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Abstract

Magnetic nanoparticle-based hyperthermia has garnered significant attention as a promising
approach in cancer treatment. This study presents the synthesis and comprehensive evaluation
of polyethylene glycol (PEG)-coated FesO4 nanoparticles, designed specifically for magnetic
hyperthermia applications. The FesOs nanoparticles were synthesized using the chemical
coprecipitation method, followed by surface modification with PEG coating to enhance their
biocompatibility and stability in biological systems. To characterize the synthesized
nanoparticles, various advanced techniques were employed. X-ray powder diffraction (XRD)
confirmed the crystalline structure of the FesOs nanoparticles, revealing an inverse-spinel
configuration with a crystallite size of 9.1 nm. Fourier-transform infrared spectroscopy (FTIR)
further confirmed the successful coating of the nanoparticles with PEG, as evidenced by
characteristic absorption bands. The magnetic properties were analysed by vibrating sample
magnetometer (VSM), which indicated that both the uncoated FesOs nanoparticles and the
PEG-coated variants exhibited superparamagnetic behaviour, a key attribute for magnetic
hyperthermia. The physical size of the uncoated FesOs nanoparticles was determined using
high-resolution transmission electron microscopy which showed an average size of 9.5 £ 0.12
nm. Upon PEG coating, dynamic light scattering (DLS) measurements revealed that the
hydrodynamic size of the PEG-coated nanoparticles increased to 118 & 0.25 nm from 87 + 0.31
nm (bare Fe;0a4), reflecting the successful addition of the PEG layer and its impact on particle

size in solution.

The magnetic hyperthermia efficiency of PEG-coated Fe;O4 nanoparticles was systematically
evaluated by varying several key parameters: magnetic field frequency (ranging from 162 to
935.6 kHz), field strength (from 5 to 12 mT), and nanoparticle concentration (between 1 to 100
mg/mL). To assess their performance, the temperature rise in an aqueous dispersion of the
nanoparticles as monitored over a 20 minutes time period. This temperature increase reflects
the nanoparticle’s ability to generate heat when subjected to an alternating magnetic field, a
critical factor for effective hyperthermia treatment in cancer therapy. The specific loss power
(SLP), a measure of the nanoparticle’s heat-generating capacity, was calculated by using the
corrected slope method. The analysis revealed a clear relationship between the SLP values and
the tested parameters. Specifically, the SLP of the PEG-coated FesO4 nanoparticles increased
linearly with both the frequency and strength of the magnetic field, meaning that higher

frequencies and stronger fields led to greater heat generation. Conversely, the SLP values
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decreased exponentially as the concentration of nanoparticles increased, indicating that more
diluted nanoparticle dispersions were more efficient at converting electromagnetic energy into

heat.

The conditions for magnetic hyperthermia efficiency were identified at a magnetic field
frequency of 580.8 kHz, a field strength of 10 mT, and a nanoparticle concentration of 25
mg/mL. These findings demonstrate that the synthesized PEG-coated FesOs nanoparticles
exhibit strong potential as candidates for magnetic hyperthermia-based cancer treatment. Their
ability to efficiently convert electromagnetic energy into heat under optimal conditions makes
them promising for use in targeted, localized hyperthermia therapy, where precise heat delivery

is essential for effective tumour cell destruction without harming surrounding healthy tissue.

Magnetic nanoparticle-based hyperthermia, combined with chemotherapy, represents a
promising and innovative strategy for cancer treatment. In this study, a targeted drug delivery
system was developed, consisting of a doxorubicin (DOX)-loaded magnetic core, coated with
polyethylene glycol (PEG), and functionalized with the targeting ligand [D-Trp6] luteinizing
hormone-releasing hormone (LHRH) or Triptorelin. This system was designed to enhance the
effectiveness of cancer therapy by selectively delivering DOX to cancer cells while
simultaneously employing magnetic hyperthermia to further induce cell death. Fourier-
transform infrared (FTIR) spectroscopy confirmed the successful conjugation of the LHRH
ligand to the PEG-coated magnetite (FesO4) nanoparticles, as evidenced by characteristic peaks
in the spectrum. The drug loading efficiency of the LHRH-targeted PEG-coated FesOa
nanoparticles was analysed using UV—vis spectroscopy, revealing a 66 % loading efficiency
for DOX, indicating that a substantial amount of the drug was successfully incorporated into

the nanoparticles.

To assess the therapeutic potential of these synthesized nanoparticles, their effects were tested
on human lung cancer cells (A549) and human breast cancer cells (MCF-7) using an MTT cell
viability assay. The LHRH-targeted PEG-coated FesOs nanoparticles, loaded with DOX, were
evaluated for cytotoxicity under three different treatment conditions: thermotherapy (magnetic
hyperthermia), chemotherapy (DOX alone), and a combination of thermotherapy and
chemotherapy (thermo-chemotherapy). In the A549 lung cancer cells, thermo-chemotherapy
where both DOX and magnetic hyperthermia were applied resulted in an 88 % reduction in cell
viability at the highest DOX concentration tested (10 pg/mL). This was a notable improvement

over chemotherapy alone, which reduced cell viability of 62 %, and thermotherapy alone,
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which caused a 47 % reduction. A similar trend was observed in MCF-7 breast cancer cells,
where thermo-chemotherapy led to a 91 % reduction in cell viability at highest DOX
concentration (8 pg/mL), surpassing chemotherapy (57%) and thermotherapy (45 %) when

used as standalone treatments.

In addition to assessing cell viability, the study also explored the immune response generated
by the treatment, specifically focusing on the production of interferon-gamma (IFN-y), a
cytokine known for its role in immune-mediated cancer cell inhibition. [FN-y production was
measured in A549 lung cancer cells using both targeted and non-targeted drug-loaded
nanoparticle conjugates, with and without the application of an alternating magnetic field. The
findings demonstrated that the use of targeted, DOX-loaded magnetic nanoparticles led to a
significant increase in IFN-y production, regardless of magnetic field application, compared to
non-targeted nanoparticles. This suggests that the targeted delivery of DOX, coupled with the
magnetic hyperthermia, not only enhances direct cell killing but may also stimulate a more

robust immune response against the cancer cells.

Overall, this study highlights the potential of targeted magnetic hyperthermia approach in
combination with chemotherapy to significantly enhance the effectiveness of cancer treatment.
The dual action of the therapy inducing direct cancer cell death through hyperthermia while
delivering cytotoxic drugs like DOX along with the stimulation of an immune response through
increased IFN-y production, provides a compelling case for the use of this strategy in treating
cancers such as lung and breast cancer. By leveraging the advantages of magnetic fields to
focus treatment on tumour cells and increase drug efficacy, this combined thermo-
chemotherapy approach could offer a promising and more effective method for combating

cancer.



TABLE OF CONTENTS

Chapter 1: Introduction ............ ..o i e 1-5
Chapter 2: Review of Literature ............... ... 6-30
2 B 04V 0 1 ) 6
2.2 BIEASE CANCET ... euutntett ettt et et ettt et et e eeene e 7
2.3 Conventional cancer treatmMents ...........o.e.eveiieieiniitintiei i enenaa 10
2.4 Hyperthermia ......o.oinei ittt et e 11
2.5 Magnetic hyperthermia .............oooiiiiiiii i 13
2.6 Magnetic hyperthermia combined with conventional chemotherapy .............. 16
2.7 Drug targeting methods .........c.oiuiiiiiiii e 19
a) Passive targeting
b) Active targeting
2.8 Biological targeting receptors combined with magnetic hyperthermia ............ 22

2.9 Luteinizing hormone-releasing hormone (LHRH) targeted magnetic hyperthermia

.................................................................................................... 26
Chapter 3: Materials and Methods ........ccceviiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieciinn 31-38
BT MALETIALS . neeet et 31
3.2 Synthesis of Fe3Osnanoparticles ...........ocooviiiiiiiiiiiiiiiiiiiii e, 31
3.3 Surface modification of Fe3Osnanoparticles with PEG ........................... ... 32

3.4 Characterization of Fe3O4 and PEG-coated Fe3;O4nanoparticles ..................... 33

3.5 Materials

3.7 Drug loading into LHRH- tagged PEG-coated Fe3O4 .............ccooiiiiiiininn..l. 34



B MaAtETIalS et 35

3.9 Magnetic hyperthermia measurement of PEG-coated Fe3;O4 nanoparticles ...... 35

3.10 Cell cultures (In-vitro analysis) ..........coeiiiiiiiiiiiiiiiiiiii e, 36
3.11 CytoKine ANALYSIS ....ueuiiiiit i 38
3.12 Statistical analysis ........c.ovuiiniitii i 38
Chapter4: Results ........ ... e, 39-63
A1 Drug loading .......o.oiniiii i e 48
4.2 Drug loading effiCiency ........ccoiuiiiiiiiiii i 48
4.3 Magnetic hyperthermia of PEG-coated Fe3O4 nanoparticles ........................ 49
4.4 Cell viability ASSESSMENT ...ttt ettt et eereeeeeaeaaan 54
4.5 Morphological study ..........coiiiiiiiii e 59
4.6 Cytokines EStMAation .........oouiiuiiiitiiti ittt enens 62
Chapter 5: DiSCUSSION ..o e e, 64-74
CaPLer O ... e 75-178
6.1 SUMMATY ..o e e 75
6.2 Scope for future Work ....... ... 77
REfETONCES .. .ottt 79 -101

Xi



LIST OF FIGURES

Figure Description Page No.

2.1 Subtypes of lung cancer 7

2.2 Subtypes of breast cancer 9

23 Active and passive targeting approach 20

24 Mechanism of receptor mediated endocytosis of nanoparticle-drug 22
conjugate to the tumour site

2.5 Luteinizing hormone-releasing hormone (LHRH) mode of action (32) 27

3.1 Flow diagram illustrating the synthesis protocols utilised for the 32
preparation of Fe3O4

4.1 XRD pattern of as-synthesized Fe;Os.nanoparticles 39

4.2 (a) Transmission electron micrograph 40
(b) lattice fringe image and
(c) specific area electron diffraction pattern of Fe3sO4 nanoparticles

4.3 Size distribution histogram of Fe3O4 nanoparticles obtained from HR- 41
TEM micrograph

4.4 Fe;04 nanoparticles dispersed in water. Histograms are fitted with log 42
normal distribution function (Eq. 4.2)

4.5 FTIR spectra of (a) Fe3Os, (b) PEG-600 and (c¢) PEG-coated Fe3Os 43
nanoparticles measured in the spectral range of 4000 — 500 cm'!

