IONPs_oleate and
IONPs_penta particles had same phase transferring agent (sodium citrate) on their surface, leading
to similar kind of chemical interactions with bare NGs. Henceforth, hypothesis shown in Figure
4.2 and 4.3 could also be used for possible explanation of increased VPTT and VCE (%) at 45 °C
of NGs_insitu system as compared to bare NGs.

The average hydrodynamic size of phase transferred IONPs_penta particles (355 £ 37 nm) were

larger as compared to IONPs_oleate particles (236 = 32 nm). Thus, it could be assumed that in
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NGs_insitu system with phase transferred IONPs_penta particles, hypothesis (shown in Figure 4.4
— b)) is even more likely to happen as compared to NGs with phase transferred IONPs_oleate
particles. So, there is higher probability of phase transferred IONPs_penta particles forming
external bridging structures with NGs. Based on the above-mentioned statement, in theory
NGs_post system should have comparatively larger sizes than NGs_insitu system. But the
hydrodynamic size of NGs_post system was smaller by (58 nm) as compared to NGs_insitu system
at 25 °C as shown in Figure 3.16 — c). It is again difficult to comment conclusively and could
possibly be connected to (discussion in 4.4.1.1, Paragraph 5), where several variables like total
particle number in the system, interaction of phase transferred particles with NGs and size
deviation of bare NGs population may be contributing to difference in sizes between NGs_insitu
and NGs-post systems.

The NGs_insitu system retained superparamagnetism with zero hysteresis loss at room
temperature as shown in Figure 3.17. The Ms value seen for NGs_insitu system (0.0013 emu/g)
with phase transferred IONPs_penta particles was ~ 23 times less as compared to values obtained
with phase transferred IONPs_oleate particles (0.03 emu/g). This might be attributed to the fact
that Ms value for phase transferred IONPs_oleate particles (26.1 emu/g) was also higher as

compared to IONPs_penta particles (0.6 emu/g) (shown in Chapter 3, Figure 3.2 - ¢)).

Due to significantly better magnetic properties of hybrid NGs with phase transferred IONPs_oleate
particles, these systems were chosen over IONPs_penta systems for synthesizing magnetically
controlled drug delivery systems which is discussed in upcoming two Sections 4.5 and 4.6,

respectively.

4.5. Release Study of Cytochrome C

Hybrid NGs with phase transferred IONPs_oleate particles were used to load a model protein
cytochrome C (cyt C) and the release studies were performed to understand how physico-chemical
of hybrid NGs influence the release mechanisms. The release studies were performed at different
conditions of elevated temperatures and acidic pH for period of 20 hours. This section is divided
in two subsections. Firstly, loading and encapsulation efficiencies (L.E and E.E) of different hybrid

NGs will be discussed. Later, the release profiles of the hybrid NGs will be compared with standard
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drug delivery models and its kinetics will be studied.

4.5.1. Loading and Encapsulation Efficiencies

Loading efficiency (L.E) is defined as mass (%) of drug loaded in a system whereas encapsulation
efficiency (E.E) is defined as mass of drug loaded per unit weight of system (69). The loading
efficiencies were calculated using absorbance peaks of cyt C in wavelength range (409 — 411 nm)
obtained using UV-Vis spectroscopy and cyt C calibration curve (plotted absorbance values as
function of concentration (mg/mL)). The calibration curve of cyt C, formulae and method used for
calculating L.E and E.E is attached in Appendix C. Cytochrome C was loaded in bare and hybrid
NGs via breathing in mechanism; in which the uptake of the drug happens due to swelling of NGs
in aqueous media when the temperature is below the VPTT of the system. The highest L.E values
were calculated for bare NGs systems (85 + 12 %) (shown in Table 3.10). This might be due to
absence of phase transferred IONPs in bare NGs system. Thus, at room temperatures swelled up,
water dispersed NGs were able to uptake larger amounts of cyt C as compared to NGs_insitu
systems. The L.E and E.E values shown for bare NGs system were in close range with previous
studies performed by Sharma et al. (69). The NGs_insitu system, showed comparatively lower L.E
(70 £ 10 %), as compared to bare NGs. One possible reason is due to presence of phase transferred
IONPs inside the core of system, thereby leaving less space for uptake of cyt C. This view is in
accordance with previous study performed with gold nanoparticles coated with NGs systems (69).
The L.E seen for NGs_post system (91 %), was higher as compared to NGs_insitu and NGs_added
systems. A possible explanation could be connected to hypothesis (shown in 4.4.1.1, Figure 4.4 —
b)). In NGs_post system, there is likelihood of phase transferred IONPs interacting externally with
bare NGs. Hence, spaces might be available inside core and porous shell matrix of bare NGs for
cyt C to get loaded, which gives high L.E as compared to NGs_insitu systems. The L.E of
NGs_added system (68.1 %) was lowest among all the systems. A possible reason is discussed.
The added phase transferred IONPs might interact with prematurely formed polymeric structures
which then could not be removed by dialysis as hypothesized in (4.4.1.3, Figure 4.5 — a)). It can
be assumed that the loading efficiency of cyt C with premature polymeric structures is lower in
comparison to bare NGs and hybrid NGs particles, due to availability of less space. As, these
structures form a part of the loaded sample, it could in turn lower the overall L.E of the system.
But it is important to note that loading experiment of cyt C with NGs_post and NGs_added systems
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were performed only once which poses question on repeatability of the L.E values.

4.5.2. Release Kinetics of Cytochrome C

A common mechanism of drug release from porous and polymeric gel structures is based on
diffusion where concentration gradient plays most important role in transport phenomenon. Other
mechanisms involve release of drug due to swelling and collapse of gel structures based on external
stimuli conditions, via chemical reactions inside carrier structures or due to slow degradation of
the system (89). In some systems, two or more mechanisms happen (69). Hence, different
mathematical models are used to understand the release mechanisms (discussed in Chapter 1,
Section 1.10).

