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ABSTRACT

Magnetically controlled drug release is a promising alternative to conventional cancer treatment,
having the potential to improve the therapeutic effect and decrease side effects. Iron oxide
nanoparticles (IONPs) offer promising potential for magnetically controlled drug release due to
their superparamagnetic properties and tunable surface characteristics. By incorporating drugs into
or onto these nanoparticles and coating them with biocompatible polymers, such systems can be

created where drug release is triggered or modulated by external magnetic fields.

In this study IONPs were synthesized by co-precipitation method and functionalized with oleic
acid to incorporate hydrophobicity to them. An optimization study for the effect of amount of oleic
acid was conducted. For 1.2ml of oleic per 200mg of IONPs the hydrodynamic size of IONPs was
observed to be minimum i.e., 57nm=0.27. These optimized IONPs were encapsulated in
poly(lactic-co-glycolic acid), PLGA using Flash Nanoprecipitation. Flash nanoprecipitation is a
versatile and scalable technique used for the rapid and efficient encapsulation of hydrophobic
drugs or other compounds into nanoparticles. Initially, bare PLGA nanoparticles were made by
flash nanoprecipitation, after optimizing the conditions for bare PLGA nanoparticles, Paclitaxel
and IONPs were co-encapsulated in PLGA. The encapsulation was confirmed with different
characterization techniques such as STEM,EDX, FTIR and magneTherm. It was observed as the
concentration of IONPs in flash nanoprecipitation is increased from 1mg/ml to 3mg/ml more
encapsulated in PLGA. But for concentration 4mg/ml to 6mg/ml the IONPs precipitate faster than
PLGA and attach to the outside surface of PLGA instead of being encapsulated. Magnetically
controlled drug release was studied using the magneTherm. The results indicated that it is possible
to co-encapsulate Paclitaxel and IONPs in PLGA using flash nanoprecipitation. And we can
observe magnetically controlled drug release from these encapsulated nanoparticles.
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CHAPTER1: INTRODUCTION

Nanotechnology has emerged as a promising means for investigating new approaches to detect
and treat complex diseases. Various nanoparticle-based drug delivery systems are being designed
to achieve specific advantages e.g., greater stability, biocompatibility, increased permeability,
retention effect and precision targeting over conventional drug delivery. Combining two materials,
encapsulating iron oxide nanoparticles in polymeric nanoparticles can result in potential hybrid
nanoparticles for biomedical applications. Iron oxide nanoparticles (IONPs) can be utilized to
produce hyperthermia, deliver medicines to specific tissues, and/or serve as a contrast agent. The
polymer shell works as a transport agent, reducing the toxicity of the iron core, increasing
bioavailability, and allowing for longer in vivo stability. The shell can be changed to block certain
interactions while allowing other processes and interactions with cells to take place. Highly

optimized hybrid metal-polymer systems can be designed to treat diseases such as cancer.

Nanocarriers (NCs) can be used to deliver active therapeutic substances in a controlled manner,
which can lead to a number of benefits, including increased overall efficacy, sustained activity,
less toxicity, easier dosage regimens, and better patient adherence.[1]. The desire to use the
nanoparticle to target delivery and subsequently release cargo at the desired target site is a primary
drive for NC formulations. Direct precipitation methods are appealing because they produce NCs
with high mass loadings in a scalable and continuous manner, as in the case of Flash
Nanoprecipitation (FNP)[2-4]. Hydrophobic active pharmaceutical ingredients (APIs) are
commonly dissolved in organic solvents and combined with water as an antisolvent in flash
nanoprecipitation techniques to induce precipitation. Recent research studies are focusing on dual
drug delivery systems. One example of such systems is magnetic nanoparticles that can induce

magnetic hyperthermia as well as serve as nanocarriers for drug.

Magnetic hyperthermia is a promising cancer treatment approach that uses magnetic nanoparticles
to generate heat within tumors. This heat is produced by applying an alternating magnetic field to
the nanoparticles, which causes them to oscillate and produce heat through hysteresis losses. The

elevated temperatures induced by magnetic hyperthermia can selectively destroy cancer cells while



sparing healthy tissue. Treatment for cancer is one of the many biomedical uses for the magnetic
hyperthermia effect. Temperature fluctuation, on the other hand, can be used to facilitate regulated
release of drugs by promoting structural modification in nanostructured multifunctional systems
(nanocarriers). Paclitaxel (PTX), a medicine produced from the bark of Taxus brevifolia, has
attracted attention for its efficacy against numerous types of cancer, including ovarian, breast, lung,
and prostate cancer. However, PTX has a low water solubility and is harmful to normal cells due
to its low selective and non-specific body distribution. Drug delivery techniques such liposomes,
solid lipid nanoparticles, polymeric nanoparticles, and micellar systems for the controlled release
of paclitaxel into the tumor environment have been researched as a way to get around these

restrictions.

[5].

In the present study, PTX and IONPs are co-encapsulated in PLGA and evaluated in regard to its
potential as a magnetic-responsive drug delivery system. Physicochemical characterization,
magnetic property analysis, and in vitro drug release experiments were carried out to help achieve

this goal.



CHAPTER 2 : THEORY

The theoretical groundwork required to comprehend the work done in this research thesis is
covered in this chapter.This includes the theories of nanoparticle nucleation and growth, the
magnetic properties of iron oxide nanoparticles, and the stimuli responsive polymers and drug
release. Previous research in these areas for the use of targeted drug delivery is also covered in this

chapter.

2.1 Nanoparticles

Nanoparticles are colloidal particles with sizes between 10 and 1000 nm with at least one
dimension less than 100 nm [6]. Compared to bigger particles, nanoparticles have various
advantages, such as a higher surface-to-volume ratio. The use of nanoparticles in many biomedical
applications, including targeted delivery of drugs, hyperthermia, photoablation treatment,

bioimaging, and biosensors, has been gaining popularity during the past few years [6].

Before discussing the different types and applications of nanoparticles, it is important to discuss
the classical nucleation and growth theory as its crucial for understanding of nanoparticle

formation.

2.1.1 Crystallization and Classical Nucleation Theory

The most popular theoretical model for studying the dynamics of nucleation quantitatively is
classical nucleation theory (CNT). After nucleation comes crystal growth. Controlling the
crystallization process enables tuning of properties such as composition, shape, size,
polydispersity, and crystallinity. For instance, crystallinity, which refers to the degree of atoms'
long-range ordering in the lattice, has a significant impact on magnetic characteristics[7]. To
control these properties, understanding of the process is essential, especially when the application
is in biomedical field[8]. The crystallization process will be discussed now with an emphasis on

magnetic nanoparticles for biomedical uses[9].

The first step to the formation of NPs in solution is nucleation. To describe nucleation, one

must first define the driving force for crystallization. It can be defined as the difference between a
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solute molecule's chemical potential in the solution's equilibrium state, ', and its current state, ". It
is more practicle to express this driving force in terms of the supersaturation S in practical

applications.
Ap = pl — p2 = kTInS = kTIn (L) = KkTIn (s) (2.1)
ax

where pl and p2 are the chemical potentials of the solute in the solution and in the solid phase,
respectively, the variables k, T, and a denote the concentration and equilibrium state of the
solution, supersaturated solution activity (a) and solution equilibrium activity (ax), respectively
(notice that a = ¢y, where c is the concentration and v its activity coefficient). Even though the final
step in EqQ. (2.1), which substitutes concentrations for activities, is only accurate in ideal solutions,
where vy = yx = 1 or when y/y* = 1 (a far less strict requirement), it still serves as a useful

approximation because concentrations are quantities that can be measured experimentally.

[91.

According to classical nucleation theory, simultaneous changes in density and order lead to the
formation of crystalline clusters from the supersaturated solution. Step-by-step attachments and
detachments of the solute molecules that serve as the building blocks of crystals are possible. The
blue pathway shown in Figure 2.1 travels reversibly when molecules are attaching or detaching,
depending on the rates of molecular attachment and detachment. The attachment of molecules to

a cluster is energetically unfavorable up to a certain number of molecules, after which it is favored.
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Figure 2-1 Conceptual picture of the mechanism of nucleation according to classical nucleation theory
[10]
An equation in the Arrhenius form can be used to express the nucleation rate of N nuclei generated
per unit time per unit volume
J = = Aexp@let 2.2)

dt KBT
where AGerit IS the minimum energy barrier required to get stable nuclei in solution. A is a pre-

exponential factor. For homogenous nucleation of spherical particles,
l6my3v2
AGerit = 55— o5 2.3
T T 3(kgTInS)? (23)
where y is the interfacial tension, v is the molecular volume. This results in the final nucleation

rate expression, which indicates that the rate is controlled by temperature, supersaturation, and

interfacial tension.
16my3v?

] = Aexp [— . i
3(ks T3(InS)?

(2.4)

Homogeneous and heterogeneous nucleation are two different types of nucleation. The process of
monomeric units converging in a supersaturated fluid has just been described as homogeneous
nucleation. On the other side, heterogeneous nucleation lowers the energy barrier of nucleation by
introducing a surface to the media, as illustrated in Figure 2.2. AGxhet = ¢AG*hom, is the
expression that represents the relationship between the free energies, where ¢ is a factor that ranges
from zero to one and is dependent on the contact angle between the particle and the solution[9,
10].



As heterogeneous nucleation requires less surface area to generate nuclei and has lower interfacial
energy than liquid-solid phases, it has a lower critical energy. The term "heterogeneous nucleation”
describes the nucleation at the surface of foreign objects, such as suspended particles,

contaminants, and the surfaces of heat exchangers and containers.

AGT

hom

AGthom_ - — =

AG‘het e
-//

Figure 2-2 The relationship between the precipitate radius and the free energy of homogeneous and
heterogeneous nucleation.

While the critical energy is noticeably higher for homogeneous nucleation, the critical radius is the
same. The illustration is based on work by Bandyopadhyay[10].