4.6 Magnetization (M) versus applied magnetic field (H) plots of (—) bare 45
Fe;Os4 and (-) PEG-coated Fe3;O4 nanoparticles. Inset shows the
magnified view of M-H curves in the field range of -100 Oe to + 100 Oe

4.7 Magnetization (M) versus applied magnetic field (H) data of 45

a) Fe304and
b) PEG-coated Fe3O4 nanoparticles fitted with modified Langevin
function [Eq. 3]

Xii



4.8

4.9

4.10

4.11

4.12

4.13

4.14

4.15

FTIR spectra of (a) bare Fe3Oa, (b) PEG and (c) PEG-coated Fe;O4 (d)
LHRH and (¢) LHRH conjugated PEG-coated Fe3Os nanoparticles.
Measurement was performed in the spectral range of 4000 — 500 cm’!

UV-visible absorption spectrum of aqueous solution of (a) free
doxorubicin (geen color) and (b) DOX loaded LHRH tagged PEG-coated
Fe304 nanoparticles (black color). The spectrum was recorded at 25 °C
with HPLC grade water as reference

Temperature — time profiles of as-synthesized PEG-coated Fe;O4
nanoparticles measured as a function of (a) magnetic field frequency (b)
magnetic field strength and (c) nanoparticle concentration

A8 vs time plots of PEG-coated Fe3O4 nanoparticles measured as a
function of (a) magnetic field frequency (b) magnetic field strength and
(c) nanoparticle concentration, which are fitted with box-Lucas model
(Eq. 4.5).

Effect of magnetic field frequency field strength, and nanoparticle
concentration on the SLP of PEG-coated Fe;O4 nanoparticles

a) Cell viability of A549 cells in the absence and presence of magnetic
field after treatment with different concentrations of PEG-coated Fe3Oa.
b) Cell viability of MCF-7 cells in the absence and presence of magnetic
field after treatment with different concentrations of PEG-coated Fe3O4..
Unpaired t-tests were used for comparisons, *P<0.05, **P<0.01,
***P<0.001

a) Cell viability of A549 cells in the absence and presence of magnetic
field after treatment with different concentrations of LHRH tagged PEG-
coated Fe;0Oq.

b) Cell viability of MCF-7cells after treatment with different
concentrations of PEG-coated Fe;O4. Unpaired t-tests were used for
comparisons, ¥*P<0.05, **P<0.01, ***P<0.001

a) Cell viability of A549 cells in the absence of magnetic field after
treatment with: free DOX, DOX loaded PEG-coated Fe3;Os and DOX
loaded LHRH tagged PEG-coated Fe30Os.,

b) Cell viability of MCF-7 cells in the absence of magnetic field after
treatment with: free DOX, DOX loaded PEG-coated Fe3;O4 and DOX
loaded LHRH tagged PEG-coated Fe3Os., Unpaired t-tests were used for
comparisons, ¥*P<0.05, **P<0.01, ***P<0.001

47

49

50

51

53

55

56

57

xiii



4.16

4.17

4.18

4.19

a) Cell viability of A549 cells in the presence of magnetic field after
treatment with: free DOX, DOX loaded PEG-coated Fe3;Os and DOX
loaded LHRH tagged PEG-coated Fe30Os.,

b) Cell viability of MCF-7 cells in the absence of magnetic field after
treatment with: free DOX, DOX loaded PEG-coated Fe3;O4 and DOX
loaded LHRH tagged PEG-coated Fe3Os., Unpaired t-tests were used for
comparisons, ¥*P<0.05, **P<0.01, ***P<0.001

Cellular morphology of A549 cells under alternating magnetic field
(AMF)

a) untreated A549 cells.

b) LHRH tagged PEG-coated Fe;O4 (25 pg/mL) treated A549 cells.

c) DOX loaded LHRH tagged PEG-coated Fe3;O4 (DOX concentration:
1.25 pg/mL) treated A549 cells.

d) DOX loaded LHRH tagged PEG-coated Fe3;O4 (DOX concentration:
2.5 pg/mL) treated A549 cells, e) DOX loaded LHRH tagged PEG-
coated Fe;O4 (DOX concentration: 5 pg/mL) treated A549 cells and f)
DOX loaded LHRH tagged PEG-coated Fe3O4 (DOX concentration: 10
ng/mL) treated a549 cells were viewed using inverted microscope. Red

arrow (=2) shows cell shrinkage while black arrow (=) pointed at the
suspension of dead cells. Magnification: x40;

Cellular morphology of MCF-7 cells under alternating magnetic field
(AMF)

a) untreated MCF-7 cells,

b) LHRH tagged PEG-coated Fe3O4 (25 pg/mL) treated MCF-7 cells,

c) DOX loaded LHRH tagged PEG-coated Fe3;O4 (DOX concentration:
1ug/mL) treated MCF-7 cells, d) DOX loaded LHRH tagged PEG-coated
Fe30s (DOX concentration: 2ug/mL) treated MCF-7 cells ,e) DOX
loaded LHRH tagged PEG-coated Fe3O4 (DOX concentration: 4pg/mL)
treated MCF-7 cells and f) DOX loaded LHRH tagged PEG-coated Fe3O4
(DOX concentration: 8ug/mL) treated MCF-7 cells were viewed using
inverted microscope. Red arrow (=) shows cell shrinkage while black

arrow (=) pointed at the suspension of dead cells. Magnification: x40;

Secretion levels of IFN-y in response to free DOX, DOX loaded PEG -
coated Fe3;0O4 and DOX loaded LHRH tagged PEG-coated Fe;O4 against
A549 cells

a) in the absence of magnetic field and

b) in the presence of magnetic field. Unpaired t-tests were used for
comparisons, ¥*P<0.05, **P<0.01, ***P<0.001

58

60

61

63

Xiv



4.20

Secretion levels of IFN-y in response to free DOX, DOX loaded PEG -
coated Fe3;O4 and DOX loaded LHRH tagged PEG-coated Fe;O4 against
MCF-7 cells

a) in the absence of magnetic field and

b) in the presence of magnetic field. Unpaired t-tests were used for
comparisons, ¥*P<0.05, **P<0.01, ***P<0.001

63

Xv



LIST OF TABLES

Figure Description Page No.

2.1 Magnetic nanoparticles conjugates exhibiting magnetic hyperthermia in 19
different cancer cell lines

2.2 Magnetic nanoparticles conjugated with different biological receptors 25
used in magnetic hyperthermia against different cancer cell lines

4.1 Band interpretations of FTIR spectra of Fe;O4, PEG and PEG-coated 43
Fe;04 nanoparticles

4.2 Saturation magnetization (Ms), mean cluster size (Dm), polydispersity 46

(o), magnetic moment (), and susceptibility (y) of Fe;O4 and PEG-
coated Fe3;O4 nanoparticles obtained by fitting M-H curve with modified
Langevin function
4.3 Band interpretations of ATR-FTIR spectra of Fe3Os, PEG, and PEG- 47
coated Fe;O4and LHRH tagged PEG-coated Fe;O4 nanoparticles

4.4 Table. Fitting parameters (A6s; and k) of empirical box-Lucas model, 53
specific loss power (SLP) and intrinsic loss power (ILP) measured as a
function of magnetic field frequency, field strength, and nanoparticle

concentration.

XVi



BSA
PEG-600

FeCl;.6H>0O
FeSO4.7H,O
HCI

NaOH
RPMI 1640
Dy

DMEM
DMSO
DOX
EDTA

et al.

etc.

eV

FBS

gm

H202

emu

Oe

Fe;04

MTT

mV
OA
NCCS
nm
OD
EDC

PBS
ILP
T™MB

pm
SLP

LIST OF ABBREVIATIONS

Bovine serum albumin

Polyethylene glycol

Ferric chloride

Ferrous sulphate heptahydrate
Hydrochloric acid

Sodium hydroxide

Roswell Park Memorial Institute
Hydrodynamic particle size
Dulbecco’s modified eagle’s medium
Dimethyl sulfoxide
Doxorubicin hydrochloride
Ethylenediamine tetraacetic acid
And others

And other things

Electron volt

Fetal Bovine serum

Gram

Hydrogen peroxide
Electromagnetic units

Oersted

Magnetite
(3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide)
Millivolts

Oleic acid

National Centre for Cell Culture

Nanometer

Optical density
1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide
Phosphate buffer saline

Intrinsic loss power
3,3".5,5"-Tetramethylbenzidine

Revolution per minute

Specific loss power

XVii



Transmission electron microscopy
World Health Organization
Enzyme-linked immunosorbent assay
Microgram per milliliter

Microliter

Mircomolar

interferon-gamma

XViii



Chapter 1

Introduction:

Cancer stands as a significant global health challenge, impacting individuals worldwide and
responsible for one in every six deaths globally (1,2). In 2022, around 20 million new cancer
cases were identified, and close to 9.7 million people lost their lives (3). Cancer is a
multifaceted and progressive collection of illnesses characterized by the gradual loss of control
over cellular growth in the body. Breast and lung cancers are prominently ranked as one of the
top prevalent and life-threatening cancer types. During the year 2022, lung cancer had the
highest number of new cases, with 2.5 million diagnoses, making up 12.4% of all new cancer
cases. Breast cancer followed closely, with 2.3 million new cases, representing 11.6% of the

total cases (4).

Lung cancer stands out as the leading contributor to cancer-related deaths worldwide,
surpassing the combined mortality of pancreas, colon, and prostate cancers. A mere 15% of
individuals diagnosed with lung cancer manage to survive for five years or more (5). The
classification of lung cancer into small cell lung cancer and non-small cell lung cancer
(NSCLC) also revealed that NSCLC comprises a significant 85% of every case. The primary
approach to treating lung cancer involves multi-drug therapy, with chemotherapy being the
favoured option. However, the harsh side-effects associated with chemotherapy highlight the

urgency for exploring alternate treatment methods (6).