In this study, the release of cyt C was performed from bare NGs and hybrid NGs systems at
condition of 40 °C and pH (3.5) (shown in Figure 3.21), to understand influence of their physico-
chemical properties on release kinetics. The release as function of time from NGs samples was
monitored from the progressive decrease of cyt C absorbance peak measured using UV-Vis. A
sample calculation of release (%) from changes in absorbance peak is attached in Appendix D.
Presence of different release modes within the same release profile were inferred for all the
systems. For instance, bare NGs, NGs_insitu and NGs_post system showed rapid release of cyt C
for time scales up to 2, 3 and 1.5 hours respectively, after which the release profile decreased
progressively. The differences in release modes for all these systems were not visually
understandable and preliminary trial and error fittings were performed to make approximate
division of its release profiles. Hence for bare NGs and all the three hybrid NGs, the entire release
profiles were divided in two parts. All the parts were fitted with four most common mathematical
models — 1) Zero-order, 2) First order, 3) Higuchi and 4) Korsmeyer-Peppas (power law). The
efficient fits for each part are shown and discussed while the rest are attached in Appendix E. The
four different systems are discussed in order — Bare NGs, NGs_insitu, NGs_post and NGs_added,

respectively.
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Figure 4.6 — Fitted models for bare NGs. a) Part-1 fitted with zero order model, b) Part-11 fitted
with first order model.

The bare NGs system with which release study was performed had a L.E of 87.4 %. The release
study from bare NGs system was performed for ~ 11 hours. The entire release profile obtained was
divided into two parts and analyzed. Part-I consisted up to ~ 2 hours and consequently, the rest ~
9 hours was Part-11. The best fit for part-1 was seen with zero order model (shown in Figure 4.6 —
a) and the release constant (K) value (0.15 hour ") was obtained (shown in Table 4.1). The release
in part-1 shows good accordance with zero order Kinetics, where the release is independent of
concentration of cytochrome C present inside the polymeric systems. This is also in line with
previous studies performed with bare NGs systems, where the initial release was dominant by
stimuli-responsive collapse of polymeric chains of NGs following concentration independent zero
order Kinetics (65).

With progression of release, the amount of drug in the system decreases, and the release profiles
starts showing dependance on drug concentration present inside the polymeric systems at specific
instances in time. Hence with ongoing release, the drug amount would decrease which would in
turn decrease the release rates. This was observed from K values obtained for part-11 (0.03 hour -
1 fitted from first order model, which was significantly smaller (5 times) as compared to Part-I
(shown in table 4.1). In part-11, the best fit was seen with first order model shown in Figure 4.6 -

b). This suggests that the dominant release mechanism was non-Fickian accelerated diffusion
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(concentration dependent) release. It is important to note that though best fitted models have been
shown for part-1 and part I, both zero and first order models show good fitting in both the parts
and it is mathematically difficult to find a distinctive boundary between the two mechanisms based

on time scale.
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Figure 4.7 — Fitted models for NGs_insitu system. a) and b) Part-I fitted with power model and
first order model, c) and d) Part-11 fitted with Higuchi and power law models, respectively.

Part-1 for NGs_insitu system was taken from 0 to ~ 3.2 hours. The power and first order models
fit best as seen from R? values in Figure 4.7 — a) and b). The L.E of NGs_insitu system (~ 80 %)
was relatively lower as compared to bare NGs system used. Therefore, the transition of dominant

release mechanism from zero order (concentration independent) to anomalous transport
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(concentration dependent) was relatively faster as compared to above discussed bare NGs due to
less amount of drug present in the system at the start of release. This fine transition between
different mechanisms could not be detected within Part-1 and overall, Part-1 showed dominated
anomalous transport mechanism. The release exponent (n) value (0.76) obtained from power law
model also showed dominant anomalous transport in part-1 as shown in Table 4.2. The K value
fitted from first order model was 0.08 hour for Part-1 as shown in Table 4.1. The K value obtained
in Part-1 for bare NGs system is compared with K value for NGs_insitu system in Part-1. Both the
parts had close time scales (~ 2.5 hours) for comparison. The K value for NGs_insitu system was
lower by a factor of 2 as compared to bare NGs. This shows lower release rates of cytochrome C
from NGs_insitu system in the above stated time scale. This might be due to higher VPPT of
NGs_insitu systems (36.8 + 0.2 °C) as compared to bare NGs (35.9 + 0.3 °C), in turn having
comparatively slower collapse of its polymeric chains (discussed in detail in Section 4.4,
Subsection 4.4.1). But another variable which needs to be considered is L.E, which was different
in both systems. Difference in L.E can effect the release mechanism (like transition from zero to
first order releases), within a specified time scale which can also cause variation in release rates.
The effect of different L.E on initial release rates of NGs_insitu system is attached in Appendix F.
Henceforth, further experimentations with similar L.E between the two systems is required, to
confirm lower release rates from NGs_insitu system, showing formation of slow or sustained drug

delivery systems.

In Part-11, which was taken from (~ 3.2 — 22 hours), power model was best fitted as seen from R?
values (shown in Figure 4.7 - d)). The n value obtained from power law (0.34), does not fall under
ranges shown in Table 4.2. Previous studies have shown that n values obtained from power law
can go below 0.40 for systems containing porous hydrophilic polymeric matrix, due to
polydispersity of its pores (90). But still Higuchi diffusion can be considered as dominant
mechanism with n values below 0.40. Higuchi or Fickian diffusion is a slower diffusion process
as compared to anomalous transport and for swelling and collapsing polymeric structures, it is
generally observed at later stages of the release when the drug concentration in the system becomes
low. The difference in Higuchi diffusion as compared to anomalous transport, is that the diffusion
process is independent of change in polymeric structure (discussed in detail in Chapter 1,

Subsection 1.9.1). Henceforth, in Part-Il, extended Higuchi release was dominant as the drug
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concentration reduced with release progression. The Higuchi dissolution coefficient ky was 0.04,

which was obtained from fitted Higuchi model (shown in Table 4.1).

The NGs_post system was also divided in two parts. Part-1 extended from (0 — 1.5 hours) while
Part-11 was taken over larger extension of time (~ 1.5 — 24 hours). The L.E of NGs_post sample
used was 91 %. Part-I fitted well with both zero and first order models as seen from R? values
(shown in Figure 4.8 —a) and b)) respectively. Again, in this regime, both zero order and first order
mechanisms might be happening. The K value obtained in this part (0.28 hour ) was fitted from

first order model (shown in Table — 4.1).