The ultimate particle size is determined by the relative rates of nucleation and growth, since these
processes compete for the consumption of monomeric units. Because more monomeric units will
be consumed in the process of creating new nuclei, a high nucleation rate will produce many tiny
particles. Conversely, a higher growth rate will cause larger particles by causing existing particles
to consume more monomeric units. One significant element affecting these relative rates is
supersaturation. At low supersaturation, between cmin and cs, only growth is possible; at high
supersaturation, a significant nucleation rate will occur as shown in Fig 2.3. Particle size can also

be influenced by kinetic parameters through spatial confinement, such as capping agents.
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Figure 2-3 La Mer Diagram: formation of NPs through Supersaturation[11]

Particles with identical qualities are produced via a controlled size distribution, which is
advantageous for many applications. This can be accomplished by dividing the processes of
nucleation and growth. For instance, you might quickly produce a high supersaturation to generate
nuclei, and then you could drop the supersaturation below cmin to stop further nucleation. All of
the nuclei are guaranteed to originate under the same circumstances when they are generated
simultaneously, which results in similar following growth processes and homogeneous particle

size, so in short the growth rate for all the particles will remain same.[12]

2.1.2 Iron Oxide Nanoparticles:

Because of its many uses, iron oxide nanoparticles (IONPs) have gained popularity in a variety
of fields, making it easier for high technology based on nanoscale materials to advance.lONPs can
be found in different phases including magnetite, hematite, maghemite, and wustite. IONPs can be
employed for a wide range of applications [13] including electronics[14], energy [15], biomedicine
[16], biotechnology [17], and agriculture [18] due to their high stability, low cost of synthesis,
biodegradability potential biocompatibility, and nontoxicity respectively for each application.
The magnetic properties of IONPs are of utmost importance in this research. A detailed discussion
on the magnetic properties of IONPs is given below.
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2.1.2.1 Magnetic Properties of Iron Oxide Nanoparticles

This section will provide a macroscopic and microscopic description of the theoretical framework
for the magnetic characteristics of IONPs.The macroscopic description is about how a material
reacts when an external field is applied. When a magnetic field, H, is applied to a material, the
magnetic flux density in that material is given by

B = we(H + M) (2.5)
where M is the material's macroscopic magnetization and p0,B is the permeability of the vacuum.

Vectors are indicated by the bold letters. Since M = 0 in a vacuum, B = j,oH. The quantity N of

magnetic moments W per volume V is known as the magnetization:

N
M=yu_ (2.6)

Increased magnetization will arise from a parZIIeI alignment of the magnetic moments, but
oppositely aligned moments will cancel one another out. A dimensionless variable that
characterizes the magnetization in response to an applied field, susceptibility is defined as x = M/H
[19].

The arrangement of the magnetic moments connected to the atoms or ions in the crystal lattice
controls how magnetic crystalline materials behave. Different sorts of magnetic ordering may
occur from how these magnetic moments act collectively. As a result, the material's crystallinity
will have a significant impact on its magnetic characteristics.

Because of the electrons' orbital angular momentum Ln and spin Sm, an atom has a magnetic
moment, which results in an orbital magnetic moment of p; and a spin magnetic moment of ps,
respectively. The electrons' quantized energy levels lead to the application of a quantum
mechanical explanation. The orbital magnetic moment is produced by the electrons precession

around the nucleus

== Lo 27)

where me is the electron mass, e is the elementary charge, and # is the reduced Planck's constant.

One way to express the intrinsic electron feature of spin is as follows:

pn=—_"2S (2.8)
m, ™

The orbital and spin moments are not mutually exclusive but rather interact. The sum of the orbital
and spin magnetic moments is the total angular magnetic moment, abbreviated Jmn. For the

electrons to have a net magnetic moment that does not cancel out, there needs to be an asymmetry

8



in the electron distribution since the moments have a direction. Therefore, atoms with completely
filled electron levels are not magnetic in any way. In the remaining portions of this study, the

vector notation not be applied because the vectors' directions won't be taken into account. [19-21]

Magnetite has the chemical formula FezOs, in which the O " ions have an outer electron shell that
is entirely filled and do not contribute to magnetic properties. FesO4 has an inverted spinel
structure, with half of the Fe®* ions occupying the tetrahedral sites and the other half occupying
the octahedral sites in equal numbers. The magnetic moments of the ions occupying the octahedral
and tetrahedral sites are antiparallel, canceling out the magnetic moments of the Fe®* ions. The
Fe2* ions are now responsible for a net moment. Ferromagnetism (FM) is the term for this magnetic
configuration of two sublattices with opposing magnetic orientations but unequal magnetic
strengths[20].

An easy axis of magnetization is parallel or antiparallel to the magnetic moments in FM materials.
There is an energy barrier that must be crossed to flip the magnetic moment from one direction to
the other. The FM alignment is not uniformly distributed throughout the crystal but is instead
broken up into domains with distinct axes, the size of which is determined by the equilibrium
between the energy of the domain wall and the energy of demagnetization. When a particle is
smaller than a particular size, the domain wall energy dominates and causes it to become a single
domain. This is thought to be true for magnetite particles smaller than 100 nm. The energy barrier
for flipping the magnetic moments gets decreasing as the particle size decreases until it is less than
thermal energy at room temperature. In the absence of an external magnetic field, the particle's
magnetic moments show zero net measured magnetization due to the ensuing fast thermal

fluctuations. It is said to be superparamagnetic [20].

A.Random domain orientation B. After magnetization

Figure 2-4 Ferromagnetism behavior of materials
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As seen in Figure 2.4 , SPM NPs magnetize parallel to an applied magnetic field. The saturation

magnetization, Ms, is the greatest value that the magnetization they can achieve. Due to the quick

relaxation of the magnetic moments when the field is switched off, there is no remnant

magnetization when the field is turned off, as seen by the lack of hysteresis in the curve [21]. Heat

is produced as a result of this relaxation.

Specific magnetization (emu/g)
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Figure 2-5 The application of an external magnetic field that causes superparamagnetic particles to
become magnetized. Saturation magnetization is known as Ms.

2.1.2.2 Synthesis of Iron Oxide Nanoparticles

Interestingly, numerous methods can be used to synthesis IONPs, and the results can vary in terms

of shape, size, distribution, chemical stability, and superparamagnetic strengths.

Various methods of IONPs synthesis has been summarized with advantages and disadvantages in
table 2.1

Table 2.1 Summary of various methods of IONPs synthesis

the final product's size, form
distribution, and crystallinity
may be easily and precisely
controlled.

autoclaves. Problems with

safety throughout the reaction.

Sr. | IONPs Advantages Disadvantages Reference
No. | synthesis

methods
1 Solvothermal By optimizing the parameters, | The requirement for costly [24-27]
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decomposition

enhanced by using thermal
breakdown, and the IONPs'
size and form can be adjusted.

produced from thermal
degradation is that they are
frequently hydrophobic and
only dissolve in organic
solvents that are non-polar.
Phase transfer from the organic
to the aqueous phase is
required to get around this.

2 Sonochemical | It has the ability to create Temperature control in [28, 29]
SPIONs with precise sizesand | ultrasonic baths is a very
shapes, strong crystalline challenging task. This is due to
affinity, minimal energy the fact that ultrasonic baths
consumption, and excellent typically cause an uneven
stability. temperature distribution when

they are in use since they warm
up.

3 Hydrothermal | Particle shapes and sizes can Prior understanding of initial [30-32]
be manipulated by varying the | material solubility is necessary.
hydrothermal conditions and
starting materials.

4 Sol-gel Superior control over the Compared to other fabrication [33, 34]
stoichiometry and chemical techniques, sol gel requires
homogeneity of the precursor, | more time due to its slow gel
ease of integration of a broad formation process.
variety of functional groups,
relatively short annealing time,
control over nanoparticle size,
and low temperature
crystallization.

5 Thermal The monodispersity is The main problem with IONPs | [35]

There is another method known as co-precipitation method that has been widely used because its

The manufacture of thin metal oxide powders, which are highly reactive in low temperature

sintering, can be done simply and directly.

It is mostly commonly used method as has ben adapted in this thesis.

2.1.2.3 Stability and Functionalization of IONPs

IONPs are readily oxidized by ambient oxygen, leading to a notable decrease in their magnetism

and dispersibility[35, 37, 38]. This means that in order to enhance IONPs’ dispersibility in water,

safeguard therapeutic agents from deterioration, and significantly impact the biokinetics and

biodistribution of IONPs within the organism, biofunctional coatings must be developed[39, 40].
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The IONPs can coated with different materials such as polymers. According to Arias et al.[41],
such systems have the potential to be associated with several drug classes for biomedical
applications. Adsorption, dispersion in the polymer matrix, encapsulation, electrostatic
interactions, and covalent attachment to the surface are some of the mechanisms by which these
drug classes can be connected. Furthermore, such nanoparticles might be functionalized with
organic substances such as ligands that have the potential to be used in cancer detection and
therapy. For IONPs, coatings come in two varieties: organic and inorganic. The benefits of the
organic and inorganic coatings in IONPs are presented in Table 2.2. [42]

Table 2.2: Advantages of organic and inorganic coatings on IONPs

Coating Advantages

Inorganic Helps molecules to get functionally bonded to one another and avoid clumping.
enhances stability, hydrophilicity, and biocompatibility.

Organic Can produce amphiphilic, oil- or water-soluble nanoparticles, depending on the
kind of organic molecule or surfactant that is utilized.

Polymer coatings improve biocompatibility and bioavailability.

In biological applications, organic coatings have been applied for controlled drug release. They
also improve the biocompatibility and dispersibility of IONPs. To create organic coatings for
IONPs, a number of techniques (post-synthesis and in situ) have been devised [35]. Three
categories apply to organic coatings: (1) biological molecules; (2) macromolecules and polymers;

and (3) tiny molecules and surfactants[43].

I.  Biomolecules
Highly biocompatible are the IONPs functionalized with biomolecules (enzymes, proteins,

antibodies, biotin, avidin, human/bovine albumin, and polypeptides, among others). [43].
Furthermore, green synthesis can be used to functionalize IONPs [44], Aloe vera nanocellulose,
which has demonstrated antibacterial activity, is another substance that has been utilized lately for

green production and coating IONPs that are 15-30 nm in size [45].