Breast cancer remains a substantial health issue in women. It is positioned as the second leading
reason for death in cancer patients. It is the foremost frequently diagnosed cancer among
women, representing 25% of total cancer cases. It is also the main contributor to cancer deaths,
resulting into 14.7% of overall cancer deaths worldwide. With its high mortality rate, breast
cancer is a pressing issue that requires greater efforts to improve its prevention, early detection,
and treatment. Due to its prevalence, much attention has recently been given to its treatment.
The most common breast cancer treatment currently involves surgery supplemented with

radiation therapy, systemic adjuvant chemotherapy, and hormonal therapy (7).

The development of more efficient and safer anticancer drugs is crucial. Among therapeutic

modalities, chemotherapy stands out as a method capable of impeding cancer cell proliferation


https://www.iarc.who.int/news-events/new-report-on-global-cancer-burden-in-2022-by-world-region-and-human-development-level/
https://www.iarc.who.int/news-events/new-report-on-global-cancer-burden-in-2022-by-world-region-and-human-development-level/

by targeting rapidly dividing cells. However, its impact extends beyond cancer cells, affecting
various normal cell populations, including hair, hematopoietic stem cells, and those within the
central nervous system and mucous membranes (8). This non-specificity leads to heightened
systemic inflammation and notable side-effects, encompassing hair loss, gastrointestinal
disturbances, and increased susceptibility to infections in liver, kidney, etc. (6). Consequently,
it is imperative to develop efficacious and targeted cancer treatments, capable of minimizing
collateral damage to normal cells while effectively combating cancer. A fundamental challenge
associated with chemotherapeutic agents lies in their lack of specificity and selectivity,
primarily arising from subtle metabolic disparities between tumour cells and the normal cells
(9). Hence, the successful implementation of chemotherapy requires the administration of high
doses of chemotherapeutic drugs. However, recent breakthroughs in cancer therapy have
revolutionized cancer treatment. Substantial strides have been achieved in understanding the
intricate pathways involved in cancer progression, leading to more effective ways to target
them. The advancements made have opened avenues for novel strategies, such as the utilization
of drugs, biomolecules, and immune-mediated therapies. These interventions are now being
applied, even in situations where conventional treatments have proven insufficient in
significantly reducing the mortality rates or extending the survival of individuals with

metastatic cancer.

In recent time, hyperthermia has emerged and regarded as a potential alternative within the
realm of cancer therapy. This therapeutic approach involves the application of heat, either
localized or throughout the entire body, with the specific goal of raising temperatures to 40-45
°C within cancerous cells (10,11). Tumours, characterized by leaky vasculature, exhibit limited
heat dissipation and disrupted blood flow, while healthy tissues benefit from vasodilation,
facilitating enhanced blood flow and heat conduction. Hyperthermia has proven effective in
eliminating cancer cells, especially within the acidic and hypoxic environment found in the
cores of solid tumours. It also enhances blood flow in tumour regions. Various clinical methods
are utilized for hyperthermia, including local, regional, and whole-body approaches (12,13).
The key challenges impeding the clinical adoption of hyperthermia include the difficulty in
consistently depositing heat into the tumour mass and the complexity of measuring
temperatures in both the tumour mass and its surrounding tissues. Moreover, their efficacy in
treating deep-seated tumours is limited (14). Magnetic nanoparticle-mediated hyperthermia has
come to be a promising approach to overcome these challenges. Nanotechnology offers a

groundbreaking platform for cancer therapy, with extensive research focused on developing



nanoparticles with therapeutic capabilities (15,16). In this domain, magnetic nanoparticles
(MNPs) have garnered substantial attention over the past few years for their potential
applications in cancer detection and treatment (17). In magnetic hyperthermia, cancerous
tissues are targeted for destruction through elevated temperatures from magnetic energy losses.
MNPs possess the ability to convert electromagnetic energy into heat, presenting the potential
to eliminate tumor cells by raising their temperature to the apoptosis threshold. When exposed
to temperatures beyond 42 °C, cancerous cells undergo apoptosis due to the disruption of their
natural enzymatic processes (18,19). The major challenge in developing successful magnetic
hyperthermia therapy is availability of magnetic nanostructures capable of regulating magnetic
energy losses within the prescribed therapeutic temperature window (42-45 °C). Without
suitable mechanism to control these energy losses in magnetic hyperthermia, there is a risk of
unabated elevation in body temperature, which could eventually result in the detriment of
healthy cells as temperature may exceed the critical threshold of 45 °C. Amongst magnetic
nanomaterials iron oxide nanoparticles are suitable for this application, Nanoparticles of iron
oxide represent prominent candidate for the magnetic hyperthermia therapy as they are the only
magnetic nanoparticles which are authorized through the US Food and Drug Administration
regarding in vivo use. Nevertheless, these bare iron oxide magnetic nanoparticles exhibit poor
stability in biological environment (20). Hence, innovative approaches have been explored to

enhance their solubility, bioavailability, and targeted delivery to the diseased site.

In addition to addressing the specificity challenges in magnetic hyperthermia, there is a
growing focus on targeted approaches to improve its effectiveness in cancer treatment. The
successful adoption of magnetic nanoparticles (MNPs) conjugate for drug administration
systems relies on their targeted delivery to tumour tissues. The combination of magnetic
hyperthermia and targeted chemotherapy exhibits a synergistic effect in cancer treatment (21).
Two primary approaches, passive and active targeting, are employed for effective MNP-based
drug delivery. Both approaches aim to accumulate MNPs in metastatic and highly porous
tumour environment. They differ in the mechanisms of anchoring MNPs to the targeted tumour
site (22).

Passive targeting depends on the difference in physicochemical properties of caner tissue and
healthy tissue. When MNPs are introduced intravenously, they tend to stay in the bloodstream
for a prolonged duration in contrast with the free drug. MNPs can efficiently penetrate the
fenestrated structure of blood vessels found in angiogenic tissues. This results in significant

concentration of the MNPs at the site of the disease, which is facilitated by slow lymphatic



system drainage. This occurrence is labelled as the enhanced permeability and retention (EPR)

effect and is supported by compelling data from numerous studies on MNPs (23).

On the contrary, active targeting relies on a biological interaction between ligands upon the
surface of MNPs and the target cell. Such ligands promote a uptake of targeted MNPs via
receptor-mediated endocytosis, increasing its collection inside cancer cells, whereas reducing
absorption through healthy tissues. (24). In recent years, targeted magnetic hyperthermia has
gained attention as an adjuvant therapy to conventional cancer treatments (11,21). Previous
comprehensive reviews have provided valuable insights into magnetic nanoparticle
hyperthermia and drug targeting methods (25-27).

The use of active targeting ligands specific to cancer cell receptors in magnetic hyperthermia
holds promise for delivering nanoparticles and / or anticancer drugs directly to the tumour site
while minimizing damage to healthy cell. Combining targeted magnetic hyperthermia with
conventional cancer treatments has synergistic impact on cancer treatment (11,28). By
harnessing this approach, there is potential for improved outcomes, as it can selectively target
and treat cancer cells while minimizing the effect on surrounding healthy tissue (10,18,21).

In this study, the ligand chosen for nanoparticle conjugation is the (LHRH) agonist, also known
as Triptorelin (Pyr-His-Trp-Ser-Tyr-Gly-Leu-Arg-Pro-Gly-NH2) is a synthetic decapeptide
analogs of gonadotropin-releasing hormone (GnRH) and acts as an activator of [D-Trp6]
Luteinizing Hormone-Releasing Hormone (LHRH) receptors (28,29). LHRH receptors are
exhibited in a variety of cancer cell types, such as breast, prostate, ovarian, endometrial,
bladder, lung, and lymphoma. Notably, approximately 50% of the breast tumours, particularly
those that are estrogen receptor-positive (ER+), exhibit an upregulation of LHRH receptors
(30-32). This upregulation presents an opportunity for targeted therapy using LHRH analogs
like Triptorelin, which can specifically bind to these overexpressed receptors. While LHRH is
primarily known for its role in reproductive processes, recent evidence indicates its potential
involvement in various non-reproductive tissues and cancers (29). However, there is a lack of
comprehensive documentation regarding the indication of LHRH among A549 cancer cells,
which are widely studied adenocarcinoma cells of the human lung. Non-small cell lung cancer
(NSCLC) exhibits n upregulation of the Luteinizing hormone-releasing hormone (LHRH) (6).
This study aims to synthesize targeted magnetic drug delivery system consisting of a
doxorubicin (DOX) as chemotherapeutic drug, targeting [D-Trp6] luteinizing Hormone-
Releasing Hormone (LHRH) (Triptorelin) as ligand, and a PEG-coated magnetite nanoparticles

as core. This targeted drug delivery platform further used to determine the cytotoxic effects of
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the delivered DOX under conditions with and without an alternating magnetic field (AMF) by
using MTT-based cell viability assays in LHRH-positive cancer cells (MCF-7 and A549).
Additionally, interferon-gamma (IFN-y) secretion levels using sandwich enzyme-linked
immunosorbent assay (ELISA) was measured in A549 and MCF-7 to understand the effect of

a targeted magnetic drug delivery system.