In Part-11, best fit was seen with Higuchi and power models. Extended Part-Il also showed
dominant Higuchi diffusion as compared to Part-1l1 of NGs_insitu systems due to low amounts of
cytochrome C present in the system after long periods of release. Thus, the release becomes
independent of the collapse of its polymeric chains. The n value fitted from power model was 0.23,
which was again outside the range of n values shown in Table 4.2. This could be attributed to the
same fact stated for Part-11 regime of NGs_insitu system. The Higuchi dissolution constant ky in
this case was 0.06 (shown in Table 4.1). The ky value (0.06) was comparable to the value (0.04)
obtained in Part-11 Higuchi dominated region for NGs_insitu system. This shows that at longer
time scales and at low concentrations of drug, slow Fickian diffusion is dominant which becomes
independent of the collapse of the system. This type of release profiles could be interesting in
biomedical fields where prolonged treatments over weeks, days or years are necessary, for e. g.

treating of immunological disorders and psychiatric diseases (91).

An overall interesting point to note is the half-life (ty2) of cytochrome C release for NGs_post
system. Half-life is defined at the time point where 50 % of the drug gets released from the system.
The t12 of NGs_post system (9.2 hours) was comparable with ti» of bare NGs (9.8 hours) (shown
in Figure 3.18). This might hint close thermo-responsive properties between bare NGs and
NGs_post systems which can be further hinted from very similar VPTT values of 35.9 + 0.3 °C
and 35.7 £ 0.2 °C. This difference in ty2 of 0.6 hours can be attributed to difference in L.E of 3.4

% between the systems.
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Figure 4.8 — Fitted models for NGs_post system. a) and b) Part-1 fitted with zero order model
and first order model. c) and d) Part-11 fitted with Higuchi and power law models, respectively.

NGs_added system was also divided in two parts for better analysis. Part-1 extended for period (0
— 1.6 hours), Part-Il (~ 1.6 — 21 hours). For NGs_added system, Part-I is discussed in order to
understand any difference in initial release mechanisms with respect to bare NGs, NGs_insitu and
NGs_post systems. Part-11 did not form efficient fit with any of the four mathematical models and
is attached in Appendix E. Part-1 showed best fitting with Higuchi and power law models as seen
from R? values (shown in Figure 4.9 — a) and b)). Part-1 of NGs_added system predicted different

release mechanism as compared to Part-1 of bare NGs and other hybrid NGs systems. The n value
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obtained from slope of power law model was 0.45 (shown in Figure 4.9 — b) and Table 4.1). This
predicts that the initial dominant release was due to Higuchi diffusion. It is difficult to conclude
why slow Higuchi diffusion was seen at start of the release which generally becomes dominant at
later stages due to decrease in amount of loaded drug with progression in time. A plausible
explanation is given below. NGs_added system was different as compared to other three above
discussed systems in terms of phase transferred IONPs addition step and cleaning processes
employed. In NGs_added system, the phase transferred IONPs were added before dialysis which
might show interaction with prematurely formed polymeric structures as hypothesized (in Section
4.4, Figure 4.5 — a)). These interacted polymeric structures do not get removed via dialysis step
and forms part of the system. Thus, possibly a hindrance effect is created by these structures which
effects the mobility of cyt C released from hybrid NGs particles to reach the walls of the dialysis

membrane, before diffusing out into the sink.

In this section, release of cyt C at 40 °C and 3.5 pH was studied from bare and hybrid NGs. The
effect of small differences in physico-chemical properties between bare NGs and hybrid NGs
systems on loading and release of cyt C was discussed. In the next section, release of cyt C from
bare and hybrid NGs on exposure to external alternating magnetic field (AMF) conditions was

studied using Magnetherm setup.
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Figure 4.9 — Fitted models for NGs_added system. a) and b) Part-1 fitted with Higuchi and power
law models, respectively.
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Table 4.1 — Showing rate constant K (hour ") of each part for bare NGs, NGs_insitu, NGs_post
and NGs_added systems, respectively with corresponding dominant release mechanisms for each

part.
Samples Parts Release constant K Dominant
(hour ) Mechanism
Bare NGs Part-1 0.15 Zero order
Part-1I 0.03 First order
NGs_insitu Part-I 0.08 First order
Part-11 0.04 Higuchi
NGs_post Part-I 0.28 First order
Part-11 0.06 Higuchi
NGs_added Part-1 0.13 Higuchi
Part-1I 0.02 Zero/First order
Part-111 0.002 Zero/First order

Table 4.2 - Showing different release mechanisms based on different values of release exponent
(n) in power law model (60).2

Release mechanism model Release exponent
(n)
Fickian diffusion 0.43-0.5
Anomalous transport 0.50<n>1,0
Case | transport 0.85-1.0
Super Case Il transport 085-1

2 This table have been reused again
from Chapter 1, Section 1.9,
Subsection 1.9.1 for easier and faster
comparison with obtained release
exponents (n) from power model.
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4.6. Release Study of Cytochrome C: with Alternating Magnetic Field (AMF)

The release study of cyt C from bare and hybrid NGs was performed on exposure to AMF and the
release conditions were tracked real-time. This section is divided in two subsections. In the first
subsection, optimization of dynamic release conditions was discussed. Later, the release profiles

performed for 10 hours with and without AMF is discussed.

4.6.1. Dynamic Release Conditions

Studies were performed with Magnetherm setup to understand the effect of alternating magnetic
field (AMF) on release of cyt C from hybrid NGs. Release was also done without AMF which
served as control of the study. The main aim was to maintain a condition of 37 °C with and without
AMF for the release study thus trying to emulate human biological conditions. But in experimental
scenario, it was not possible to expose the samples at constant temperature of 37 °C, the reason for
which is discussed below. Readings for studying the release of cytochrome C using UV-vis were
taken each hour. While performing UV-vis, the samples cooled down to room temperature. When
samples were again placed in the magnetherm setup for the next hour of release, a certain lapse of
time was required for the samples to reach 37 °C. Thus, samples were not exposed to constant
condition of 37 °C for the entire duration of 1 hour. This was due to small size of in-built sink of
magnetherm; providing smaller area of contact with the samples causing slow heat transfer
(discussed in Chapter 2, Section 2.3, Subsection 2.3.10). Therefore, real time temperature profiles
were recorded for each hour and the release was performed at dynamic condition (TP_WMF)
(shown in Figure 3.19 — a).