Il.  Polymers
The most researched coatings are made of polymers like polyethylene glycol (PEG), polyvinyl

alcohol (PVA), polymethyl methacrylate (PMMA), and polylactic acid (PLA). In order to prevent
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particle aggregation, the polymers produce steric effects and electrostatic forces of repulsion [40,
43]. Additionally, coatings using smart polymers that react to light, pH, temperature, and other
stimuli have been tested [46]. However, under some circumstances, the presence of polymers may
alter the magnetic characteristics of IONPs [37], these characteristics may be related to spin

canting, particle interactions, or modifications in the particle size distribution.

To create nanoparticles that can be used to treat cancer, natural polymers such as dextran, chitosan,
gelatin, and starch are frequently utilized. According to Barrow et al. [47] and Ebrahimi [48], these
polymers serve as stabilizers during the synthesis process to improve the stability,
biocompatibility, and biodegradability. Avazzadeh et al. [49], for instance, functionalized IONPs
with dextran-spermine to treat breast cancer by inducing hyperthermia. After a 20-minute
treatment cycle, approximately 63% of cancer cells were killed, confirming the ability of
nanoparticles to target cancer cells and heat them to hyperthermia. Furthermore, Nguyen [50]
coated IONPs with gelatin; the IONPs were made using the coprecipitation process and
functionalized with paclitaxel, exhibiting a consistent and prolonged release profile in vitro for a

maximum of five days.

I11.  Small molecules and surfactants
Suractants enhance the the stability, dispersibility, and biocompatibility of IONPs. Additionally,

they are classified into three subclasses based on their nature: amphiphilic, water-soluble, and oil-
soluble surfactants. They can also be employed as coatings [51].

Hydrophobic groups are present in oil-soluble surfactants, which are employed in oily solutions

to promote stability and inhibit agglomeration. These nanoparticles also have a variety of uses,
including as MRI contrast agents and drug transporters in certain drug delivery systems [43].
In situ functionalization of hydrophilic IONPs with short-chained surface coating molecules
(containing at least two carboxyl functional groups) was described by Kandasamy et al. [52]. These
nanoparticles have the potential to serve as efficacious nanomedicines for the treatment of cancer.
Additionally, Zhao et al. [53] used WOs, FesOas, and 3-aminopropyl triethoxysilane to create a
multilayer structure. VP16 was delivered and released under control using IONPs, which were
synthesized by thermal degradation and microwave irradiation.

A. Oleic Acid Functionalization
The purpose of this study is to co-encapsulate hydrophobic IONPs and Paclitaxel in PLGA.

Functionalization with oleic acid has been reported to impart hydrophobicity in IONPs. As shown
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in Figure 2.4, oleic acid is an amphiphilic molecule consisting of two components: a non-polar
hydrophobic chain and a polar hydrophilic head group. The oleic acid is soluble in water and polar
solvents due to its polar head, and it is soluble in petroleum and non-polar solvents due to its
hydrophobic tail. Since water will be used as antisolvent in flash nanoprecipitation and THF as
solvent(explained in detail in 2.1.3.1), this characteristic of oleic acid is of crucial importance here.

Many features are determined by the relative sizes of the two groups [54, 55].

the head is hydrophilic
which turns towards

water \ 0
HDM\A/\/\/\/

\. J
Y

the tail hydrophobic which does not like water

Figure 2-1 Structural formula of oleic acid

2.1.3 Methods for Polymer coating of IONPs

Many methods for coating/encapsulation of IONPs by polymer has been reported in
literature. Some of those methods are summarized below.

Table 2.3: Methods for coating/encapsulation of IONPs by polymer

Technique Description Reference

In Situ Polymerization | Synthesis of  polymer-coated IONPs  during | [56, 57]

nanoparticle synthesis process.

Surface Modification | Functionalized polymers are attached to IONP surface | [58][61]

via covalent or non-covalent interactions.

Solvent-evaporation Solvent evaporation involves two steps: emulsifying | [59]
method the polymer in the aqueous phase and dispersing it in
avolatile solvent like dichloromethane, chloroform, or
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ethyl acetate. Subsequently, the solvent is evaporated
through the use of high temperature, vacuum, or
constant stirring.

It has been extensively studied for coating of IONPs.

Emulsion Monomer polymerization occurs within emulsion | [60]

Polymerization droplets containing IONPs.

Ligand Exchange Polymer chains adhere to IONP surface by ligand | [62]
exchange

Microfluidic Synthesis | Precise control over synthesis and coating of | [63]

nanoparticles using microfluidic devices.

Recently a lot of research is being done on the solvent displacement methods. The solvent
displacement methods, especially the flash Nanoprecipitation, allow for fast one step
homogeneous NPs synthesis. Furthermore, the process allows ease of drug addition compared to
indirect methods[64-66].

2.1.3.1 Concept of Flash Nanoprecipitation

The solvent displacement method is a straightforward, one-step way of producing polymeric
nanoparticles. Dimethylsulfoxide (DMSQ), tetrahydrofuran (THF), acetone, or methanol are
examples of common organic solvents. The traditional approach to solvent displacement uses the
nanoprecipitation technique, which involves injecting droplets of the organic solvent into a vial
that already contains the stirring antisolvent in bulk. The arrangement allows for the synthesis of
a variety of polymeric nanoparticles without the need for a specialized reactor. The wide particle
size distribution that results from the standard nanoprecipitation method's lack of control during
mixing (using a stirring bar as a mixer) is a significant disadvantage. [66, 67].

These problems are addressed by the addition of a mixing chamber for the polymer-containing
solvent and the anti-solvent in the flash nanoprecipitation (FNP) method, which was first
developed by Brian K. Johnson and Robert K. Prud’homme [68]. The main process is the high-
speed, millisecond-short mixing-interval injection of the solvent and anti-solvent through two or
more inlets into a specific reactor. The two streams are moved toward the reactor at the desired

rates using syringe pumps. The two types of reactors now in use are the confined impinging jet
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(C1J) [68] and the multi-inlet vortex mixer (MIVM) [69] (Figure 2.5). The potential ratio between
the two mixing solutions is the main distinction between the two geometry types. There can only
be two equal-flow inlets for the CI1J. By including inlets to the design and adjusting the
solvent/anti-solvent ratio, the MIVM is well scalable and can overcome the pump limits. Rapid
turbulent mixing inside the reactor causes local supersaturation and the emergence of polymer
nanoparticles. The size of the NPs that are produced is directly influenced by variables like flow
rates and solvent/anti-solvent ratios during the Kinetically controlled production process.
Additional components, such as anti-cancer medications and fluorescent polymers, can be added
to the solvent or anti-solvent for biomedical purposes. To create multifunctional polymer NPs,
these elements can be incorporated inside or added to the coating. One outlet removes the product
from the reactor. Additionally, this procedure is easily scaled up to industrial scale for the synthesis

of substantial amounts of nanoparticles [70, 71].

Antisolvent: Solvent:
water polymer inlet inlet
surfactant additives r\ :
— i inlet
rapid r\ % /
i .outlet
ol’ \J ~
outlet t \ J
” Sample / with NP M
with NPs
L ]
\_v__' \—v__[ \ —\/ J u —\ J
Syringe pump Syringe pump Confined Impingement Multi Inlet Vortex Mixer
Jet (CIV) (MIVM)

Figure 2-6 Flash nanoprecipitation setup and common reactor types (confined impingement jet (C1J) and
multi inlet vortex mixer (MIVM)

I.  Nucleation and growth theory of particle formation in FNP
The solute concentration (C) divided by the equilibrium solubility concentration (C*) yields the
supersaturation (S) value. After the system reaches supersaturation, solute particle nucleation
drives system evolution.The solute concentration decreases as a result of nuclei forming, and this
facilitates the growth mechanism by means of diffusion to previously created particles. The main
mechanism is the growth and aggregation of already created particles; below Cmin, N0 new particles

are formed in the solution.
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The development of the particle by solute addition is halted when the solute concentration reaches
the equilibrium solubility concentration. Stabilizing agents can be added to the solution to stabilize
the generated NPs[10].

S=C/Cx (2.9)
The La Mer mechanism explains how the polymeric NPs are formed during the flash

nanoprecipitation procedure. In a restricted reactor (Stage 1) (Figure 2.6), an organic solvent
containing the polymer solute collides with an antisolvent at extremely high speeds[71, 72]. The
two streams combine turbulently in a few of milliseconds. The hydrophobic solutes and the
polymer directly reach a supersaturated concentration in the antisolvent around the critical limiting
supersaturation (Cmax) (Stage I1) from the organic phase. The concentration of the solute rapidly
drops and a large number of monodisperse nuclei are generated. The remaining hydrophobic
solutes interact with the surrounding produced nuclei to cause the particles to expand (Stage I11).
The induction time for nucleation and growth (taucgro) must be longer than the mixing time (tmix)
of the two miscible liquids in order to produce monodisperse particles. This permits nucleation to
take control of the process. In this instance, the particle size is not defined by diffusion-limited
growth. Similar to this, in order to prevent a notable rise in particle size and polydispersity, the
induction time for the diffusion-limited aggregation of the particles must be longer (tagg) than the
mixing time. The interplay between polymer and polymer as well as size and number-density
determine the true aggregation behavior.
Stabilizing the generated NPs will control cluster-cluster aggregation. As long as an amphiphilic
layer from a surfactant or block copolymer stabilizes the nanoparticles after this point, the
solvent/antisolvent mix reaches equilibrium solubility and the particle size remains constant.
The nucleation rate (J) can be utilized in Equation (3) to gain a deeper understanding of the
nucleation during FNP. In FNP, a monodisperse distribution of NPs is obtained by a high
nucleation rate. Temperature (T), surface tension (y), molar volume (v), and supersaturation (S)
all directly affect the nucleation rate. The rate of nucleation rises with increasing supersaturation,
which makes it easier for more monodisperse nuclei to form. The characteristics of the resultant
polymer NPs are significantly impacted by changes in mixing duration and solute concentration.
[10, 71, 72]

16my3v2
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Figure 2-7 La Mer Diagram: formation of NPs through Supersaturation (S) in FNP reactor.