Chapter 2
Review of literature:

Cancer is an intricate and pervasive disease exemplified by the unchecked proliferation and
spread of anomalous cells, which is a major contributing factor to the high mortality rates
globally (33). It is a complex challenge that poses significant obstacles to healthcare systems
and to the society at large. The hallmark of cancer encompasses a range of distinctive features,
including uncontrolled cellular replication, a compromised ability to respond to growth signals
leading to the cessation of cell division, persistent angiogenesis, resistance to apoptosis, and

the capability to infiltrate adjacent tissues (34).
2.1 Lung cancer

Lung cancer, identified as the foremost contributor to cancer-related fatalities globally,
constitutes a heterogeneous group of exceptionally aggressive malignant tumors affecting the
lower respiratory tract. Recent data disseminated by the American Cancer Society underscores
the profound impact of lung cancer, eclipsing the combined mortality associated with
pancreatic, colorectal, prostate, and breast cancers (35). The intricate landscape of lung cancer
is demarcated into two principal categories: small cell lung cancer (SCLC) and non-small cell
lung cancer (NSCLC). This nomenclature of SCLC is derived from the diminutive size of its
cancer cells, representing a relatively smaller fraction, approximately 10-15 %, of total lung
cancer cases. In stark contrast, NSCLC dominates the lung cancer panorama, comprising a
substantial 80-85 % of all instances and exhibiting a diverse composition with at least three
histological subtypes—squamous cell carcinoma, adenocarcinoma, and large cell carcinoma
(36,37). Squamous cell tumors predominantly manifest in the bronchi, while adenocarcinoma
predominantly arises in the peripheral regions of lung tissue, encompassing the terminal
bronchioles and alveoli (38,39). Conversely, large-cell carcinoma, characterized by heightened
anaplasiais intricately associated with rapid metastasis, often initiating peripherally and
subsequently spreading centrally within the lungs (40). The intricate classification of lung
cancer subtypes underscores the complexity of the disease, requiring specialized diagnostic and
treatment approaches tailored to their unique characteristics (Fig. 2.1). Estrogen has been
documented as a factor that promotes the onset and development of various human cancers. A
growing body of scientific data implies that the majority of human lung tumors exhibit estrogen
receptor expression (41). Irrespective of gender among the different isoforms of estrogen

receptors (ERa, ERB, mERs), ERf stands out by being highly expressed in nearly 90% of non-



small cell lung cancer (NSCLC) human tumors . In contrast, ER-a is typically low in lung

cancer cells (42).
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Fig 2.1: Subtypes of lung cancer

Scientific investigations have elucidated that estrogen is crucial in stimulating the proliferation
of NSCLC cells and the subsequent growth of tumors. Notably, studies have shown that the
application of anti-estrogen treatment strategies can yield significant benefits, leading to
reductions in tumor size, growth rate, and cellular proliferation (43,44). These outcomes hold
the promise of contributing to enhanced patient outcomes, representing a potential avenue for
therapeutic intervention in the context of NSCLC. The association between estrogen and small

cell lung cancer (SCLC) has been scarcely examined and is mostly obsolete.
2.2 Breast cancer

Breast cancer, a prevalent and highly diverse disease in women worldwide, exhibits distinct
subtypes classified on the basis of immunohistochemical expression of hormone receptors
(45,46). These subtypes are primarily characterized by the occurrence or non-occurrence of
specific biomarkers, notably human epidermal growth factor receptor 2 (HER2) and hormone
receptors (HR), which play pivotal role in the pathogenesis of malignancy. These subtypes
include progesterone receptor positive (PR+), estrogen receptor-positive (ER+), triple-negative
breast cancer (TNBC) and human epidermal growth factor receptor positive (HER2+), which
are distinguished by the absence of ER, PR, and HER2 expression (Fig. 2.2).



The primary subtypes include Luminal A (47). This subtype is distinguished by the presence
of hormone receptors (HR-positive) and the absence of overexpression of HER2 (HER2-
negative). Luminal A breast cancers are characterized by a relatively low proliferation rate and
are often correlated with a more positive outcome. This subtype is specifically denoted through
the presence of receptor estrogen (ER) and/or progesterone (PR) (48). Hormones such as
estrogen and progesterone contribute to the growth of ER and/or PR-positive cancers, and
therapeutic interventions involving the reduction in these hormones have displayed efficacious
in treating such type of breast cancer. Moreover, Luminal A tumors are characterized by being
HER2-negative, where HER2 denotes human epidermal growth factor receptor-2—a type
of protein inherent in the body that plays crucial contribution to cell proliferation and healing
in healthy breast cells. A patient with a normal HER2 protein level is classified as having
HER2-negative. Conversely, Luminal B Breast cancer is marked by the expression of hormone
receptors (HR-positive) coupled with overexpression of HER2 (HER2-positive). This subtype
exhibits a higher proliferation rate as compared to Luminal A and may require more aggressive

clinical course (49-51).

Triple-negative subtype lacks expression of both hormone (HR-negative) and HER2 (HER2-
negative) (52). Triple-negative breast cancer is associated with distinct molecular features and
tends to be more aggressive, posing challenges in terms of targeted therapeutic options while
HER2-positive subtype is defined by the overexpression of HER2, irrespective of hormone
receptor status. Breast cancers classified as HER2-positive usually show increased
aggressiveness, though targeted therapies such as anti-HER2 agents have proven effective in

improving outcomes for patients with this subtype (45,53).
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Fig 2.2: Subtypes of breast cancer

Estrogen receptor (ER) assumes a pivotal role in the diagnostic landscape, with approximately
70-75 percent of cases of invasive breast carcinomas demonstrating high ER expression
(54,55). The expression Progesterone receptor (PR), observed in more than 50% of ER-positive
patients, and occasionally in those exhibiting ER-negative breast cancer, is intricately regulated
by ER, offering perspectives on the functional ER pathway through physiological PR values.
Both ER and PR are not only abundant in breast cancer cells but also serve as critical diagnostic
and prognostic biomarkers for the disease. Conversely, lower PR levels are indicative of a more
aggressive course of disease, leading to poor reoccurrence and prognosis. This complex
network of hormone receptor interactions underscores the intricate nature of breast cancer,
emphasizing the indispensable role of ER and PR as crucial indicators for comprehending its

clinical trajectory and prognostic implications (56).

In the spectrum of breast cancer subtypes, luminal A tumors stand out for having the most
favorable prognosis, indicating a relatively more optimistic outlook for patients diagnosed with
this specific subtype. On the other hand, luminal B, HER2-enriched, and basal subtypes are
characterized by associations with poor clinical outcomes, suggesting a greater complexity and
potentially more challenging treatment trajectories for individuals diagnosed with these
particular categories of breast cancer. The recognition of such distinctions among breast cancer

subtypes acts as a crucial position in tailoring and optimizing treatment approaches,
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contributing to more informed and personalized strategies for patients based on the unique

characteristics of their cancer subtype.
2.3 Conventional cancer treatments

The present array of therapeutic interventions for cancer encompasses a diverse spectrum of
methodologies. Conventional treatment modalities, comprising surgical procedures, radiation
therapy, and chemotherapy, are routinely employed. Additionally, a repertoire of
nonconventional or complementary approaches exists, exemplified by hormone therapy,
immunotherapy, nano-therapy, and other innovative strategies (57,58). While these well-
established therapeutic interventions effectively target tumors, exerting inhibitory or
decelerating effects on cellular growth, their efficacy falls short of conferring comprehensive
protection. Current cancer treatments have limitations and side-effects that can be distressing
for patients (59). As a result, there is continuous search for more effective therapies. The goal
is to address the shortcomings of current treatments and improve the overall therapeutic options

for those suffering from this challenging disease.

Conventional chemotherapeutic strategies fundamentally hinge on the disruption of cellular
replication, a hallmark feature of neoplastic cells. This approach, however, lacks specificity,
and the consequence is the indiscriminate targeting of both cancerous and healthy, rapidly
dividing cells, such as those present in the bone marrow, macrophages, digestive tract, and hair
follicles. The deficiency in selectivity characterizing conventional chemotherapy manifests as
a key limitation, leading to an array of frequently observed adverse effects associated with

chemotherapeutic agents (60).

Among the prominent challenges inherent in conventional chemotherapy is its failure to
execute targeted actions exclusively within cancerous tissue. This deficiency necessitates
compromises in treatment, involving dose reductions, delays, or even cessation due to the
emergence of intolerable side-effects. Solid tumors pose a particular conundrum, where the
quiescence of cell division in the proximity to the tumor center diminishes the responsiveness

of neoplastic cells to chemotherapeutic drugs.

Further complexities arise from the inadequate penetration of these agents into the core regions
of solid tumors, resulting in a suboptimal eradication of cancerous cells. Compounding these
issues is the proclivity of chemotherapeutic agents to be rapidly sequestered by macrophages,

culminating in swift clearance from the circulation (61). This accelerated clearance curtails the
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temporal window during which these agents can interact with cancer cells, thereby substantially

compromising the effectiveness of the therapy.

Additionally, the suboptimal solubility of conventional chemotherapy drugs emerges as a
significant impediment, hindering their ability to traverse biological membranes effectively.
This compromise in bioavailability represents a formidable challenge in achieving therapeutic
concentrations at the target site, further attenuating the overall efficacy of conventional
chemotherapy (62). In the pursuit of more precise and efficacious cancer therapies, these
multifaceted challenges underscore the imperative for advancements in therapeutic modalities

that can surmount the limitations inherent in traditional chemotherapeutic approach.

Doxorubicin (DOX) is a widely used anthracycline antibiotic and a key player in chemotherapy
for various human cancers. Despite its effectiveness, particularly in treating breast cancer, its
clinical application is hampered by two main challenges: the imposition of strict maximum
dosage limits and the frequent development of resistance to treatment. The mechanism by
which DOX operates involves its interaction with DNA through intercalation and the inhibition
of macromolecular biosynthesis. This leads to the triggering of apoptotic pathways, ultimately
resulting in the death of cancer cells. However, despite its therapeutic benefits, DOX is noted

for its side effects, which can be severe and cumulative over time (63).
2.4 Hyperthermia

Compared to the well-organized vascular network in healthy tissues, tumour vasculature is
chaotically arranged, lacking smooth muscle control and often hypoxic. Mild hyperthermia (37
°C —42 °C) promotes local vasodilation in tumours, increasing oxygen delivery and mitigating
inflammation. Above 42 °C, this chaotic nature becomes a liability. Heat directly damages
tumour vasculature, increasing permeability leading to the fluid build-up, further
compromising perfusion. Simultaneously, heat activates mechanisms for direct tumour cell
death, inhibiting growth and proliferation (64,65,28). Additionally, exceeding 37 °C disrupts
tumour cell membrane fluidity, impacting essential functions like movement and signalling,
hindering metastasis potential. This multi-pronged approach makes hyperthermia a promising
strategy for tumour vulnerabilities with direct anti-tumour effects and improved oxygenation,

highlighting its potential for future cancer treatment advancement.

Numerous researchers have gravitated towards investigating the integration of hyperthermia
with other therapeutic modalities. However, temperature and heating duration are pivotal

factors in hyperthermia therapy (28). Therefore, it is imperative to implement real-time
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temperature control for the optimized treatment. Different clinical techniques are used for

hyperthermia, such as local, regional, as well as whole-body methods.