Another challenge was faced when exposed to AMF. There was unwanted heat production from
eddy currents in sink water. In this case, the heat from eddy currents was utilized to increase the
temperature of the sink. Henceforth, the real time temperature of the system was again monitored.
The temperature profile with AMF (TP_MF) is shown in Figure 3.19 — b).

Therefore, heat originating from two different heat sources — a) conventional heating from water
bath and b) heating from eddy currents were optimized with each other so that the generated
heating profiles will be close to each other. Thus, TP_MF provided similar heating conditions to
TP_WMF, but with addition of alternating magnetic field (AMF). Figure 4.10 represents a
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schematic of the exposed dynamic conditions — TP_WMF and TP_MF at which release study of
cyt C was performed.

Temperature profile without magnetic field (TP_WMF)

Final exposed condition
Temperature profile

Sample
Conventional Heating g
g
Sink E.
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Figure 4.10 — Schematic showing the dynamic temperature conditions — TP_WMF, TP_MF at
which release of cyt C was performed.

4.6.2. Release of Cytochrome C: With Alternating Magnetic Field

The main idea for performing release of cyt C with AMF, was to detect any triggered release due
to heat production from the magnetic part (phase transferred IONPs particles) present with hybrid
NGs. Release study of NGs_insitu system was performed at both conditions — TP_MF and
TP_WMF for 10 cycles (shown in Figure 3.20 — a)). TP_WMF functioned as control condition in
the study. For TP_MF, the magnetic field parameters were set to 587 kHz, 12 mT which was
optimized for production of maximum heat from IONPs_oleate particles (discussed in Section 4.2,
Subsection 4.2.4). The same field conditions were used with NGs_insitu system mainly due to two
reasons. Firstly, the NGs_insitu system showed no major change in magnetic properties as
compared to IONPs_oleate particles (discussed in Section 4.4, Subsection 4.4.1). Secondly, the
fibre optic temperature probe of magnetherm setup (shown in Chapter 2, Section 2.3, Figure 2.18

— a)) was not able to detect any increase in temperature of NGs_insitu system (attached in
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Appendix G). Thus, it was not possible to perform SAR optimization of NGs_insitu system, and
release study were carried out at the best field conditions obtained for phase transferred
IONPs_oleate particles. The diameter of magnetherm temperature probe was 120 um. Any heat
production below space regime (120 um) would not be detected by the temperature probe. This
non-measurable heat will be referred to as local heat and the measurable heat will be referred to as
global heat for the entire study. Due to small amount of magnetic content, no global heat
production from NGs_insitu system was observed, which was also previously shown by Riedinger
et al. with polyethylene glycol (PEG) coated IONPs systems (4). Henceforth, any local heat
production from NGs_insitu system could only be detected via a thermal nano sensor (in our case

NGs) releasing some bioactive agent as function of heat (in our case cyt C).

NGs_insitu, bare NGs and Loaded NGs_added samples had similar L.E (77 £ 1 %). The release
profiles were fitted with mathematical models — 1) zero order, 2) first order, 3) Higuchi 4) power
law for 4 hours to compare the initial release rates and dominant release mechanisms involved.

The best fit models are discussed while the rest are attached in Appendix H.

NGs_insitu system showed lower cyt C release (%) under condition TP_MF (~ 16 %) as compared
to condition TP_WMF (control condition) (21 %) at the end of 4 hours (shown in Figure 3.20 -
a)). Zero order model fitted best for NGs_insitu system under both release conditions (shown in
Figure 4.11 — a) and b)). The K value obtained for NGs_insitu system was higher under condition
TP_WMF (0.06 hour™) as compared to condition TP_MF (0.04 hour™) (shown in Table 4.3). This
is attributed to the fact that the fitted average temperature values for condition TP_MF was
comparatively lower to condition TP_WMF (shown in Figure 3.19 — c)), in turn higher release and
K values of cyt C from NGs_insitu systems was seen under condition TP_WMF. Effect of 5 °C
increase in temperature on release profiles of cyt C is attached in Appendix I. This might suggest,
local heat produced on exposure to AMF did not show detectable change in release profile of cyt
C. The release signal due to local heat from NGs_insitu system got lost in the signal which
originated from temperature variation seen between TP_WMF and TP_MF release conditions.
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Figure 4.11 — a) and b) Fitted zero order models for NGs_insitu system under conditions
TP_WMF and TP_MF, respectively.

Another attempt was made to detect any change in cyt C release profile from NGs_insitu system
due to production of local heat. Thus, cyt C release profiles from bare NGs (control sample) and
NGs_insitu system were compared under same condition — TP_MF (shown in Figure 3.20 — b)).
Bare NGs and NGs_insitu systems showed best fit with zero order model (shown in Figure 4.12 —
a) and b)). The K value for bare NGs (0.08 hour*) was 2 times more than NGs_insitu system (0.04
hour?) (shown in Table 4.3). This again makes it difficult to analyze the effect of local heat
production on release of cyt C from NGs_insitu system as it gets masked due to significantly higher
releases from bare NGs which was considered as control sample in this study. An important point
was that the L.E for both bare NGs and NGs_insitu systems was similar in this study (77 = 1 %)
and due to lower release rates of cyt C from NGs_insitu system, the previous discussion (Section
4.5, Subsection 4.5.2, Paragraph 5) of NGs_insitu systems forming slower or sustained drug

delivery systems as compared to bare NGs is strengthened.

Lastly, phase transferred IONPs_oleate particles (10 mg) was simply added in bare NGs system,
loaded with cytochrome C and the release was performed under condition TP_MF (shown in
Figure 3.20 — b)). This was performed to analyze any measurable change in cyt C profile due to

production of global heat in the system. In contrary, the release rates of cyt C from Loaded
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NGs_added system (0.03 hour?), fitted best with zero order model was significantly lower as
compared to bare NGs and NGs_insitu systems (shown in Figure 4.12 - b)). This might be due to
hindrance effect caused by added phase transferred particles in the system effecting the mobility
of released cytochrome to reach the walls of the dialysis membrane, before diffusing out into the
sink, which was also seen in NGs_added system as previously discussed (Section 4.5, Subsection
4.5.2, Paragraph 10). Henceforth, the effect of local heat production on release of cyt C from
Loaded NGs_added system becomes non-commentable due to hindrance effect caused by added

phase transferred IONPs.
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Figure 4.12 — a) and b) Fitted zero order model for bare NGs and Loaded NGs_added systems
under condition TP_MF.
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Table 4.3 - Showing rate constant K (hour ) for NGs_insitu, bare NGs and Loaded NGs_added
systems under release conditions — TP_MF and TP_WMF, respectively with corresponding
dominant release mechanisms.