Il.  Polymer particle stabilization
The process of polymeric NP synthesis in FNP is kinetically regulated. There is hydrophobic
contact between the NPs, and the resulting NPs are not very stable. There are two approaches that
can be used to stabilize and stop aggregation. The amphiphilic block-copolymer's hydrophilic
portion (such as PEG) can attach to the water molecule and create stable core-shell structures.
Here, the PEG inhibits development by stabilizing the hydrophobic core and protecting it from an
adverse contact with water[73, 74].
To stop the hydrophobic polymer and medication structure from clumping together and
precipitating, further stabilizing agents in the form of amphiphilic structures can be added to the
antisolvent.
The hydrophobic portion of the amphiphilic stabilizer bonds with the hydrophobic polymeric NPs
structure during particle production in FNP, protecting it from adverse interactions with water
molecules. This mechanism also prevents the particles from growing any further at the same time.
Polysorbates and PVVP are common NPs stabilizers for FNP. The additional stabilizers must be
authorized biocompatible compounds[10].
I1l.  Parameters influencing the FNP process
The size and size distribution of the resulting polymeric NPs can be controlled by varying the
kinetic parameters of the particle formation.

Polymer concentration
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The size of the resultant polymeric NPs is strongly influenced by the concentration of polymer in
the solvent. Equation shows that when the polymer concentration rises, the supersaturation and
nucleation rate both rise. Greater interaction between the polymers results from an increase in the
number of nuclei in the sample. This encourages aggregation [71]. To prevent the aggregation of
hydrophobic polymers or therapeutic agents in FNP systems, amphiphilic polymers or stabilizing
agents are needed. By decreasing the particle size and preventing future development through
aggregation, the stabilizing agent's concentration can be increased[10].

Molecular weight
The molecular weight of an amphiphilic block-copolymer does not significantly affect the size of

the formed polymer NPs [75]. However, by adding hydrophobic molecules with higher molecular
weight, an increase in the size of resulting particles is observed. Changes in the supersaturation,
the number of nuclei formed as well as in the interaction between the polymers contribute to the
increase [76].

Flow Rate/Solvent to Antisolvent Ratio:
The Reynolds number (Re) has a direct correlation with the flow rate's effect on the size of the

resultant nanoparticles. Equation provides an approximative definition of Re for the MIVM. The
volumetric flow rate (Vi) multiplied by the reactor's diameter (L) and divided by the associated
stream's kinematic viscosity (vi) yield the Re for each inlet (i). The viscosity (ni) of the liquid

divided by the density (p) yields the kinematic stream viscosity [77].
VixL ni

Re=) Ui = (2.11)
i=1/N

vi pi

Type of Polymer:

The solubility of polymers can vary based on their chemical structure. Molecular models such as
the Hoy solubility parameter (dHoy) , the Hansen solubility parameter (HSP), or the Hildebrand
solubility parameter (6nisp) can be used to express the solubility. The latter two precisely
determine a polymer's overall solubility by utilizing three distinct factors for hydrogen (1), polar
(dp), and dispersion (dp) interactions[74, 75].

Sisp? = 8p? +0p? +OH? (2.12)
Lowering the polymer's total solubility in the antisolvent causes the supersaturation to rise and the

particle size to decrease. When dealing with block-copolymers, it is necessary to take into account
the solubility of each polymer block independently. The hydrophilic domain becomes trapped in
the hydrophobic core due to similar solubility parameters, which lessens the hydrophobic core's
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shielding and decreases the stability of the nanoparticle. Larger particles are formed by the
dissolution and addition of polymer as a result of Ostwald ripening, which is brought on by the
diffusion of entrapped hydrophilic domains to the particle surface. The ability of the polymer to
form stable particles can also be influenced by its thermal characteristics. High polymer mobility
in the NPs' core and particle aggregation can result from low melting (Tm) and/or glass transition
(Tg) temperatures [75].

Solvent
The polymer's solubility varies with different solvents, which modifies the reaction’s

supersaturation conditions. Diffusion is higher in some solvents than in others. It is evident that an
increase in Ostwald ripening reduces the stability of the NPs. Via dialysis or vacuum evaporation,
the organic solvent may be removed[72, 74].

Hydrophobicity:
When coating hydrophobic substances with polymeric nanoparticles, the loading of such entities

within the polymer is thought to be related to variations in the kinetics of their nanoprecipitation,
which in turn rely on the hydrophobicity of the entity. If the entities being loaded are highly
hydrophobic in comparison to polymer, it will have the time to embed into the forming polymeric
nuclei at the very beginning of the particle growth. In order to start the development of particles,
the entities can also form nuclei or at least take part in their formation. The production of
nanoparticles (NPs) with a highly concentrated load within their core relative to the remainder of
the particle could be explained by one of the two possibilities. Andreas et al. have explored this

for polymers with different hydrophobicity in comparison to the dye being loaded[78].

2.1.4 Polymer coated Iron oxide nanoparticles for theranostics

Polymer-coated iron oxide nanoparticles (IONPs) hold promise for various applications in
cancer treatment due to their unique properties, such as biocompatibility, tunable surface
chemistry, and magnetic responsiveness. Here's an overview of how polymer-coated IONPs are

utilized in cancer treatment:

2.1.4.1 Drug Delivery:

Polymer coatings can be functionalized with targeting ligands and loaded with chemotherapeutic
drugs or therapeutic agents. These functionalized IONPs can selectively accumulate in tumor

tissues through passive or active targeting mechanisms, minimizing off-target effects and
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enhancing therapeutic efficacy. Additionally, the magnetic properties of IONPs enable targeted

drug delivery through the application of external magnetic fields.

2.1.4.2 Hyperthermia Therapy:

When exposed to an alternating magnetic field, polymer-coated IONPs generate heat through
magnetic relaxation processes. This localized heating effect can be exploited for hyperthermia
therapy, where elevated temperatures selectively induce tumor cell death while sparing healthy
surrounding tissues. The polymer coating helps stabilize the IONPs and improve their
biocompatibility during hyperthermia treatment.

One minimally invasive treatment for hyperthermia is the use of magnetic fluid as a source of
heat.[79] A stable colloidal suspensionof magnetic nanoparticles (MNPSs) scattered across an
aqueous medium is referred to as a magnetic fluid. A magnetic fluid is a stable colloidal
suspension [80] of magnetic nanoparticles (MNPs) dispersed in an agueous medium. The heating
efficiency of magnetic colloids is typically quantified through the specific absorption rate (SAR)

The specific absorption rate (SAR) is calculated using the following equation,

saR=c2T_1
Athe

where C is the specific heat of solvent (here Cwater =4.18 J/g°C), AA_Tis the initial slope of the
t

time-dependent temperature curve and mereis the weight fraction of magnetic element (i.e. Iron
Oxide) in the sample.[81]

2.1.4.3 Magnetic Resonance Imaging (MRI):

In addition to therapeutic applications, polymer-coated IONPs are used as contrast agents for MRI.
Their magnetic properties induce changes in signal intensity, allowing for the non-invasive
visualization and monitoring of tumors in vivo. The polymer coating ensures the stability and

biocompatibility of the contrast agent during imaging procedures.

2.1.4.4 Photothermal Therapy (PTT):

By incorporating photothermal agents into the polymer coating, IONPs can absorb near-infrared
light and convert it into heat, leading to localized thermal ablation of tumor tissues. This
combination of magnetic and photothermal properties enables synergistic therapeutic effects and

precise control over the treatment site.
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2.1.4.5 Radiotherapy Enhancement:

Polymer-coated IONPs can also enhance the efficacy of radiotherapy by sensitizing tumor cells

to ionizing radiation. When internalized by cancer cells, the IONPs interact with radiation beams,

generating reactive oxygen species and DNA damage, thereby increasing the effectiveness of

radiotherapy while minimizing damage to healthy tissues.

Overall, polymer-coated IONPs represent a versatile platform for cancer treatment, offering

multifunctionality, targeted delivery, and imaging capabilities that hold great potential for

improving therapeutic outcomes and reducing side effects in cancer patients.

A summary of some break through research papers in this field has been given below in Table 2.4

Table 2.4 Summary based on literature survey for Polymer coated Iron oxide nanoparticles for cancer

treatment
Author NPs Polymer Drug Cancer Conclusions (Refs.)
Modification Cell Line
Mangaiyarkara | Fe304 | Chitosan Paclitaxel | A549 Ggﬁa’fgfg ﬁifxtcaﬁg:ft
si etal. @LaF3: (PTX) 10 Ung
Co3s cell lines in contrast to
free PTX. [82]
_ _ The efficient delivery
Situ et al. SPION | Dextran Doxorubi | BEL-7402 | of the nanocarrier to
(DEX), PLGA | cin the tumor tissue and its
and micelle | (DOX) potential for tailored
tumor targeting and
effective tumor therapy
are noteworthy. [83]
) Showed that a
Menon et al. SPION Chitosan and — Ab549, treatment was
(PLGA) H460 beneficial by
decreasing the growth
of the tumor. [84]
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Feng et al.

SPION

PEG

BALB/c
mice

Potent cytotoxicity,
rapid absorption by
cells, quick
elimination, and
narrow distribution of
tumors. [85]

Albukhaty et
al.

SPION

DEX

Vinblasti
ne (VBL)

PANC-1

Long-lasting release
profile, dose- and time-
dependent targeted
cancer cell cytotoxicity,
and more potent tumor
growth inhibition in
PANC-1.[86]

Mahdi et al.

SPION

DEX

5_
fluoroura
cil (5-
FU)

SNU-423

Excellent
biocompatibility,
excellent loading
efficiency,
controllability,
penetrability, and
growth-inhibiting
effectiveness against
tumors.

Al-Kinani et al.

Fe@Au

Chitosan (CS)

T-47D

Decrease in T-47D cell
viability due to
significant increases in
apoptotic levels.
verified the average
tumor size's gradual
decline to a minimal
size [88].

Senturk et al.