Local hyperthermia is suitable for solid tumours and employs external or intraluminal
modalities to elevate temperatures in superficial or deep-seated subcutaneous tumours, like
those in the rectum or esophagus. Thermal ablation, involving extremely high temperatures,
results in irreversible damage to cells. Heat sources such as radio waves, microwaves,
ultrasound are utilized in hyperthermia (66,67). Regional hyperthermia uses heat to large
sections, such as organs, limbs, or hollow body spaces, often combined with chemotherapy or
radiation therapy. Techniques like regional perfusion, continuous hyperthermic peritoneal
perfusion, and hyperthermic intraperitoneal chemotherapy (HIPEC) have been explored. In
perfusion methods, blood is temporarily extracted, externally heated, and then reintroduced to
elevate internal temperature. HIPEC, on the other hand, administers heated chemotherapy
drugs directly into the peritoneal cavity during surgery to cure peritoneum cancer (67-69).
Whole-body hyperthermia (WBH) entails raising the overall body temperature and can
synergize with chemotherapy or radiation therapy in treating metastatic cancers. Whole-body
hyperthermia can be achieved by using hot water bath or radiant heat. Traditional hyperthermia
treatments with laser or microwave applicators may cause invasive damage to superficial
tissues and discomfort during therapy. Nevertheless, mainstream medicine has historically

overlooked this cancer therapy.

Landon et al. (70) demonstrated that hyperthermia at 43 °C acts synergistically with cisplatin
(cPt) in bladder cancer cells, leading to enhanced cPt uptake and increased cytotoxicity. This
underscores the potential of hyperthermia to augment cisplatin-based chemotherapy,
particularly in regional applications like HIPEC or HIVEC. Furthermore, Choi et al. (71)
observed hyperthermia-induced apoptosis in retinoblastoma cells, suggesting its therapeutic
potential in combination with carboplatin for human retinoblastoma treatment. Additionally,
Zhang et al. (72) elucidated the synergistic promotion of apoptosis in prostate cancer cells

through therapy combining hyperthermia and cisplatin.

Chae et al. (73) investigated the synergy between systemic doxorubicin and pulsed high-
intensity, focused ultrasound-induced mild hyperthermia (HIFU-HT) in vitro and in vivo. They
found that at 42 °C, HIFU-HT enhanced nuclear penetration of doxorubicin compared to 37
°C, leading to increased cytotoxicity over time. Moreover, the combined treatment exhibited

superior inhibition of squamous cancer cell growth in vivo. Their study aimed to enhance
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systemic doxorubicin efficacy using HIFU-induced hyperthermia, focusing on intranuclear
doxorubicin uptake in squamous cell carcinoma (SCC)-7 cells. Tang et al. (74) showed that
increasing the heating rate maximizes hyperthermia's enhancing effect on chemotherapy. The
study employed two hyperthermia techniques, specifically rapid heating through a near-
infrared laser and gradual heating via a cell culture incubator, to prompt cellular necrosis and
apoptosis, correspondingly. The results demonstrated that the concurrent administration of
doxorubicin and hyperthermia effectively overcame multidrug resistance in a uterine cancer
cell line. These findings suggest that combining chemotherapy with hyperthermia might signify
a promising process for curing of drug-resistant cancers. The integration of hyperthermia
alongside chemotherapy is prevalent during clinical settings and has continued to be
extensively evaluated in the context of soft tissue sarcoma (STS). The EORTC 62961 phase-
II trial examined the effect of incorporating regional hyperthermia into chemotherapy
regimens to assess its influence on local tumor control after macroscopically complete
resection of high-risk abdominal or retroperitoneal sarcomas (75). Results partly suggest the
efficacy of combining hyperthermia with other therapies According to Klimanov et al. (76),
adding regional moderate hyperthermia to chemotherapy may have the ability to improve
outcomes for treating patients with breast cancer and multiple liver metastases. Although
hyperthermia is broadly adopted in clinical practice, there are significant challenges in
accurately targeting the treatment area, achieving precise temperatures, and optimizing

treatment methods, which require further exploration.
2.5 Magnetic hyperthermia

Magnetic hyperthermia utilizes elevated temperatures produced by MNPs to eliminate
cancerous tissues. MNPs can convert electromagnetic energy transmuted into heat, presenting
the power to eradicate tumour cells by heating them to their apoptosis threshold (77). This
technique relies on the pertaining to the use of an alternating magnetic field (AMF) to induce
heat generation through the rotation of magnetic vectors or physical rotation of the NPs
themselves. Once the magnetic field ceases, MNPs accumulated passively within the tumour
are cleared by the body, minimizing their long-term presence (78). Compared to conventional
thermal therapies, magnetic hyperthermia offers superior safety by causing minimal heating of
healthy tissues, reducing side-effects through targeted action, and enabling precise temperature
control within tumour. Further, advancements promise even better targeted heating at the

molecular level, potentially revolutionizing cancer treatment with remarkable precision and
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minimal collateral damage. In essence, magnetic hyperthermia offers a safe, non-invasive, and

highly effective approach to eradicate tumours, making it a promising treatment of cancer.

The concept of magnetic hyperthermia was initially discovered by Gilchrist et al. in 1957, who
injected magnetic iron oxide nanoparticles (ranging from 20 to 100 nm in size) into lymphatic
channels to heat cancer cells under an AMF (79). By subjecting the NPs to high-frequency
magnetic field, magnetic energy is dissipated as thermal energy through mechanisms such as
hysteresis loss and relaxation processes. Hysteresis loss occurs mainly in multi-domain NPs,
where the movement of domain walls leads to the heat loss. In single domain MNPs, heat loss
is predominantly caused by relaxation mechanisms, namely, Neel and Brownian relaxations

(80-82).

The heating potential of MNPs is often measured as watts per gram (W/g). Specific loss power
(SLP), stated as specific absorption rate (SAR), stands for the heating efficiency, which is the
power converted into heat per unit mass of MNPs per unit time. SLP measures the hyperthermic
response of the MNPs, considering factors like the amplitude and frequency of the applied
external field. The heat production is influenced by various characteristics of MNPs, including
size, shape, composition, surface functionalization, saturation magnetization, magnetic
susceptibility, and magnetic anisotropy. Size and shape particularly affect the magnetic
anisotropy, which defines the maximum achievable SAR. Increasing magnetization or
magnetic anisotropy and modifying the nanoparticle shape can enhance the relative heating

efficiency (83-86).

The desired temperature range for magnetic hyperthermia typically falls between 42 and 44
°C. Tumour cells, being hypoxic, are generally more sensitive to heat within this range
compared to healthy cells (87. The use of nanoparticles in magnetic hyperthermia must fulfil
two main requirements: (i) they should possess enough heating capacity, and (ii) they should
possess good stability that prevents the aggregation of nanoparticles (88). Among various
nanoparticles, Iron oxide nanoparticles (IONPs) are extensively studied as heat mediators in
magnetic hyperthermia applications because of their ease of synthesis, self-heating under
applied an alternating magnetic field, tenable magnetic properties, and good biocompatibility.
Additionally, IONPs are authorised through the United States Food and Drug Administration

intended for human in vivo studies (20,82,89).

Among various synthesis processes, the coprecipitation method is broadly adopted aimed at

synthesizing iron oxide nanoparticles due to its simplicity, mild reaction conditions, and
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feasibility for easy scale-up. This technique involves simultaneous precipitation of ferric (Fe**)
and ferrous ions (Fe?*') under basic conditions (90). To maintain colloidal stability,
nanoparticles are coated with suitable biocompatible surfactants (91). Surface functionalization
of MNPs is significant in their biological applications. It ensures stability of their
physicochemical properties in different mediums, accounting for factors such as pH changes,
hydrophobicity/hydrophilicity, etc. Modifying the surface of MNPs is essential to prevent their
engulfment by phagocytic immune cells like macrophages and neutrophils. Therefore, surface
reconstruction is necessary to minimize nanoparticle agglomeration in cellular environment.
Surface modification of IONPs can be achieved with polymers such as dextran, chitosan,
alginate, polyethylene glycol (PEG), polyvinyl alcohol (PVA), polydopamine (PDA),
polysaccharides, polyethyleneimine, polyvinylpyrrolidone (PVP), polyacid polyetherimide,
polyamidoamine (PAMAM), oleic acid (OA), etc. Among these, PEG is widely used due to its
good biocompatibility in magnetic hyperthermia applications (92).

In phospholipid—PEG-coated Fe3Os4 nanoparticles and in oleic acid (OA)-coated Fe3Os
nanoparticles, a temperature rise up to 42 °C at low-nanoparticle concentration was reported
(93). In an alternative study, superparamagnetic IONPs coated with phospholipid—PEG were
loaded with doxorubicin (94). These nanoparticles generate adequate heat to increase the local
temperature up to 43 °C, which was adequate kill HeLa cells. Belyanina et al. (95) reported
that for magnetic hyperthermia, IONPs should be superparamagnetic and should form stable
dispersion in physiological media. Sudame et al. (96) and Vassallo et al. (97) highlighted that
enhanced colloidal stability of magnetic nanoparticles leads to the better hyperthermic
response. In one of the studies, researchers reported that magnetic hyperthermia-mediated
heating efficacy varied with different surface coatings such as glutamic acid, citric acid, PEG,
polyvinylpyrrolidone, ethylene diamine and cetyl-trimethyl ammonium bromide on Fe3Os4
nanoparticles at fixed frequency (316 kHz) and field strength (450 Oe) (98). In another study,
Pluronic-coated Fe3;O4 nanoparticles showed hyperthermic response against HeLa cancer cells

by applying an AC magnetic field of 4.0-20 kA/m at 210 kHz frequency (99).

According to Maity et al. (100), the viability of cells using in vitro analysis on human breast
cancer cells (MCF-7) confirmed the cytocompatibility of triethylene glycol-coated magnetite
NPs and demonstrated their efficient cellular uptake and impressive magnetic hyperthermia

performance.
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Studies reported that retinoblastoma cells (Y79) display heightened susceptibility to thermal
damage, consistent with the sensitivity observed in other cancer cells. The magnetic
hyperthermia, utilizing dextran-coated iron NPs, selectively eradicates retinoblastoma cells in
a manner contingent on dosage and duration in-vitro, while preserving nontumor cells. This
process induces apoptotic cell death in Y79 cells predominantly via the intrinsic pathway
activated by TNF-a signalling (109). Given recent advancements in intravitreal
chemotherapeutic injections for retinoblastoma management, magnetic hyperthermia
employing dextran-coated iron oxide NPs presents a promising therapeutic avenue. In most of
these studies, the hyperthermic response of nanoparticles was measured at certain magnetic
field strength, field frequency, or nanoparticle concentration. Since the hyperthermic response
of nanoparticles strongly depends on these parameters, they need to be optimized for optimal

performance of magnetic nanoparticles in magnetic hyperthermia therapy.