Samples Release condition Release constant (K) | Dominant Mechanism
(hour 1)
NGs_insitu TP_MF 0.04 Zero order
TP_WMF 0.06 Zero order
Bare NGs TP_MF 0.08 Zero order
Loaded NGs_added TP_MF 0.03 Zero order

In this section, release study of cyt C was performed from NGs_insitu, bare NGs and Loaded
NGs_added systems on exposure to AMF. Two different controls were used to understand effect
of local heat production on release of cyt C from hybrid NGs. Firstly, release studies were
performed from NGs_insitu system under two different conditions — TP_WMF (control condition)
and TP_MF. Secondly, release profiles of bare NGs (control sample) and NGs_insitu systems were
obtained on AMF exposure. In both cases, production of local heat was not detectable due to
comparatively higher contributing effects of control on release profiles of cyt C. Lastly, cyt C
release profiles for Loaded NGs_added system was obtained to analyze effect of global heat on
release. Due to presence of phase transferred IONPs in Loaded NGs_added system, hindrance
effect on mobility of cyt C was observed which made effects of global heat on cyt release also

non-detectable.
Therefore, considering natural eddy currents originating in water on exposure to AMF, finer

optimization of release conditions and innovative ways to increase magnetic content in hybrid NGs

systems are required to detect and further optimize magnetically triggered releases.
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Chapter 5: Conclusion

Iron oxide nanoparticles (IONPs), due to their size controllable synthesis techniques,
superparamagnetism and tunable biocompatibility, have shown wide potential in biomedicine that
involve, both imaging and therapeutic applications. Engineered IONPs, with organic and inorganic
materials can have multi-functional properties like pH, light, thermal and magnetic sensitivity
which can be utilized for in-vivo bioimaging, bio-separation of proteins, lipids, DNA and RNA,

and target specific drug delivery systems.

In this study, synthesis of monodisperse IONPs in organic solvents were done using two different
iron precursors — iron oleate (IONPs_oleate) and iron pentacarbonyl (IONPs_penta). The
synthesized IONPs showed reproducible and repeatable sizes of 16 £ 2 nm and 8 £ 1 nm for
IONPs_oleate and IONPs_penta, respectively, with low polydispersity index (PDI) for both (~0.1).
The crystallographic properties of two system of particles were studied using XRD. Both the
system of particles showed presence of magnetite crystallographic phases, but due to enhanced
peak broadening effect contributed from small size of IONPs, it was not possible to quantify
composition of phases and there might have been presence of other iron oxide phases.
IONPs_penta particles were amorphous in nature, whereas the IONPs_oleate particles were
relatively crystalline. The saturation magnetization (Ms) value of IONPs_oleate particles (74.3
emu/g) was significantly higher as compared to IONPs_penta particles (21.9 emu/g), but both the
systems showed superparamagnetic at room temperature. The difference in Ms of the two systems
showed the concept of nanoscale Kirkendall effect, which causes diffusion of iron core from the
core-shell structure of IONPs_penta systems, resulting in lower Ms values.

Both of the IONPs systems were phase transferred to aqueous phase with sodium citrate, to be able
to utilize them for biomedical application. Repeatability of the phase transfer process was shown
as 10-12 batches of experiments were performed, resulting in hydrodynamic sizes of 236 + 32 nm
and 355 + 37 nm for IONPs_oleate and IONPs_penta, respectively. The efficacy of the phase
transfer process was shown from high zeta potential values on the negative scale measured using
DLS, which showed stability of phase transferred IONPs_oleate (-50 + 2 mV) and IONPs_penta

particles (-41 £ 7 mV) in water. The stability of these systems was tested over two months, elevated
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temperatures and pH values ranging from acidic to alkaline. Both the systems were stable with
little to no change in hydrodynamic sizes and zeta potentials over long periods and high
temperatures. The pH stability window for phase transferred IONPs_oleate was observed ~ (3.5
pH — 7 pH) and for IONPs_penta was ~ (4 pH- 7 pH), which showed good stability range for
application in different parts of the human biological systems, starting from slightly alkaline
regions (blood and brain) to more acidic regions (stomach and gastrointestinal tract). Due to
significantly higher Ms value for phase transferred IONPs_oleate particles (26.1 emu/g) as
compared to IONPs_penta particles (0.6 emu/g), oleate system of particles were chosen for heat
production study on exposure to AMF conditions. At AMF condition (587 kHz, 12 mT), the
highest SAR value (1.7 £ 0.4 W/g) was obtained for phase transferred IONPs_oleate particles that
was compared with magnetite NPs (150 £ 80 W/g). Much less heating effects were seen from
phase transferred particles showing potential for producing controlled heat, which could be utilized
for synthesizing target specific drug delivery systems with minimal side effects from unwanted

heating.

Poly- (N-isopropyl acrylamide-acrylic acid) (NGs), a thermo and pH-responsive polymer was used
with phase transferred IONPs to synthesize hybrid NGs. Hence, seven batches of NGs were
synthesized with average hydrodynamic diameter (250 £ 20 nm) obtained at 25 °C, which showed
repeatability of the process. Thermo-responsive properties were studied by seeing their collapses
at 45 °C. All the batches collapsed, and the reduced average hydrodynamic diameter (95 + 2 nm)
was seen for seven batches. The calculated volume phase transition temperature (VPTT) of NGs
was 35.9 + 0.3 °C. pH characterization was also performed which showed reduction in sizes of
NGs (~ 63 nm) at acidic condition (3.5 pH). Henceforth, thermal and pH responsive properties of
NGs combined with superparamagnetic properties of phase transferred IONPs could be utilized to

synthesize drug delivery devices with many functionalities.