SPION

PLGA-b-PEG

Cu

GBM

Shown toxicity to
T98G cells, which had
a viability rate of less
than 16%. The
engineered MNPs have
a controlled 72-hour
release window for
70% of their
pharmacological load
[89].
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Al-Musawi et
al.

SPION
@Au

Chitosan

DOX

SkBr3

When compared to
mice given the free
medication, in vivo
studies showed that the
development of tumors
was markedly
suppressed in the mice
given this nanocarrier.
[90]

Adawiya et al.

Fe304
@Au

Chitosan (CS)

CuU

MDA-
MB-231

When compared to an
unloaded nanocarrier,
the nanocarrier exhibits
a discernible enhanced
effect in cell death and
apoptosis induction. It
also induces an
increase in MDA-MB-
231 cell death, which
results inan 18.5%
apoptosis rate.[91]

Bahjat et al.

Fe304/
TiO2

DOX

A549

When it comes to lung
cells (A549), the
nanocarrier is more
cytotoxic than when it
comes to the normal
cell line (WRL-
68).[92]
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CHAPTER 3: MATERIALS AND METHODS

3.1 Materials

Iron (II) Chloride FeCly, Iron (Ill) chloride FeCls, Ammonia solution 25%, Oleic acid,
Tetrahydrofuran (THF), Absolute Ethanol and Polysorbate 80 were purchased from Sigma Aldrich.
Poly Lactic-co-Glycolic Acid (PLGA) was purchased from Evonik. All the chemicals were used

as received. For all the experiments, Mili-Q water with resistivity 18.2 MQ-cm was used.

In the following sections, synthesis methods of IONPs and their coating with oleic acid, oleic acid
coating optimization, synthesis of bare polymeric particles followed by synthesis of polymer

coated IONPs will be discussed.

3.2 Synthesis of Oleic acid coated Iron Oxide Nanoparticles

3.2.1 Method I.

Iron oxide nanoparticles were synthesized by co-precipitation method using ferric 2.7g (0.1
mole) and ferrous chloride 1.0g (0.05 mole) salts at 2 : 1 molar ratio of Fe3+ : Fe2+ as shown in
the figure 3.1After dissolving ferric and ferrous chloride in 100 milliliters of water, 15 milliliters
of ammonium hydroxide were added while the mixture was continuously mechanically stirred at
425 revolutions per minute. After that, the reaction mixture was heated to 80 °C. To coat the iron
oxide nanoparticles, known as OA-IONPs, with oleic acid, 10 mL of oleic acid was added to the
reaction system. The reaction mixture was then mechanically agitated for an additional two hours.
The nanoparticles were then magnetically separated and rinsed three times with a 50%
ethanol/water solution. Following the removal of the supernatant, IONPs were dispersed in
THF.This method was adopted from the work Rashid M. et al. [93] and the washing steps and

dispersion in THF were modified.
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Figure 3-1: Synthesis of oleic acid coated Iron oxide nanoparticles

3.2.2 Method II.

Iron oxide nanoparticles were synthesized by co-precipitation method using ferric 10.80g (0.1
mole) and ferrous chloride 4.00g (0.05 mole) salts at 2: 1 molar ratio of Fe**: Fe?*. Ferric and
ferrous chloride were dissolved in 50 mL of water.15.4 mL of 25% of ammonium hydroxide was
added in 84.6 ml of water. 10 mL of salts solution was added three drops per second with the help
of a burette in Ammonia solution at magnetic stirring of 380 rpm. The nanoparticles were
magnetically separated and washed with water three times. The supernatant was removed and
IONPs were redispersed in water.[94] For 200 mg of IONPs dispersed in water, 1.2 ml of oleic
acid was added and sonicated at 67 °C for two hours. After two hours, oleic acid coated IONPs
were magnetically separated and washed with 50% ethanol-water three times and dispersed in 5ml
THF. Fig 3.2 shows the schematic of the process.

Fe?* | Fe3* Solution

e §]
Oleic Acid
e
e 67°C OA-IONPs
2hr
— | > —

(- e =
NH,OH Solution IONPs IONPs Sonication Bath

Figure 3-2: Synthesis of oleic acid coated Iron oxide nanoparticles
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3.3 Optimization with different amounts of Oleic acid

The functionalization process of iron oxide nanoparticles for method 11 was optimized for different
volumes of oleic acid. 0.4 ml, 0.5 ml, 0.6 ml, 0.8 ml,1.0 ml and 1.2 ml of oleic acid was used for
each 200 mg IONPs sample dispersed in water. All the samples were sonicated at 67 °C for two
hours. After two hours, oleic acid coated IONPs were magnetically separated and washed with

50% ethanol-water three times and dispersed in 5ml THF.
3.4 Synthesis of PLGA nanoparticles

PLGA nanoparticles were made by flash nanoprecipitation, work adapted from Saad et. al. [95]
192 mg PLGA was dissolved in THF (organic phase) by magnetic stirring at 200 rpm for 5 minutes.
In a volumetric flask 0.1 W/V.% Tween 80 solution in water was prepared (aqueous phase). With
the use of infusion pumps, organic and aqueous phases were introduced in the two-inlet MIVM
flash nanoprecipitation reactor at the flowrate of 10 mL/min and 100mL/min respectively. After
establishing a flow equilibrium throughout the first 30s of the reaction, three samples of 5mL each,

were collected at the intervals of 5s

Organic Phase
(PLGA and IONPs in THF)

Aqueous Phase
(Tween80 +MQ Water)

Flow rate: 10mi/min

PNP@IONPs

e X

Figure 3-3:Flash naoprecipitation setup

Flow rate:
100mi/min

3.5 Synthesis of PLGA coated Iron Oxide nanoparticles

For PLGA coated IONPs the above procedure was followed with slight modifications. PLGA was
dissolved in THF (organic phase) by magnetic stirring at 200 rpm for 5 minutes. This was followed
by the addition of OA-IONPs dispersed in THF. The solution mixture was vortexed for 30 secs. In
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a volumetric flask 1 wt.% Tween 80 solution in water was prepared (aqueous phase). With the use
of infusion pumps organic and aqueous phases were introduced in the two-inlet MIVM flash
nanoprecipitation reactor at the flowrate of 10 mL/min and 100mL/min respectively. After
establishing a flow equilibrium throughout the first 30s of the reaction, the sample was collected.
A quick 30 seconds magnetic separation was done to remove free Iron oxide nanoparticles. Then,

the sample was purified by centrifugation, 3x at 8000 rpm using water as solvent.
3.6 Optimization with different PLGA and IONPs concentrations

The polymer coated IONPs are later to be used for biomedical applications, so it is important to
control and optimize the size of these particles. Bare PLGA nanoparticles were synthesized for 1,
1.5 and 2 wt% using the same method mentioned above. Then for the optimum wt. % of PLGA,

the concentration of Iron oxide nanoparticles was varied from 1 mg/ml to 6 mg/ml.
3.7 Methods for the characterization:

Following Characterization techniques were used.

3.7.1 Fourier-Transform Infrared-Attenuated Total Reflection (FTIR):

The way FTIR spectrometers operate is that infrared (IR) light passes through the crystal and
is fully reflected inside at the contact between the crystal and the sample before arriving at the
detector. An absorption spectrum unigue to each molecule bond is produced by the light absorbed
by the molecules in the infrared spectrum. The frequency is measured within the region of 4000-
500 cm™. The energy gap determines the frequency of the absorption peak. This occurs when
molecules absorb a certain wavelength of radiation, which excites them and shifts their energy

level from the ground state to the excited state.
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Figure 3-4(a)Bruker Vertex 80v FTIR Spectrometer (b) Schematic showing the main components of FTIR

For this thesis, Thermo Scientific Nicolet iS50 FT-IR with a golden gate diamond attenuated total
reflectance (ATR) module was used. 5mg of sample powder was placed on the ATR crystal und
screwed down with a cone geometry until a good signal was received. A method with 2cm™
resolution and 100scans was used. Afterwards the sample was removed, and the crystal was

cleaned afterwards with ethanol.
3.7.2 Thermogravimetric analysis (TGA):
Thermogravimetric analysis (TGA) is used to determine the degradation temperature of

materials. The main principle is the continuous measure of decreasing mass with respect to the

temperature.
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Figure 3-5(a) Netzsch TG209F1 TGA (b) Schematic of components of TGA

The TGA for all polymer samples was performed by weighing 10mg of dried sample into the
flame cleaned platinum crucible. For Analysis in Netzsch TG209F1 the sample was heated at a
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rate of 20°C/min from 100°C to 1000°C and afterwards cooled with 30°C/min back to room

temperature. The crucible was cleaned by holding it into the flame of a heat gun for 1min.

3.7.3 Dynamic Light Scattering (DLS):

The Brownian motion of scattered particles is the foundation of dynamic light scattering
(DLS). Particles scattered in a liquid flow arbitrarily in every direction.Particles move as a result
of the energy that is imparted during these collisions. Smaller particles are more affected by the
energy transfer since it is more or less constant. Smaller particles are therefore travelling faster
than larger particles. By measuring the particle's speed, you can ascertain the hydrodynamic

diameter if you are aware of all other factors that affect particle movement.

Figure 3-6: Anton Paar LiteSizer 500

Bare and Oleic acid coated IONPs were alternatively vortexed and sonicated three times and 1 ml
of the sample was taken in disposable cuvette for bare and quartz cuvette for oleic acid coated
IONPs on the same instrument settings mentioned above. Zeta potential for the NP solution was
measured in an OMEGA® 28 cuvette. The bare polymeric nanoparticles produced by FNP were
directly analyzed and polymer encapsulated IONPs were washed three times with water and
analyzed in the DLS (Anton Paar Litesizer 500) apparatus. 1 ml of FNP NPs with 10X dilution
were filled into a capped polystyrene disposable cuvette and the hydrodynamic size measurement
was started (25°C, max. 60runs @10s, automatic). Afterwards the cuvettes were flushed three

times with 10mL MQ water to remove the previous sample.