2.6 Magnetic hyperthermia combined with conventional chemotherapy

The field of nanotechnology has emerged as a prospective basis for advancing cancer therapy
(102-106). Numerous studies have centered on the development of nanoparticles (NPs) with
therapeutic capabilities, and magnetic nanoparticles (MNPs) have particularly garnered
attention for their potential in cancer detection and treatment. Researchers have explored the
encapsulation of DOX within nanocarriers to address these issues and minimize the adverse
effects on patients. This approach allows targeted drug delivery specifically to cancerous
tissues while reducing its dispersion in healthy tissues. Among various nanocarriers
investigated, superparamagnetic iron oxide nanoparticles (SPIONs), particularly those
composed of Fe3O4, have emerged as promising candidates. These nanoparticles possess
biocompatibility, and unique superparamagnetic characteristics, making them attractive for
magnetic hyperthermia (107,108). Overall, the development of magnetic nanocarrier-based
delivery systems offers a possible solution to boost the treatment efficacy of chemotherapeutic
drugs like DOX while minimizing its adverse effects, thereby improving the overall outcome
of cancer treatment. Simultaneous application of magnetic hyperthermia and chemotherapy
holds promising approach in anticancer therapy (11). Various magnetic nanoparticle conjugates
have been utilized in magnetic hyperthermia to effectively deliver chemotherapeutic drugs to
cancer site (Table 2.1). In a study conducted by Christopher et al. (93), phospholipid-

polyethylene glycol-coated superparamagnetic IONPs were designed to deliver doxorubicin
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(DOX) to cancer tumours. Notably, these MNPs acted as dual-functionality platforms, serving
as both drug carriers and heat generators when exposed to AMF. Through in-vitro analysis, it
was found that the combined impact of DOX and magnetic hyperthermia had a profound effect

on inducing cell death.

Another innovative approach involved development of multifunctional polymeric micelles that
encapsulated SPIONs and the chemotherapeutic drug DOX, with drug release triggered by a
pH-dependent mechanism (109) One advantage of multifunctional NPs is that the
encapsulation of DOX and SPIONs within the hydrophobic micelle cores can prevent potential
exposure of hydrophobic SPION surfaces and the adsorption of blood proteins, thus reducing
nonspecific absorption by the reticuloendothelial system. In this context, polypyrrole-coated
IONPs facilitated the delivery of DOX to tumour cells when an AMF was applied (110). This
magnetic core-shell nanocomposite served as vehicle for magnetic hyperthermia-mediated
chemotherapy. Biocompatible superparamagnetic porous sub-micron vaterite particles
exhibited high drug loading capacity and demonstrated anticancer activities in murine colon

carcinoma (CT26) and murine fibroblast (NIH3T3) cell lines upon exposure to an AMF (111).

In another study, PEG-PCL (poly (ethylene glycol)-b-poly(e-caprolactone)) conjugated cobalt-
and manganese-doped IONPs, were inhibit the growth of subcutaneous ovarian tumour in nude
mice (112). A magneto-thermally responsive nanocarrier / DOX was used as a thermo-
chemotherapeutic strategy for liver cancer (Huh-7) (113). In this study, through magnetic
targeting, drug can be effectively concentrated at the tumour site, resulting in enhanced uptake
and retention by Huh-7 cells. They exhibited notable magnetothermal effects both in vitro and
in vivo. One of the studies highlights the effectiveness of magnetic targeting in concentrating
nanocarriers precisely at the tumour site. This localization is facilitated by the utilization of
AMF, which not only heats the targeted area but also enables controlled release of the
therapeutic drug. By employing this approach, Wust et al (2006), successfully achieved the
spatial-temporal synchrony of thermo-chemotherapy (114). In another study, researchers
utilized a dual targeting strategy, combining AMF with an external magnetic field, to efficiently
transport MNPs across the blood-brain barrier for therapeutic delivery (115). Pluronic-glycine-
coated Fe304 MNPs conjugates exhibited targeted cytotoxicity and anti-cancer activity in breast
cancer cells (MCF7 and MDAMB231) when tagged with cinnamaldehyde. The response to
radiofrequency waves for magnetic hyperthermia therapy demonstrated dose-dependent cell
killing (116). Coating MNPs with dendrimer macromolecules offers a promising alternative as

it prevents aggregation and provides multiple surface functionalities. The degradation products
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of PAMAM exhibit significant toxicity, limiting their use in biological systems. To address this,
peptide-coated dendrimer-based MNPs have been employed, displaying good potency for drug
release. The effectiveness of the DOX-loaded PAMAM-based NPs was assessed using HeLa
cells. The synergistic effects of the DOX-loaded formulations in combination with AMF were
also evaluated to assess their potential for combinatorial therapy against HeLa cells (117). Prior
studies have shown that combining cisplatin with ferucarbotran (resovist)/AMF-induced
hyperthermia boosts cisplatin’s anticancer effects without changing the cell cycle, offering
potential for oral cancer treatment (OSC-19 and HSC-3). This combination, already used
clinically, has potential for early application, allowing reduced cisplatin dosage and minimizing
side-effects (118). The application of PEG modification on mesoporous MgFe>O4 magnetic
nanoassemblies (MMNs) enhances their resistance to plasma protein adsorption, ensuring
prolonged blood circulation. These MMNSs exhibit exceptional colloidal stability in phosphate
buffer saline and minimal cell-killing effect in mouse fibroblast (L929) and cervical cancer
(HeLa) cells (119). Moreover, in-vitro studies confirm their potential as a versatile nanosystem

for transfer of drug and magnetic hyperthermia.
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Table 2.1 Magnetic nanoparticles conjugates exhibiting magnetic hyperthermia in different
cancer cell lines.

Magnetic nanoparticle Chemotherapeutic

] Cancer cell lines References
conjugates drug

Phospholipid-polyethylene

glycol-coated . Human cervical
. Doxorubicin 93
superparamagnetic iron cancer cells
oxide nanoparticles
Polypyrrole-coated iron Human
YPY . Doxorubicin hepatocellular liver 110
oxide nanoparticles .
carcinoma cell
Superparamagnetic porous Murine colon
sub-micron vaterite Doxorubicin carcinoma & 111
particles Murine fibroblast
Cobalt- and manganese- .
. : Human ovarian
doped iron oxide . 112
. carcinoma
nanoparticles
Manganese-ar}d zinc-doped Doxorubicin Human liver cancer 113
ferrites cells
Pluromg glycine cqated Cinnamaldehyde Human breast 116
magnetic nanoparticles cancer cells
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2.7 Drug targeting methods

The successful application of MNPs conjugates as drug delivery systems relies on their targeted
delivery to tumour sites (120,121) The combination of magnetic hyperthermia and targeted
chemotherapy exhibits a synergistic effect in cancer treatment. Two primary approaches,
namely, passive and active targeting, are employed for effective MNP-based drug delivery.
Both approaches aim to accumulate MNPs in metastatic and highly porous areas of the tumour,

but they differ in strategies of anchoring the MNPs at the tumour site.
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a) Passive targeting

Passive targeting, relies on the features of the nanoconjugates (e.g., size, circulation time, etc.)
and the leaky vasculature of the tumour, which is a result of poor alignment of endothelial cells
and defective lymphatic drainage in the hypoxic tumour environment. This process, named the
effect known as enhanced permeability and retention (EPR), allows for easier retention of
nanoparticle conjugates in tumour cells (121). However, passive targeting is limited by the size
constraints of tumour fenestrations, which can lead to unstable transport of MNP conjugates in
the bloodstream (Fig. 2.3). Additionally, not all types of tumours exhibit the same level of EPR
effect. Active targeting serves as a supportive approach to passive targeting by enhancing the
targeting capability of MNPs and increasing their retention at the tumour site (122).
Hydrophilic groups on the surface of MNPs enhance their time of circulation and prevent

acceptance by the mononuclear phagocyte system (10).
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Fig 2.3: Active and passive targeting approach

b) Active targeting

Active targeting of MNPs, in conjunction with hyperthermia under an AMF, offers a highly
selective delivery of drugs to tumour sites through firm adhesion across the surface of

nanoparticle and specific target structures in the region of tumour. Active targeting takes
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advantage of the fact that tumour cells overexpress certain biological receptors on their surface
compared to the healthy cells. By conjugating MNPs with targeting ligands such as peptides,
antibodies, or small organic molecules, active targeting facilitates the delivery of therapeutic
agents (10,120). These targeting ligands exhibit higher affinity toward cell surface antigens
(receptors) that are overexpressed on cancer cells. The interaction between the targeting ligand
and tumour biomarkers, either through ligand receptor or antigen-antibody interactions (Fig.
2.4), guides the MNP conjugates to the tumour sites while avoiding nonspecific accumulation
of the delivering agents at the healthy tissues. These two targeting approaches differ in process
of MNP retention at the tumour site. Compared to the passive approach, active targeting
achieves a higher accumulation of MNP-conjugated drug at the tumour site through target-
specific binding and internalization in specific cells. This lowers the unnecessary systemic
exposure of cytotoxic drugs to the healthy cells, thus improving the therapeutic outcome.
Active targeting operates through receptor-mediated endocytosis, enabling the binding
between ligands on the surface of nanoparticle-drug conjugates and receptors that are
overexpressed on the tumour cells. This binding interaction facilitates the internalization of
MNPs at the tumour site (123). The binding of ligands to receptors triggers receptor activation
and subsequent internalization of the ligand-receptor complex within a vesicle, which is
illustrated in Fig.4. This vesicle then undergoes fusion with an endosome and subsequently
with a lysosome. Within the lysosome, acidic enzymes with a pH range of 4.0-6.0 promote

enzymatic degradation, releasing the drug-conjugated nanoparticle at the tumour site.