Hybrid NGs were synthesized using three different techniques - (i. In-situ, ii. Post, iii. Addition),
with the idea of producing hybrid systems with different physico-chemical properties which could
open up new opportunities as multi-functional drug delivery systems. The hybrid NGs synthesized
using different techniques showed differences in sizes and thermo-responsive properties. The

highest possible amount of phase transferred IONPs (4 mg) was used with bare NGs during all the
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three synthesis techniques for comparison. The hydrodynamic sizes obtained for NGs_insitu
system (323 £ 4 nm) was higher as compared to bare NGs (250 + 20 nm) which suggested presence
of phase transferred IONPs with NGs structures. The VPTT obtained for NGs_insitu system (36.8
+ 0.2 °C) was ~ 1 °C higher as compared to bare NGs (35.9 £ 0.3 °C). The NGs_insitu system (97
%) also showed higher volumetric collapse efficiency (VCE) (%) at 45 °C as compared to bare
NGs (94 %). From small differences in thermo-responsive properties between bare NGs and
NGs_insitu systems, it was difficult to conclusively comment on the distribution of phase
transferred particles with NGs structures, but a possible hypothesis was shown where the particles
might be present both internally and externally with NGs structures. The VPTT obtained for
NGs_post system (35.7 £ 0.2 °C) was similar with bare NGs (35.9 + 0.3 °C). Based on previous
cited works by other research groups on post synthesis technique, a possible hypothesis was
discussed for our NGs_post system, which suggested phase transferred particles forming external
bridging structures between bare NGs. Lastly, addition technique was implemented to study if the
phase transferred particles could be interacted with NGs structures without using stirring or
heating. The magnetic bottom product separated from NGs_added systems, showed collapses at
elevated temperatures of 45 °C and 60 °C which confirmed interaction between phase transferred
particles and NGs. The VPTT obtained for NGs_added system (37.6 = 0.1 °C) was higher as
compared to bare NGs and other hybrid NGs. This was attributed to interaction of phase transferred
IONPs with unwanted polymeric structures, which might have been present in NGs_added system
due to its different cleaning process. All the three systems showed superparamagnetism at room
temperature which further confirmed presence of phase transferred IONPs with NGs structures.
The pH-sensitive properties of NGs_insitu and NGs_post systems were similar to bare NGs which
showed reduction in sizes at acidic pH condition (3.5 pH). It was shown that utilizing phase
transferred IONPs with NGs did not have considerable effect on the pH sensitivity of NGs.

Henceforth, hybrid NGs showed thermal, pH and magneto-responsive properties.

Hybrid NGs were utilized to load and release a model protein cytochrome C (cyt C) under
condition 40 °C and pH (3.5). The effect of subtle differences in physico-chemical properties
between hybrid NGs on release of cyt C were studied by mathematically fitting with common drug
delivery models. The initial part of the release profiles (~ 2.5 hours) showed best fit with zero

order models. As compared to initial release rates of bare NGs (K value — 0.15 hour?), the
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NGs_insitu system showed significantly slower releases (K value - 0.08 hour?) suggesting
formation of slower or sustained drug delivery devices. The release profile for NGs_post system
was similar to bare NGs, which can be attributed to close themo-responsive properties between
these systems (also seen from similar VPTT values). The initial release profiles (~ 1.5 hours) for
NGs_added system showed best fit with Higuchi model, showing Fickian diffusion (independent
of collapse of polymeric chains of hybrid NGs). This suggested a hindrance effect on mobility of
released cyt C, as predicted due to presence of unreacted polymeric structures in NGs_added
systems. Henceforth, the subtle differences in thermo-responsive properties between the hybrid
systems originating from different synthesis techniques has significant effect on release profiles of

cyt C, in turn giving rise to different drug delivery devices.

After investigating thermal and pH responsive properties of hybrid NGs on cyt releases, the
magneto-responsive properties were also studied. The main challenge faced while performing
release studies from hybrid NGs, under AMF condition, was production of background heat from
eddy currents. Inorder to compensate for background heating effects, two dynamic conditions —
temperature profile with magnetic field (TP_WMF) and temperature profile without magnetic field
(TP_MF) were optimized, at which release studies were performed. Three studies were done to
analyze the effect of AMF on release from hybrid NGs. Firstly, release study from NGs_insitu
systems were carried out for 10 cycles (10 hours) under both conditions TP_WMF and TP_MF.
TP_WMF was used as the control condition in the study. The initial release from NGs_insitu
systems for first 4 hours was best fitted with zero order model. NGs_insitu system under condition
TP_MF (0.04 hour?) showed slower release rates as compared to releases performed under
condition TP_WMF (0.06 hour). This was attributed to differences between release conditions
TP_WMF and TP_MF. Thus, effect of AMF on release of cyt C from hybrid NGs was not
detectable due to noise from control condition — TP_WMF. In the second study, releases from bare
NGs (control sample) were compared with NGs_insitu system under condition TM_MF. The
obtained release rate from bare NGs (0.08 hour*) was higher as compared to NGs_insitu system
(0.04 hour?) for first four hours. This again made it difficult to understand the effect of AMF on
releases, as bare NGs (control sample) showed higher release rates. Lastly, Loaded NGs_added
system (containing higher amount of phase transferred IONPs than hybrid NGs) was compared

with bare NGs (control). In this case, the release rates obtained for Loaded NGs_added system
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(0.03 hour 1) was also significantly lower than the control used (0.08 hour?), thus making it
uncommentable on the effect of AMF on release of cyt C. Hence, finer optimization of release
conditions and innovative ways to increase magnetic content in hybrid NGs systems are required

to detect release of cyt C under AMF condition.

In summary, effective phase transfer of IONPs from organic to ageuous mdia was shown. The
stability of the phase transferred particles were studied under different conditions. Next, these
particles were used to synthesize novel hybrid NGs with thermal, pH and magneto-responsive
properties. It was also shown that implementing different synthesis techniques for hybrid NGs, can
be used to engineer thermo-responsive properties of the system. The effects of physico-chemical
properties of hybrid NGs were studied on loading and release of cytochrome C from these systems.
Slower or sustained drug delivery system (NGs_insitu) was produced as compared to previously
cited bare NGs system. Finally, releases from hybrid NGs were performed on exposure to AMF

condition, to understand the effect of magneto-resposive properties of hybrid NGs.
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Future Scope

Synthesis of hybrid NGs with thermal, pH and magneto-responsive properties, having good drug
loading and release properties have been shown successfully within the scope of this study. The
distribution of phase transferred IONPs with the NGs structures was studied using Dynamic Light
Scattering Technique (DLS) and probable hypothesis was drawn. However, other characterization
techniques could be utilized like Fourier Transform Infrared Spectroscopy (FTIR) to understand
chemical interactions between particles and NGs population. Similarly, Small Angle X-ray

Scattering (SAXS) could also be used to analyze distribution of particles with NGs populations.