3.7.4 Scanning Transmission Electron Microscope S(T)EM:
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There are two primary types of signals that can be detected in S(T)EM one is transmitted
electrons and the second one is scattered electrons. The transmitted electrons pass through the atom
without interaction with the atom and are used to create a high-resolution image of the internal
structure of samples. The electron beam interacting with the atoms in the sample, causes them to
scatter or absorb some of the electrons, depending on their atomic number and thickness. The
scattered and transmitted electrons are detected by a series of detectors positioned above and below
the sample. The signal from the detectors is then processed to generate an image of the sample
with very high resolution and contrast, revealing the detailed atomic structure of the material. The
detectors present in the S(T)EM are specialized detectors which include bright-field detectors,
dark-field detectors, high-angle annular dark-filed detectors. These detectors help in creating a

range of images and analyses of samples.
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Figure 3-7 (a)High resolution S(T)EM Components (b) Schematic showing the main components of
S(TEM

Grids were prepared such that 10uL of the NP suspension were placed on the carbon grid with a
mechanical pipette. For IONPs the grids were left to dry for 2 minutes and blotted with wet tissue
paper. For PNPs and PNPs@IONPs the grid was left to dry for 30min, and residual sample was
removed by a wet tissue paper. Next, 6pL of 1% phosphotungstic acid (PTA) stain (pH~7.0) was

placed on the grid and left for ~1min before being removed by a wet tissue. Grids were then
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analyzed with a NTNU NanoLabs Hitachi S-5500 instrument at different magnifications. Energy-
dispersive X-ray spectroscopy (EDX) was performed to confirm PTA and IONPs in the STEM
images.

3.7.5 Vibrating sample magnetometer (VSM)

The measurement of a sample’'s magnetic moment in a magnetic field serves as the foundation
for VSM analysis. A magnetic field is applied to the sample, and the sample's magnetic moment is
calculated as a function of the strength of the magnetic field. The magnetic moment of the sample
is determined as a function of vibration frequency after it is subjected to mechanical vibration at a
predetermined frequency. Important details regarding the sample's magnetic characteristics, such
as magnetic anisotropy, magnetic domains, and magnetic susceptibility, can be learned from this

measurement.

Figure 3-8: Vibrating sample magnetometer (VSM)

Small amounts of dry NPs were mounted on a sample holder in a Princeton PMC Model 3902
MicroMag, under a magnetic field of 10 kOe and the field increment was kept 100 Oe.

3.7.6  Drop Shape Analyzer (DSA)

The Drop Shape Analyzer DSA25 KRUSS was used to measure contact angle. The glass slide

was prepared by dip coating in IONPs solution. A small water drop was placed on the surface of
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the slide and the contact angle is then calculated based on the shape of the water droplet at the
point of contact with the IONP coated slide. The DSA has a camera which continuously captures
the image, and the software continuously processes the data and measures the contact angle. We
could see the nature of the IONPs whether they are hydrophobic or hydrophilic with the help of

continuous contact angle measurement.

Figure 3-9: Drop Shape Analyzer
3.7.7 X-Ray Crystallography (XRD)

Bruker D8 A25 DaVinci X-ray Diffraction (XRD) with CuKa radiationas was used for XRD.
LynxEyeTM SuperSpeed Detector was used in examining the crystal structure of IONPs. X-Ray
Diffraction, or XRD, is a method for examining the structure of crystalline materials. By exposing
a sample to an X-ray beam, the atoms in the sample cause the X-rays to scatter in various
directions. The arrangement of atoms in the material may be determined by measuring and
analyzing the pattern of X-ray scattering. The voltage and current of X-ray source operate at 40Kv
and 40mA respectively and the CuKa radiation have the wavelength of A= 1.5406A The XRD help

in the identification of crystallinity and differentiate between crystalline and amorphous form.
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Goniometer

Figure 3-10: (a) Bruker D8 A25 DaVinci XRD (b) Schematic showing the main components of XRD

IONPs were placed and dried on silicon flats and analyzed. By exposing a sample to an X-ray
beam( at instrument settings low_cryst,120min,10-75degrees,0.2degress), the atoms in the sample

cause the X-rays to scatter in various directions.

3.7.8 Magnetherm

NanoTherix MagneTherm NTNU-IKP1004 was used for nanoparticle hyperthermia testing
and drug release characterization. By applying a magnetic field, the nanoTherics MagneTherm™
measures the specific absorption rate (SAR) of magnetic particles to determine their thermal
absorption capacity. This instrument is also equipped with a UV-Vis spectrophotometer to obtain
drug delivery release data, but only for magnetically responsive nanoparticles. The primary
structure comprises a solenoid with nine or eighteen coils, linked to an electric current and a chiller
to maintain a steady solenoid temperature. Additionally, a cap holding various-capacity capacitors

(ranging from 6.2 to 200 nF) is present.
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Figure 3-11: Nanotherics MagneThem

Nanoparticles were dispersed in 1 ml water for testing. Electromagnetic heating of nanoparticles
was done to establish heating capacity over a range of frequencies to make response profiles.
MagneTherm is attached to a UV-Vis Spectrophotometer which shows the absorbance for drug

release under the applied magnetic field. Scan and OriginLab software were used for data .

3.7.9 Software:

All graphs and calculations of derivatives, mean values and standard derivations were done by
the software Origin 2023 from OriginLab®. General schemes and graphical pictures were prepared
with the help of BioRender® and ChemDraw®.
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CHAPTER 4: RESULTS AND DISCUSSIONS

This chapter discusses the results of various experiments conducted in this project. The results are
subjected to the objectives of the project and the objectives are a) Synthesis and characterization
of hydrophobic Iron Oxide nanoparticles (IONPs) b) Encapsulations of IONPs and Paclitaxel in
PLGA nanoparticles using flash nanoprecipitation c) Analyzing the SAR Values of IONPs and
drug release in applied magnetic field using Magnetherm.

4.1 Synthesis of Iron oxide nanoparticles

Iron oxide nanoparticles were synthesized by two different methods and analyzed for their

magnetic saturation and particle size. The method based on the purity of end product was used.

2.4.1 Method I:

4.2.1.1 XRD of Iron oxide nanoparticles

The XRD pattern Fig 4.1 d displays characteristic peaks corresponding to spinel iron oxide of
magnetite. The 20 values of 30°, 36°, 43°, 54°, 57° and 63° are attributed respectively to the planes
(220), (311), (400), (422), (511) and (440). The broad peaks indicate the polycrystalline and
ultrafine nature of the samples[93]. The crystal size derived from scherrer’s equation comes out to
be 10.89 nm.
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Figure 4-1: XRD pattern of IONPs
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4.1.1.2 S(T)EM images of the Iron Oxide nanoparticles

The Iron oxide nanoparticles were imaged in BFSTEM mode in S(T)EM to see the morphology
and size of the particles. Particles were at different instrument resolutions for better understanding
of morphology. The particle size is between 7-30 nm. The exact morphology can not be determined
from the S(T)EM images, but the particles appear to be spherical. These oleic acid particles appear

to be less aggregated than the bare Iron oxide nanoparticles[93].

| o
200nm  25.0kV 3110k BFSTEM

Figure 4-2 S(T)EM images of IONPs

300k BFéTEM

25.0kv

4.1.1.3 VSM of the Iron Oxide nanoparticles

Since superparamagnetism is an important property of IONPs, VSM measurements were
performed. The superparamagnetic characteristics of naked IONPs are shown in Fig., where
remanent magnetization was not detected in the absence of a magnetic field. The saturation
magnetization, Ms of NPs comes out to be 65.58 emu/g. Such values of saturation magnetization
for IONPs have been reported in the literature [96]
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Figure 4-3 VSM of IONPs
Although the Iron Oxide nanoparticles synthesized by this method had the required characteristics
but there were some challenges in the washing of these nanoparticles. The particles were not
separating well on the magnet. As these nanoparticles were to be used in the flash

nanoprecipitation the washing of the excess oleic acid and other impurities is important.

Another method was tried which is attributed as method Il in this thesis.

4.1.2 Method II.

4.1.2.1 XRD of bare and oleic acid coated Iron oxide nanoparticles

The XRD pattern Fig 1 d displays characteristic peaks corresponding to spinel iron oxide of
magnetite. The 20 values of 30°, 36°, 43°, 54°, 57° and 63° are attributed respectively to the planes
(220), (311), (400), (422), (511) and (440). The pattern of Oleic acid coated IONPs shows a
decrease in the intensity resulting in broadening of the peak due to the coating of oleic acid [96,
97]. The crystal size derived from Scherrer equation was 9.68 nm for bare IONPs and 8.76 for the
oleic acid coated IONPs which align with their S(T)EM sizes.
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Figure 4-4 XRD of bare and oleic acid coated IONPs

4.1.2.2 TEM images and DLS of the bare and oleic acid coated Iron Oxide nanoparticles

Though, the average hydrodynamic diameter of IONPs nanoparticles was found to be 139 nm from
DLS, but S(T)EM image indicated the particle size in the range of 10-30 nm. A particle's diameter
that includes this hydrated electrical layer is referred to as its hydrodynamic diameter.
Consequently, it is anticipated that the hydrodynamic diameters will be larger than the diameters
determined from bright field TEM images, which show the particles as dry. It was found that the
measured hydrodynamic diameters were roughly five to ten times greater than an individual
IONP's dry diameter. For Fe304 -OA particles the average hydrodynamic diameter of
nanoparticles was 57 nm, and the S(T)EM images indicated the particle size again in the range of
7-30 nm fig 1 c. Although, for Fe304 -OA the hydrodynamic dia was measured in organic solvent
i,e., THF, but the decrease in size could also be due to less aggregation of nanoparticles because

of oleic acid coating, which can also be seen in the S(T)EM image below.
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Figure 4-5 S(T)EM of bare and oleic acid coated IONPs
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Figure 4-6 Hydrodynamic dia of(a)bare and (b) oleic acid coated IONPs

4.1.2.3 VSM of bare and oleic acid coated Iron Oxide nanoparticles

VSM measurements were performed to understand the magnetic properties of bare IONPs and
OA-IONPs (Figure 4.7). In both cases, no remanent magnetization was observed in the absence of
a magnetic field, a characteristic typical of superparamagnetic materials. The saturation
magnetization, Ms of NPs was decreased from 64emu/g to 62 emu/g after the coating of oleic acid.