The magnetic nanoparticles based hyperthermia by means of active targeting offers the distinct
benefit of selectively accumulating within the tumour cells, facilitated by a strong binding
affinity across the nanoparticle surface and specific target structures on the tumour. This
process resembles hyperthermia by means of passive targeting, wherein the magnetic material
accumulates primarily in the tumour’s interstitial space surrounding highly vascularized
regions. Consequently, retention of nanoparticle at the tumour site is influenced by the drainage
of lymphatic system and target-affinity binding and internalization within particular cells. The
active targeting mechanism is expected to result in proportionally higher nanoparticle levels

within target cells than passive targeting methods (124).
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Fig 2.4: Mechanism of receptor mediated endocytosis of nanoparticle-drug conjugate to the
tumour site

2.8 Biological targeting receptors combined with magnetic hyperthermia

Numerous receptors have been identified, and their corresponding ligands have been
synthesized and studied extensively both in-vitro and in-vivo. These receptors have the capacity
to facilitate active targeting due to their potent ligand/receptor binding properties. Table 2.2
presents list of different biological receptors that have been conjugated with MNPs to increase
the potency of cancer therapy when used in conjunction with magnetic hyperthermia.

RGD can be used as targeting ligand for integrin avp3, which is a marker of tumour
angiogenesis (125). Targeted PEG-functionalized Mn-Zn ferrite NPs have improved retention
at the tumour site and have been used in MRI contrast imaging for diagnostic purposes. These
targeted nanocrystals exhibit high heating potential and can induce apoptosis in tumour cells.
Targeting integrins represents a promising strategy for selectively killing cancer cells. By
conjugating PLGA-coated SPIONs with RGD and the drug paclitaxel (PTX), a potential
targeting strategy for delivering PTX to the GBM site can be achieved in the presence of a
magnetic field (126).

Cancer stem cells (CSCs) in tumours like head and neck squamous cell carcinoma are targeted
using hyaluronic acid (HA) coated superparamagnetic iron oxide nanoparticles (SPIONSs).
These HA-PEG-coated SPIONs, when showing to an alternating magnetic field (AMF),
destroy CSCs through hyperthermia, inhibiting tumour growth significantly in mice models
(127). Similarly, CD20-targeted silica-coated Fe3Os nanoparticles (CD20-HSPI &
Fe;04@SiNPs) deliver a heat shock protein inhibitor to lung CSCs under AMF, showcasing
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effective targeted drug delivery (128,129). Moreover, nanoparticles targeting CDI133-
expressing CSCs enhance chemotherapy and hyperthermia efficacy in colorectal cancer,

demonstrating superior anticancer effects in both lab and animal studies (130).

Human epithelial growth factor receptor 2(HER?2) targeting has been central to various cancer
treatments. Trastuzumab (Herceptin), an FDA-approved monoclonal antibody, inhibits cancer
cell proliferation by binding to HER2 receptors. Conjugating trastuzumab with Au- Fe;O4
nanoconjugates selectively targets HER2-positive gastric cancer cells, facilitating oxaliplatin
delivery with reduced side-effects (131). Similarly, trastuzumab-based therapy delivers
holmium (III) doped IONP conjugates to HER2-positive breast cancer cells for magnetic
hyperthermia applications (132). Additionally, HER2 antibody serves as a targeting ligand with
dextranspermine MNPs, inducing magnetic hyperthermia-mediated cytotoxicity in breast
cancer cells. A novel nanocarrier system combining HER2 with fluorescent IONPs and
encapsulating gemcitabine shows promise for pancreatic cancer treatment, regulating apoptosis
and the cell cycle both in-vitro and in-vivo. This multifunctional tactic holds potential as
targeted therapeutic strategy for pancreatic cancer (133).

A combined approach of active targeting and chemo-hyperthermia delivers temozolomide
(TMZ) to glioblastoma (GBM) sites under an alternating magnetic field (AMF). Magnetite
nanoparticles conjugated with folic acid (FA) achieve this, boasting a high SAR of 530 W/g,
ideal for magnetic hyperthermia. This method precisely delivers TMZ to GBM sites, enhancing
treatment efficacy while minimizing side-effects (134). Another study develops a
multifunctional drug delivery system incorporating DOX and folate onto alginate coated Fe;O4
nanoprticles. Folate enhances tumour cell targeting and retention, leading to improved survival
outcomes in mice with lung cancer, particularly when the folate ligand is present (135).

In a recent study, researchers targeted the overexpressed folate receptor (FR) and transferrin
receptor (TfR) in MCF-7 and glial cells (G1). Their findings strongly support the effectiveness
of combining curcumin and 5-fluorouracil (5FU) within PLGA nanoparticles, resulting in
improved uptake, increased cellular accumulation, and enhanced cytotoxicity against cancer
cells. Furthermore, they investigated the potential of magnetic hyperthermia therapy, which
demonstrated remarkable efficacy in rapidly destroying cancer cells and inducing enhanced
apoptosis. This synergistic effect was achieved by combining MNPs with the dual-drug therapy
of curcumin and 5FU (136).

In other research studies, scientists have introduced a novel method for overcoming the blood-

brain tumour barrier (BBTB) by modulating its permeability using redox-responsive
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nanocarriers delivering fingolimod. Fingolimod regulates blood-brain barrier integrity and was
encapsulated within polymeric nanocarriers. These carriers were surface-conjugated with
Plerixafor (AMD3100) for recognizing CXCR4, a chemokine receptor highly expressed on
tumour vessels and cells. The resulting nanocomplexes demonstrated efficient modulation of
BBTB permeability. Additionally, codelivery of ZnCoFe nanocrystals and an HSP70 inhibitor,
post-BBTB modulation, achieved synergistic treatment, utilizing magnetic hyperthermia
effects as a result of an alternating current magnetic field at the glioblastoma site (GL261 and
U87) (137).

In cancer, the upregulation of vascular endothelial growth factor (VEGF) is due to expression
of oncogene, several growth factors, and, oxygen deprivation making it a central mediator of
tumour-related angiogenesis (138). VEGF, a homo- dimeric glycoprotein, plays a crucial role
in angiogenesis, binding to VEGF receptor-1 and VEGF receptor-2 on vascular endothelial
cells. Scientists have developed core-shell Zn?" doped Zn-CoFe;O4@Zn-MnFe>O4 SPIONs
(ZCMF) with precise magnetic hyperthermia properties. When modified with the VEGF
antibody, these NPs exhibited enhanced uptake by liver cancer (HepG2) cells. Mild magnetic
hyperthermia with MNPs effectively inhibited HepG2 cell growth by suppressing key proteins
and activating innate immunity. In mouse models, targeted mild hyperthermia not only halted
tumour growth but also prolonged survival, indicating its potential as a safe and promising
treatment for liver cancer in the future (139). Additionally, another study has shown that
modifying NPs with a VEGFR-2-targeting peptide enhances their specificity for endometriosis.
In mouse experiments, these targeted MNPs efficiently accumulate in endometriotic lesions
after a low-dose intravenous injection. When exposed to external AMF, they selectively elevate
the temperature within lesions above 50 °C, completely eradicating them in a single treatment.

(140).
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Table 2.2

magnetic hyperthermia against different cancer cell lines

Magnetic nanoparticles conjugated with different biological receptors used in

Magnetic nanoparticle

. Receptor/antigen Cancer cell lines References
conjugates
Superparamagnet}c iron Oxide CD44 Human and negk 126
nanoparticles squamous cell carcinoma
RAW264.7 macrophage
Mn-Zn ferrite nanoparticles Integrin cells, Murme mammary 127
carcinoma cells &
Human umbilical vein
endothelial cell
Heat Shock Protein Inhibitor-
loaded Silica-coated Fe3O4 CD20 Lung cancer stem cells 128,129
nanoparticles
Magnetite based nanoparticles CD133 Colorectal cancer cells 130
. . Human epithelial
Holmium (1I1)dop © d Iron oxide growth factor Breast cancer cells 132
nanoparticles
receptor 2
Magnetite nanoparticles Folate receptor Glioblastoma cells 134
Alginate coateq magnetite Folate receptor Lung cancer cells 135
nanoparticles
(PLGA)_C.O ated . Folate receptor, Breast and glial cancer
Superparamagnetic Iron Oxide : 136
. transferrin receptor cells
Nanoparticles
ZnCoFe nanocrystal CXCR4 Glioblastoma cells 137
+2 -
Zn “doped Superparamagnetic o1 endothelial . 139
Iron Oxide Nanoparticles Liver cancer cells
growth factor
Luteinizing
Polyethyl§ ne glycol f:oated hormone-releasing Ovarian cancer cells 157
magnetic nanoparticles
hormone
Chitosan-poly (methyl vinyl Luteinizing
ether maleic acid) magnetic hormone-releasing Breast Cancer cells 160
nanoparticles hormone
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2.9 Luteinizing hormone-releasing hormone (LHRH) targeted magnetic hyperthermia

Incorporating targeting ligands into the design of drug-encapsulated nanoparticles offers a
sophisticated means of directing these nanoparticles to specific cells or even subcellular
locations. By precisely guiding the delivery of therapeutic agents to their intended targets, this
strategy mitigates the risk of unintended systemic exposure to cytotoxic drugs. Consequently,
including targeting ligands enhances the therapeutic efficacy of drug-loaded nanoparticles
while minimizing off-target effects, thereby improving the safety and precision of drug delivery
systems.

The receptor known as Luteinizing hormone-releasing hormone (LHRH) also indicated as
gonadotropin-releasing hormone (GnRH), plays a crucial role in regulating reproductive
functions. It is a peptide hormone having ten amino acids linked together by a peptide bond.
LHRH is released by the hypothalamic neurons, exerting profound effects on endocrine
regulation and reproductive functions. Operating in a pulsatile manner, LHRH is released from
the median eminence into the portal vein system, subsequently reaching the anterior pituitary
gland. Upon arrival, it stimulates the secretion of two key gonadotropin hormones: follicle-
stimulating hormone (FSH) and luteinizing hormone (LH). These hormones are vital in
gametogenesis and steroid production, thus influencing fertility and reproductive health (Fig.
2.5). Notably, the secretion of LHRH is intricately regulated by gonadal steroids, which bind
to specific receptors displayed on hypothalamic neuronal cells within the pituitary gland (32).
This intricate feedback mechanism ensures precise control over reproductive processes and
hormonal balance within the body. Overexpression of LHRH receptor has been observed in
cancers that are hormone-dependent, such as breast, endometrial, ovarian, as well as prostate
cancer (141-144). Additionally, its overexpression has been detected in hormone-independent
cancers such as pancreatic, lung, melanoma, and glioblastoma (145-148). LHRH agonists were
initially incorporated into cancer treatment regimens targeting sensitive cancers for endocrine,
such as prostate and premenopausal breast cancers. Over time, they have become indispensable
elements in the armamentarium of endocrine therapies, serving as essential components in
managing both early-stage and advanced cancers.