Future studies should be performed trying to increase the magnetic content in hybrid NGs systems,
in order to make the magneto-responsive properties of these systems more pronounced. Innovative
methodologies could be implemented like use of glass stirrers or non-magnetic impellers during
the synthesis process, in order to overcome the sticking problem of IONPs to magnetic stirrers.
This could in turn allow to increase the amount of IONPs during the synthesis process.

A general breathing-in approach was provided based on previous experimental observations, as
how cyt C gets loaded with NGs and hybrid NGs. Different techniques like FTIR and Raman
spectroscopy could be utilized, to examine chemical interactions between cyt C and nanogel

structures.

For studying magneto-responsive releases under dynamic conditions using Magnetherm setup,
finer optimization of release conditions is required to compensate for eddy currents generating
unwanted background heat. This would help to analyze the release signal of cyt C from hybrid

NGs on exposure AMF conditions.

Having shown that hybrid NGs have good loading and release properties with cyt C, the study can
be extended to investigate the loading and release capacities of these systems with other more
commercially used drugs such as L-Dopa, Coumarin and Doxorubicin. Lastly, release studies
could be performed in more realistic environments, like serum cultures emulating close human

biological conditions.
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Appendices

Appendix A

Synthesis of Magnetite Nanoparticles

The magnetite (Fe3O4) nanoparticles were synthesized using concept of co-precipitation from
previous well developed works reported elsewhere (92). The magnetite nanoparticles were
abbreviated in our study as magnetite NPs. Magnetite NPs were prepared using iron chloride
tetrahydrate (FeCl>-4H20) (1.5 g) and iron chloride hexahydrate (FeCls.6H20) (3.0 g), with molar
ratio of ferric (Fe®"): ferrous (Fe?") ions taken 1:2 and dissolved in MQ water (100 ml) with
vigorous stirring. In parallel, NHsOH (25 wt %) in MQ water (10 ml) was prepared. The Fe3*/Fe?*
ions solution was gently poured dropwise using a burette in the ammonia and water solution. The
solution color changed from orange to black rapidly. The formed magnetite nanoparticles were
magnetically separated and thoroughly washed with MQ water three times. The final particles were

redispersed in MQ water (30ml). A reaction schematic is shown in Figure A.1.
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Figure A.1- Schematic showing synthesis of magnetite NPs via co-precipitation concept.
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Appendix B

Synthesis of Loaded NGs_added System

This system was synthesized by first loading NGs system with cyt C. The loaded NGs system (2
mL) was then taken in a glass vial, into which phase transferred IONPs_oleate particles (10 mg)
was simply added without stirring or heating. In our study this system was abbreviated as Loaded
NGs_added system. Loaded NGs_added system was then taken for release studies under condition

TP_MF. A flowchart of the above stated synthesis is shown in Figure A.2.

Bare NGs loaded I Phase transferred Loaded NGs_added

_ IONPs_oleate
" vadec NPs_ system
with cyt C (2 mL) particles (10 mg) ’

Figure A.2 — Flowchart showing synthesis of Loaded NGs_added system.

Appendix C

Calibration Curve of Cytochrome C

The calibration curve of cyt C was obtained by measuring peak absorbance values using UV-vis
spectroscopy (409-411 nm) as function of concentration (shown in Figure A.3). The plotted values
showed linear fit which is in accordance with Beer-Lambert law (93). The calibration curve was
used to calculate peak absorbance value for concentration of cyt C used for loading NGs and hybrid
NGs systems. The initial concentration of cyt C used for loading was 0.50 mg/ml. After loading,
the samples were diluted 3 times before any release studies (discussed in Chapter 2, Section 2.3,
Subsection 2.3.8). Theoretically, hundred percent loading efficiency of cyt C would correspond to
concentration 0.20 mg/ml. Henceforth, for concentration (0.20 mg/ml), the absorbance value
(1.70) was calculated from the calibration curve (shown in black dotted line in Figure A.3). Based
on this value, the loading (L.E) and encapsulation efficiencies (E.E) of the samples were calculated

which is shown next.
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Figure A.3 — Calibration curve of cyt C obtained at different concentrations (mg/ml) as function
of absorbance value using UV-vis spectroscopy. Points best fitted with linear plot (R? = 0.99).

Calculation of Loading and Encapsulation Efficiencies

The bare and hybrid NGs systems were loaded with cyt C. After the loading procedure, the L.E
was calculated based on UV-vis absorption peaks. Theoretically, if hundred percent of cyt C gets
loaded in a system, the absorbance value (A1o0%) is known from above discussed calibration curve.
Hence, absorbance peak after loading (Axw) is used to calculate L.E with respect to Aioo%. The

formula for calculating L.E is shown in Equation A.1.

L.E (%) = (Axes/ Azoos) *100 (A1)

The encapsulation efficiency (E.E) was defined as mass of cyt C loaded per unit mass of

nanocarrier system (NGs or hybrid NGs) (shown in Equation A.2).

(L.E (%)*Mass of Drug used) [ug] (A2)
o (Mass of nanocarrier system) "mg '

E.E
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A sample has been demonstrated by the following example using NGs_insitu system as shown by
Figure A.4.

Axy =1.35
Ai1oo% = 1.70
L.E = (1.35 /1.70) * 100 =80 %

Mass of drug used for loading = 1000 pg
Mass of NGs_insitu system = 3.3 mg
E.E= (80 1000)/(100 = 3.3) = 242 ug/mg

1.6
14 (409, 1.35)

___________ oo®?%,
121 o e

: ° i °
® 1 ®

1.0 - .