According to a publication [98] According to a publication [98], there was a decrease in the
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saturation magnetization of nanoparticles when the resulting particle size decreased. Indeed, the
surfaces of magnetic nanoparticles (MNPSs) have a disordered spin layer, and as the particle size
drops, the disordered layer to MNP radius ratio becomes substantial. For smaller nanoparticles,
surface spin disorder consequently results in a lower Ms value. Lower Ms values may potentially
be related to the presence of a diamagnetic shell that encased the NPs[99]. In this instance, the OA
coating layer may have prevented the oxidation reaction that would have otherwise decreased the

magnetic dipole—dipole interaction between the NPs samples.[96, 100].
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Figure 4-7 VSM of bare and oleic acid coated IONPs

4.1.2.4 FTIR of Oleic acid, bare IONPs and Oleic acid coated IONPs

Using FTIR spectra analysis, the surface coating of IONPs with oleic acid was investigated further
and contrasted with IONPs that were bare and with pure oleic acid (Fig. 2). The recognizable peaks
were detected at approximately 2920 and 2850 cm™! for both symmetric and asymmetric —-CH;
stretching in oleic acid and oleic acid coated IONPs. The presence of oleic acid coating on iron
oxide nanoparticles was indicated by the absence of similar peaks in the uncoated nanoparticles.
There was no discernible -OH stretching peak for pure oleic acid because it overlapped with the -
CHj stretching [101]. Nonetheless, a noticeable peak at 932 cm™! indicates the bending (out of
plane) of the carboxylic acid —OH bond. Furthermore, because of the anchoring on the nanoparticle
surface, the carboxylic C=0 stretching seen in oleic acid, which is reflected by the steep peak at
1709 cm !, is absent from OA-IONPs.
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[102]. The —COOH anchoring on the surface of the nanoparticles is the cause of the
aforementioned carboxylic stretching disappearing in OA-IONPs. Additionally, the -OH peak
absence occurs at 1516 and 1411 cm™!, which is ascribed to the carboxylate (-COO-) stretching,
signifying ligand binding on the surface of the nanoparticle [103]. The peaks located at lower
wavenumbers of 554 cm™! indicate the presence of Fe—O stretching in magnetic nanoparticles that

are coated with oleic acid and those that are not.
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Figure 4-8 FTIR of oleic acid, bare IONPs and oleic acid coated IONPs

4.1.2.5 Contact angle of bare and Oleic acid coated particles

As discussed earlier, the purpose of oleic acid coating on Iron oxide particles is to make them
hydrophobic to later use them in flash nanoprecipitation, to confirm the hydrophobicity of the
coated nanoparticles, their contact angle was measured.

Fig a represents the contact angle of bare Iron oxide nanoparticles while Fig b representsthe contact
angle of oleic acid coated iron oxide nanoparticles. The increase in contact angle from 9.7° to 94.5°

confirms the hydrophobic nature of the coated iron oxide nanoparticles.
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Figure 4-9 Contact angle of (a) bare IONPs and (b) oleic acid coated IONPs

4.1.2.6 Optimization with different Oleic acid volumes

From the DLS of bare and oleic acid coated IONPs it was clear that the hydrodynamic size was
decreasing after coating of oleic acid. From the STEM images it was evident that it could be due
to less aggregation of particles. So, the process was optimized to get the minimum hydrodynamic
size of the nanoparticles. For 0 ml of the oleic acid the hydrodynamic size was measured in water
while the other samples were measured in THF. For 1.2 ml of the oleic acid the hydrodynamic size
was minimum i.e., 57£0.27 nm. It can be said that, size of IONP was dependent on the loading of
oleic acid. The decrease in size could be due to less aggregation of nanoparticles because of oleic
acid coating, which can also be seen in the S(T)EM imageThe reason for the larger hydrodynamic
size of IONPs in the case of lower oleic acid volumes was that there was not enough oleic acid to
encapsulate IONP, which made it harder for IONP to separate during ultra-sonication. Larger

hydrodynamic size IONPs are thus formed as a result.
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Figure 4-10 Optimization of particle size with increasing oleic acid volumes

These optimized OA-IONPs were encapsulated in PLGA by flash nanoprecipitation. Before encapsulation
bare PLGA nanoparticles were made by FNP and process conditions were optimized for encapsulation of

IONPs in PLGA.

4.2 Synthesis of bare PLGA nanoparticles

Bare PLGA nanoparticles wee synthesized by FNP and following characterizations were performed to
know the size and morphology of the particles.

4.2.1 STEM images and hydrodynamic dia of bare PLGA nanoparticles

The images shown below are for 2 wt.% of PLGA. The particles were stained with
phosphotungestic acid for better contrast in STEM. Looking at their morphology in STEM, the
particles appear to be spherical. An organic solvent that is water miscible dissolves the polymer.
Supersaturation is caused by the fast (and turbulent) mixing of the organic solvent stream with
water, which starts the precipitation of the dissolved hydrophobic components.

We assume the particles are making spaghetti like structures with more hydrophobic parts of the
PLGA towards the center and relatively less hydrophobic parts forming a shell. The basic principle
of particle formation is similar to one explained by Kevin. M et al [74]. Based on our own
hypothesis we assume the particles are making spaghetti like structures with more hydrophobic

parts of the PLGA towards the center and relatively less hydrophobic parts forming a shell. The
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STEM size of the 70 particles counted comes out to be 140nm+10 while the hydrodynamic dia is
195+4 nm.

30.0kV x90.0k BFSTEM 500nm  30.0kV x180k BFSTEM ) 30.0kV x300k BFSTEM

Figure 4-11 S(T)EM images of bare polymeric particles
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Figure 4-12 Hydrodynamic dia of bare polymeric particles
4.2.2 Optimization with different PLGA weight %

As we had to use these polymeric nanoparticles to encapsulate IONPs and paclitaxel and later
use for biomedical applications the size of these particles is of critical importance. Previously it
has been observed that particle size is a function of polymer weight%.[104] The hydrodynamic dia
came out to be 161+3.8 nm, 182+6 nm and 195+4 nm for PLGA 1 wt% ,1.5 wt% and 2 wt%
respectively. The error bars indicate standard deviations of three measurements of DLS for the
same sample. So, particles with weight% 1 were explored further in the thesis. So that even after
encapsulation of IONPs the particle hydrodynamic is in the range i.e, 200 nm to be used for

biomedical applications.
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Figure 4-13 Optimization of particle size with increasing PLGA wt%

4.3 Synthesis of PLGA coated Iron Oxide nanoparticles

4.3.1 S(T)EM images and Hydrodynamic dia of PNPsS@IONPs

For these particles 1 wt% PLGA and 1mg/ml of IONPs were used. From the STEM images we
can see the encasulatuion of IONPs in polymeric nanoparticles. The organic solutes (i.e., IONPs)
and polymer are dissolved in a water miscible organic solvent. Rapid (and turbulent) mixing of the
organic solvent stream with water induces supersaturation, which initiates precipitation of the
dissolved hydrophobic components. Prud’homme et al. [105] proposed that the hydrophobic end
of the polymer and the hydrophobic solutes are encapsulated in the core of the nanoparticle. The
hydrophilic end of polymer forms a corona, sterically stabilizing the particles by preventing further
aggregation. For the sucessful enacapsulation of the IONPs it is important that nucleation and
growth time for polymer and hydrophobic IONPs should be same. The hydrodynamic dia of the
these particles is 177£3 nm which is greater than that for bare PNPs at 1 wt%. The increase in
hydrodynamic size could be encapsulation of IONPs in the PNPs or due to aggregation because

these nanoparticles are centrifuged for washing purposes.
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Figure 4-15 Hydrodynamic dia of Polymer encapsulated IONPs

4.3.2 Energy Dispersive Spectroscopy (EDS) of particles

EDS was done for qualitative analysis of the samples. Image on the right provides the elemental
analysis of the image on the left. The constituents elements of PLGA are C, H and O, while that
of IONPs are Fe and O. The staining agent contains P,W, H and O. Hydrogen can not be detected
through EDS. The grid is carbon coated and explains the abundance of carbon in analysis. But we
can see a rise in ccarbon peak along with other peaks at the sample sites.

Figure 4-16 EDS of Polymer encapsulated IONPs
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4.3.3 Optimization with different IONPs concentrations

For the rest of study it is important to have more Fe content in the core of polymer encapsulated
IONPs so the concentration of ionps was increased from 1mg/ml to 6 mg/ml for sample a to f
shown in Fig 4.17. As the concentration of hydrophobic IONPs increases their supersaturation
increases and they precipitate faster than the polymeric particles and come out on the surface PNPs
as can be seen in fig d,e and f. For 3mg/ml IONPs concentration we can see more particles

encapsulated and continued the rest of studies with this concentration.

2
30.0kV x

0.1k BFSTEM

Flgure 4- 17 S(T)EM |mages for mcreasmg concentration of IONPs in polymer encapsulated IONPs

4.3.4 FTIR of OA-IONPs, PNPS and PNPs@IONPs

The surface chemistry of bare polymeric particles and polymer encapsulated IONPs was
studied and compared by FTIR spectra analysis Fig 2. the peaks at the lower wavenumbers 554
cm™! represent the Fe—O stretching in both OA-IONPs, and polymer encapsulated IONPs.

A strong peak corresponding to carbonyl stretching was observed near 1720 cm™'in both bare
polymeric particles and polymer encapsulated IONPs, which cannot be seen in OA-IONPs

justifying the existence of PLGA.
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Figure 4-18 FTIR of OA-IONPs, PNPS and PNPs@IONPs

4.3.5 TGA of OA-IONPs, PNPS and PNPs@IONPs

For the quantification of IONPs in Polymer encapsulated IONPs thermogravimetric analysis
was done. According to the results, PNPs and PNPs@IONPs exhibited the onset of decomposition
at a temperature lower than that observed for the uncoated IONPs, which arises from the presence
of the polymer and polymer coating, respectively. 33.35% mass loss was observed around 350°C
for PNPs @IONPs. From 400°C to 500°C the mass loss was 58.11%. And the lastly the mass loss
from 500°C to 700°C was 10.56% . While for bare IONPs there was about 4% mass loss till 500°C
and after that it became constant. For OA-IONPs the mass loss comes out be 60% confirming the
remaining 40% to be Fe compound content which comes out to be equal to theoretical amount put

in.
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Figure 4-19: TGA of IONPs,OA-IONPs, PNPS and PNPs@IONPs

4.3.6 VSM of PNPs@IONPs

The magnetization curves of polymer-encapsulated IONPs at room temperature displayed zero
coercivity and no remanence, which are hallmarks of superparamagnetic behavior. But the drop in
Magnetic saturation value is huge. The decrease in Ms value could be due to diamagnetic behavior
of PLGA coating layer. Although the Ms values is much lower as compared to bare IONPs, but
these particles can still be pursued for drug release in applied magnetics with the Ms value of 42

emu/g.
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Figure 4-20 VSM of IONPs , OA-IONPs and PNPs@IONPs
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4.4 Hyperthermia and Drug release

This section explains the analytical techniques used to observe the release of the drug in order to
verify the controlled drug release. In the nanoTherics magneTherm setup we can measure the SAR
values and drug release separately as well as in combination. The setup was first optimized for
the maximum Specific absorption ratio (SAR) with different combinations of applied magnetic
field and frequency. Then for the optimized combination drug release studies were performed.

Further discussion about SAR and drug release can be found in the following sections.

4.4.1 Hyperthermia and SAR Values

As discussed in the literature and theory chapter, the specific absorption rate (SAR) is commonly

used to quantify the heating efficiency of magnetic colloids. For this thesis the SAR values were
calculated using the Nanotherics MagneTherm.
In the figures 4.21 (a) and (b) the capacitors associated with certain frequency are mentioned. The
magnetic field was applied at different frequencies i.e, 162.2kHz, 243.5kHz and 930.7kHz for 9
turns coil and 102.5kHz, 154.0kHz and 587.5kHz for 18 turns coil respectively. The frequencies
were fixed and applied magnetic field was varied to perform the hyperthermia studies at Brezovich
limit and 5 times of the Brezovich Limit as shown in Fig 4.21. The Brezovich criterion, Ho f <485
MA m!s!, was experimentally determined to be a physiologically tolerable level of prolonged
exposure (more than 1 h) to the torso.[106]Where Ho is the applied magnetic field and f is the
frequency.

As shown in Fig 4.21 a there is no significant difference in the SAR values for different
combinations of frequency and applied magnetic field at the Brezovich limit but at 5X brezovich
the SAR vale increases 5-7 times except for 930.7kHz where it increases about 33 times. Fig 4.21
b. The maximum SAR value comes out to be 88.01 W/g for 102.fkHz and 30mT applied magnetic

field. This combination was chosen for further optimization.
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Figure 4-21 (a) Optimization for maximum SAR value at 1mg/ml at Brozovich limit (b) Optimization for

T T T T T T
100 200 300 400 500 600
Time (seconds)

maximum SAR value at Img/ml at 5X Brezovich limit

With increasing concentrations of IONPs from 1mg/ml to 3mg/ml although there is an increase in
slope % but the SAR value came out to be lower, which could be possible due to the inverse
relation between SAR and mass of iron oxide nanoparticles. While for the fixed 3mg/ml

concentrations we can see substantial increase in both the % and SAR values at 10X times of the

Brezovich limit Fig 4.22. SAR values as a function of concentration has been reported many times

in the literature. [107, 108]
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Figure 4-22 SAR values at different concentrations of IONPs

As per TGA results the total Fe compound content in the PNPsS@IONPs is 9.7%, it means that
3mg/ml of the PNPs@IONPs will contain only 0.29 mg/ml of the Fe content. Since the increase
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in temperature in MagneTherm is associated with the magnetic moment of IONPs the decrease in
temperature difference in the figure below is justified due to less Fe content in PNPS@IONPs as
compared to bare IONPs.
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28
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Figure 4-23: SAR values of bare IONPs and PNPs@IONPs

4.4.2 Drug release

4.4.2.1 Calibration Curve

The calibration curve is a fundamental step to estimate the amount of released drug, comparing
the unknown values with the calibration data. To establish the calibration curve for our system,
paclitaxel was run in the Flash nanoprecipitation setup under the same condition as for co-
encapsulation of drug and IONPs to get the concentration in total solution. Even though we are
washing the samples after FNP it will contain some amounts of THF as its water miscible and
Tween 80. That’s why the FNP system was chosen to draw the caliberation curve. The solution
consisted of THF and water containing 0.1 W/V % of T80 in the same ratios as for encapsulation

of drug and IONPs. Fig.4.24 shows the absorbance peaks for different samples concentrations.
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Figure 4-24 Absorbance peaks for Paclitaxel at different concentrations(mg/ml)

With the obtained data from UV-Vis the calibration curve is obtained by plotting absorbance
values at 230 nm versus concentrations of the samples. The value of R? is equal to 0.9896. This

curve was further used to compare the drug release from the system.
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Figure 4-25 Paclitaxel UV-Vis calibration curve with the Lambert-Beer law

4.4.2.2 Drug Release in the applied magnetic field

First the drug release in magneTherm was done in the absence of magnetic field Fig 4.26 (a). The
sample was placed in a dialysis membrane with molecular weight cut off between 8-10KDa
(smaller than NPs but greater than Paclitaxel). At room temperature i.e.,22.5°C, the dialysis

membrane was placed in water. It was hypothesized that the drug will diffuse through membrane
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towards water solely because of concentration gradient. Continuous readings were noted for the
water with UV-Vis equipment attached with magneTherm but no magnetic field or temperature
controls were turned on. After 50 mins there was not substantial drug release.

The same study was repeated this time with the applied magnetic field turned on (102.5kHz,
30mT). And the chiller temperature was set at 25°C. We can see an increase in temperature with
the applied magnetic field Fig 4.26 (b), and with the increase in temperature we can see the
increase in absorbance in UV-Vis. The increase in absorbance confirms the drug release during
the process. The PLGA is not reported to be temperature sensitive polymer, so we conclude that
the drug release is because of diffusion aided by increase in temperature.
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Figure 4-26 (a) drug release in absence of magnetic field (b) drug release in applied magnetic field

Further studies were done with pulse magnetic fields to make an optimized controlled drug release
system. For the first study pulsed magnetic field was applied such that the magnetic field was
applied for four exposures of 15 minutes while the time between each exposure was also kept 15
minutes. In the graph below the textured areas are the one where applied magnetic field is turned
on. The flattening of curve can be observed when the magnetic field is turned off and temperature
starts to decrease after each exposure as shown in Fig 4.27. If we compare the absorbance for
which is a measure of drug release for Fig 4.26 b and Fig 4.27 at 50 mins we can see a decrease
in the value. Which suggests that one can control the drug dosage magnetically over periods of
time.
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Figure 4-27: Controlled drug release in pulsed magnetic field, textured area represents when the magnetic
field is turned on

From the results in Fig 4.27 it was assumed that the sample needs more time to come to its original
temperature and in turn minimize the drug release when the applied magnetic field is turned off.
So the system parameters were varied such that the magnetic field was applied for three exposures
of 15 minutes while the time between each exposure was kept 30 minutes. The flattening of the
curve in the absence of magnetic field is more evident in this case as shown in 4.28. And at 50

mins the value of absorbance is much lower than that in Fig 4.26 b.
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Figure 4-28 Controlled drug release in pulsed magnetic field, textured area represents when the magnetic
field is turned on
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The hypothesis was tested for another set of parameters. Two exposures of 45 mins were set where
the time between exposures was also set for 45 minutes. We observe the variations in curves with
applied magnetic field. The sudden increase in release at 20 mins could be due to a sudden external
force on the membrane which resulted in shaking of and release from the surface of membrane.
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Figure 4-29: Controlled drug release in pulsed magnetic field, textured area represents when the magnetic
field is turned on

Next, the drug release was observed first with applied magnetic field for 1 hour and then without
the magnetic feild. One can clearly see the change in release profile when the applied magnetic

field is turned off as shown in Fig 4.29
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Figure 4-30: Controlled drug release in pulsed magnetic field, textured area represents when the magnetic
field is turned on

From the results discussed above, it is concluded that one can co-encapsulate magnetic iron

oxide nanoparticles and paclitaxel in PLGA using flash nanoprecipitation. And later use for
magnetically controlled drug release drug release.
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SUMMARY OF RESEARCH WORK

Herein, we report for the first time the encapsulation of hydrophilic (later functionalized with oleic
acid) IONPs in PLGA using flash nanoprecipitation. Initially, flash nanoprecipitation was used to
create bare PLGA nanoparticles. Paclitaxel and IONPs were then co-encapsulated in PLGA. More
Fe content was observed to be encapsulated in PLGA when the concentration of IONPs in flash
nanoprecipitation increased from 1 mg/ml to 3 mg/ml. However, at concentrations of 4 mg/ml to
6 mg/ml, the IONPs precipitate more quickly than PLGA and adhere to the PLGA's outside surface
rather than being encapsulated. Using the magneTherm, magnetically controlled drug release was
investigated.

The findings of this work indicate that flash nanoprecipitation can be used to co-encapsulate
Paclitaxel and IONPs in PLGA. Furthermore, magnetically controlled drug release from these
encapsulated nanoparticles is visible. One can pursue these nanoparticles for in-vitro and in-vivo

studies.
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CHAPTER 5: CONCLUSION AND FUTURE RECOMMENDATIONS

One can use IONPs with narrow size distributions for encapsulation.

Temperature sensitive polymers can be used for encapsulation, as they will release drug as a
function of temperature as well in MagneTherm.

These PLGA encapsulated IONPs can be further pursued for in-vitro and in-vivo drug release

studies.
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