Ago, = 1.35

0.8 - ®e

Absorbance (a.u)

0.6 - *
0.4 - '
0.2 -
0.0

400 410 420 430
Wavelength (nm)

Figure A.4 — UV-vis spectra of NGs_insitu system conducted for calculating L.E.
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Appendix D

Release Studies of Cytochrome C using UV-vis Spectroscopy

The release percentage of cyt C from NGs and hybrid NGs systems were calculated as follows:

Drug Release (%) = [((to) — (t))/ (to)] X 100 (A.3)

where,
to = Peak absorbance value of the system at the start of release
t = Peak absorbance value of the system at the time of measurement

Cumulative Mass Released (Mt) = [Drug Release (%) * L. E (%) *
Mass of drug used for loading] (A.4)

Cumulative Fraction Released (F) = [(Mt)/(L.E (%) *
Mass of drug used for loading)] (A.5)

A sample calculation has been shown using the release profile for NGs_insitu system. Figure A.5
shows the decrease in absorbance peaks with cyt C release with time using UV-vis. The value of
absorbance is noted at the start of release (to) (shown in Figure A.5). The following calculation is

shown ~ 20 hours after commencement of release of cyt C from NGs_insitu system.
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Figure A.5 - Release profiles of NGs_insitu system loaded with cyt C using UV-vis.

The calculations, at t = 20 hours, are as follows:

Drug Release (%) = [(1.35-0.78)/ (1.35)] X 100 = 42.22 %

42.22

Cumulative Mass Released (Mt) = [(W) * (%) * 1000] = 337.76 ug

337.76
800

Cumulative Fraction Released (F) = [ ] =042

Table A.1 provides the values of various parameters used to determine the release kinetics for

NGs_insitu system.
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Table A.1 — Release kinetics data for NGs_insitu system used for model fitting.

Time Release Mt F In(F) | In(2-F) | t0.5 In(t)
(hours) (%) (ug)
0 0 0 0 0
0.25 3.57 28.4107 | 0.03565 | -3.334 | -0.0363 0.5 -1.3863
0.5 4.84 38.5477 | 0.04837 | -3.0288 | -0.0496 | 0.70711 | -0.6931
0.75 7.4 58.9626 | 0.07399 | -2.6038 | -0.0769 | 0.86603 | -0.2877
1 10.79 85.9536 | 0.10786 | -2.2269 | -0.1141 1 0
1.25 11.96 95.2342 | 0.11951 | -2.1244 | -0.1273 | 1.11803 | 0.22314
1.54 12.8 101.939 | 0.12792 | -2.0564 | -0.1369 | 1.23828 | 0.42744
1.79 13.58 108.152 | 0.13572 | -1.9972 | -0.1459 | 1.33542 | 0.57848
2.04 17.06 135.888 | 0.17052 | -1.7689 | -0.187 | 1.42595 | 0.70968
2.54 19.61 156.227 | 0.19604 | -1.6294 | -0.2182 | 1.59164 | 0.92954
3.04 22.37 178.196 | 0.22361 | -1.4978 | -0.2531 | 1.74165 | 1.10966
4.04 23.78 189.43 | 0.23771 | -1.4367 | -0.2714 | 2.00832 | 1.39459
10.04 34.17 272.222 | 0.3416 | -1.0741 | -0.4179 | 3.16754 | 2.30591
12.09 34.51 274.996 | 0.34508 | -1.064 | -0.4232 | 3.47611 | 2.49183
13.59 35 278.862 | 0.34993 | -1.05 |-0.4307 | 3.68556 | 2.60884
20.65 42.94 342.154 | 0.42936 | -0.8455 | -0.561 | 4.54423 | 3.02772
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Appendix

E

Release Kinetics Model Fits of Bare NGs
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Figure A.6 —a), b), ¢) Part-1 fit with first order, Higuchi, and power law, respectively. d), e), f)
Part-11 fit with zero order, Higuchi and power model.
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Release Kinetics Model Fits of NGs_insitu System
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Figure A.7 —a), b) Part-1 fit with zero order and Higuchi models. c), d) Part-I1 fit with zero and
first order models.
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Release Kinetics Model Fits of NGs_post System
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Figure A.8 —a), b) Part-1 fit with Higuchi and Power law model. c) and d) Part-11 fit with zero
and first order models.
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Release Kinetics Model Fits of NGs_added System

a)

Fraction release (F) Fraction release % (F)

Fraction release (F)

Figure A.9 —a), b) Part-1 fit with zero and first order models. ¢), d) Part-11 fit with zero, first
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Appendix F
Effect of Loading Efficiency (L.E) on cyt C Release from NGs_insitu Systems

It is important to point out that the releases at two different L.E (shown in Figure A.10) was carried

out same release condition of 40 °C and 3.5 pH.
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Figure A.10 — Effect of L.E on cyt C release from NGs_insitu system

Appendix G

Heat generation from NGs_insitu system on exposure to AMF

The heat profile as function of temperature for NGs_insitu system on exposure to AMF condition
(587 kHz, 12 mT) is shown in Figure A.11. The shaded region shows the standard deviation in
heat production. Almost no heating effect was monitored for NGs_insitu system as the heat signal
from the sample got overshadowed in background heat contributed from formation of eddy
currents in MQ water. Also low SAR value (0.76 + 0.12 W/g) was calculated.
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Figure A.11 - Shows the temperature change as function of time under AMF condition (587 kHz,
12 mT) for NGs_insitu system. The shaded region (shown in black) shows the standard deviation
in temperature produced.
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Appendix H

Release Kinetics Model Fit of bare NGs and hybrid NGs under condition TP_MF
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Figure A.12 —a), b), c) Release from bare NGs for 10 cycles fit with first order, Higuchi, and
power models, respectively. d), e) and f) Release from NGs_insitu for 10 cycles fit with first
order, Higuchi, and power models, respectively. g), h) and i) Release from Loaded NGs_insitu
for 10 cycles fit with first order, Higuchi, and power models, respectively. All the release data
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Release Kinetics Model Fit of NGs_insitu System under condition TP_WMF
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Figure A.13 - Release from NGs_insitu for 10 cycles fit with first order, Higuchi, and power
models, respectively under condition TP_WMF.

Appendix |

Effect of Temperature on cyt C Release from NGs_insitu Systems

The cyt C release from NGs_insitu system was done at two different temperatures 40 °C and 45

°C, respectively as shown in Figure A.14. Due to increase of 5 °C, much higher initial release rates
were observed. But it should be pointed out that the effect of L.E was also involved in the data
shown. The NGs_insitu sample (at 45 °C) had L.E (80 %) while the sample (at 40 °C) had L.E (67

%). Henceforth, there is significant increase in initial release rates caused by a difference of 5 °C,

but it should not be overestimated.
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Figure A.14 — Effect of temperature on cyt C release from NGs_insitu system.
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