LHRH agonists, decapeptides such as goserelin, triptorelin, buserelin, and leuprolide share a
alike structure to natural GnRH and exhibit high affinity for GnRH receptors. One effective
targeting approach involves the utilization of the peptide Triptorelin. This 10-amino acid
peptide, structurally resembling to a protein, serves as an analogs to the hormone GnRH.

Notably, it exhibits high specificity towards cancers characterized by the overexpression of the
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GnRH receptor (149). Consequently, the avidity of human breast cancer cells for Triptorelin
makes it a valuable tool for targeting these cells. Triptorelin functions as GnRH receptor agonist
with the sequence pGlu-His-Trp-Ser-Tyr-D-Trp-Leu-Arg-Pro-Gly-NH2. The peptide contains
an arginine at position 8 (Arg8), which is crucial for its binding to the mammalian receptor

(150).

Hypothalamus
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Pulsative
manner

Anterior Estrogen,
Pituitary progesterone

Fig 2.5: Luteinizing hormone-releasing hormone (LHRH) mode of action (32)

Triptorelin, classified as a gonadotropin-releasing hormone agonist, has obtained approval
within the European Union for its use as an adjuvant endocrine therapy. The initial clinical
evidence highlighting the effectiveness of triptorelin was observed in the context of
monotherapy for treating endocrine-sensitive metastatic breast cancer (151,152). Seeking to
achieve more potent suppression of estrogen, researchers explored the combination of
triptorelin with formestane, which belongs to the first generation of aromatase inhibitors. These
investigations revealed promising results, demonstrating the feasibility of this treatment
approach and its ability to suppress estradiol levels effectively (153). Specifically, it is
employed in conjunction with Tamoxifen to address endocrine-responsive, early-stage breast
cancer. This combination therapy represents a significant advancement in the handling of breast
cancer, offering patients a comprehensive treatment approach that targets hormone-sensitive
tumours. This therapeutic approach involves blocking the action of estrogen in estrogen

receptor-positive (ER+) breast cancer cells or inhibiting estrogen production in affected
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patients. The efficacy and benefits of incorporating triptorelin as adjuvant therapy have been
rigorously investigated through randomized, open-label, phase III clinical trials. These trials
aim to comprehensively assess Triptorelin's impact on patient outcomes, including its ability
to improve survival rates, reduce the risk of cancer recurrence, and enhance overall quality of
life (154,155). The above-mentioned research sheds light on the potential of combining
triptorelin with other agents to optimize estrogen suppression in the management of breast
cancer, offering new avenues for enhancing therapeutic outcomes.

Few findings have discovered the application of LHRH-targeted nanoparticles in cancer
treatment, yielding significant findings. For instance, researchers synthesized an LHRH-
targeted PEGylated PLGA nanoparticle system to encapsulate and transport the docetaxel and
Quercetin drugs specifically to the site of prostate cancer (156,157). Previous studies have also
proposed the development of LHRH-targeted DOX-loaded mesoporous silica nanoparticles for
the treatment of lung cancer, with encouraging experimental results confirming the drug

delivery system’s effectiveness in treating non-small cell lung carcinoma (158).

Drug-loaded LHRH-functionalized polyethylene glycol (PEG)-coated magnetic nano systems
exhibit a high SAR value of 271 W/g, indicating their efficacy in magnetic hyperthermia
treatment (159). The utilization of synthesized nanocarrier based on IONPs proved to be a
highly efficient vehicle for delivering DOX to A2780/AD multidrug resistant ovarian cancer
cells. Furthermore, this nanocarrier demonstrated the remarkable capability to remotely induce
mild hyperthermia (40 °C) in ovarian cancer cells when exposed to AMF. This synergistic effect
of mild hyperthermia, generated by IONPs in response to the AMF, significantly enhanced the
cytotoxicity of DOX delivered by the nanocarrier to the cancer cells. Accordingly, the
developed IONP-based delivery system exhibits immense potential for effectively treating the

ovarian cancer through a combinatorial approach.

The use of LHRH-targeted DOX-loaded NPs coupled with a magnetic field yielded the most
significant inhibitory effect on cell growth, particularly in MCF-7 cells. These findings
highlighted the promising possibility of the layer-by-layer NPs [chitosan-poly (methyl vinyl
ether maleic acid) (PMVMA)], which were designed to specifically aim LHRH receptors. By
utilizing a magnetic field to guide the MNPs, they achieved dual tumor targeting in MCF-7
cells. This innovative approach has important implications as it could potentially lead to a
decline the required dosage of DOX, thereby minimizing the adverse side-effects associated

with the drug (160).
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Many researchers have also used magnetic hyperthermia in conjunction with other
conventional therapies and have shown that combination therapy has a better outcome. While
numerous preclinical studies have been conducted, only a limited number successfully progress
to the pivotal third and final phase of clinical trials (161). The world’s first magnetic
nanoparticle-based therapy, known as NanoTherm® therapy, has undergone extensive
preclinical studies for the treatment of GBM and prostate cancer in Europe (MagForce
Nanotechnologies AG, Berlin, Germany). Recently, clinical phase 2a has been completed to
assess the efficacy of magnetic hyperthermia therapy individually or together with radiation
therapy. The NoCanTher project has reached an important milestone as it has commenced the
final clinical trials for the advanced pancreatic ductal adenocarcinoma treatment (162,163).
These trials signify a significant step forward in evaluating the effectiveness of the proposed
treatment approach and bring hope for improved outcomes in patients with this challenging
condition. Magnetic hyperthermia has a significant impact on the tumour immune
microenvironment, which can be leveraged for immunotherapy. Immunotherapy reactivates the
immune system to resist and remove tumour cells, offering promising results. Unlike
conventional methods, immunotherapy uses cytokines, chemokines, and immune cells to
reshape the tumour microenvironment, ensuring powerful effects and reducing the risk of
recurrence (164). In a recent study, researchers explored the potential of using OVA
(ovalbumin) combined with iron oxide nanoparticles as a candidate for delivering vaccines.
They examined how this nanoparticle-based delivery system impacted the expression of pro-
inflammatory cytokines such as TNF-a, IFN-y, and IL-6 in DC2.4 murine dendritic cells and
RAW264.7 macrophage cells, and its effect on inhibiting tumour growth in mice. The findings
suggest that this approach holds significant promise as a versatile platform for developing
cancer vaccines (165). In another study using mouse models of cancer, scientists investigated
the use of magnetic nanoparticles coated with dimercaptosuccinic acid (DMSA) in delivering
the anti-tumorigenic cytokine IFN-y to the tumour site by employing an external magnetic
field. The nanoparticles demonstrated efficient accumulation at the tumour site and successful
delivery of IFN-y, leading to increased infiltration of immune cells and exhibiting anti-
angiogenic effects (166). In a research study, scientists explored the impact of oral
administration of garlic-derived nanoparticles (GNPs) on the expansion and activation of
Gamma-delta (y0) T cells in mice with B16 tumours. GNPs promoted the growth and induction
of vy T cells in the intestine, resulting in increased production of interferon-y (IFN-y). This
transfer of 3 T cells and IFN-y from the intestine to tumours changed the tumour’s immune

environment and triggered strong antitumor immunity in mice (167).
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Gaps in the study

The synthesis of functionalized iron oxide nanoparticles, which are both biocompatible and
capable of exhibiting a hyperthermic response, remains a significant challenge. There is a need
to expedite research in the development of active targeting ligands, such as triptorelin, to
elevate the targeted drug administration to specific cancer sites. To achieve optimal magnetic
hyperthermia performance, it is essential to determine the most effective magnetic field
strength, frequency, and nanoparticle concentration. However, previous studies have
predominantly focused on using either higher field strength or longer exposure time, leaving
room for further exploration and optimization. The existing literature on cytokine profiling of
conjugated magnetic nanoparticles on different cancer cell lines is currently limited and
inconclusive. Additional investigation is essential to provide a comprehensive insight of the
potential impact and effectiveness of these nanoparticles. In order to meet this, the subsequent

objectives have been outlined for this project.

Objectives
1. Preparation and characterization of functionalized magnetic nanoparticles (MNPs)

2. Conjugation of functionalized MNPs with Luteinizing Hormone-Releasing Hormone

and anticancer drug Doxorubicin

3. To study the hyperthermic effect of conjugated MNPs on growth and cytokine release

of cancer cells
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Chapter 3

Materials and Methods:

Objective 1: Preparation and characterization of functionalized magnetic nanoparticles
(MNPs)

Magnetic nanoparticles (MNPs) were synthesized by chemical process. The nanoparticle
system proposed for the current investigation is iron oxide. From literature survey, it has been
found that the magnetic properties of the synthesis of iron oxide nanoparticles through the co-
precipitation method is affected by factors such as reaction temperature, pH of the suspension,
and initial molar concentration.Synthesized magnetic nanoparticles were further functionalized
with biocompatible and thermo responsive polymeric shell (PEG). Synthesized MNPs were
characterized by various physical, chemical and microscopic techniques such as X-ray
diffraction, Fourier-transform infrared spectroscopy, vibrating sample magnetometer, dynamic

light scattering and transmission electron microscopy.

3.1 Materials

Ferric chloride (FeCls.6H,0) (97%), ferrous sulphate heptahydrate (FeSO4.7H>O) (99%),
polyethylene glycol (PEG-600) and sodium hydroxide (NaOH) were purchased from Sigma-
Aldrich and hydrochloric acid (HCI), from Loba Chemicals Pvt. Ltd. All aqueous solutions
were prepared in Milli-Q ultrapure water (p = 18.2 MQ).

3.2 Synthesis of Fe;O4 nanoparticles

The coprecipitation reduction is the method to synthesize Fe3Os nanoparticles (168,169). A
stoichiometric solution of iron (II) sulphate heptahydrate (5 mM) and Iron (III) chloride
hexahydrate (10 mM) were prepared in 3 neck round-bottom flask. The pH of the solution was
set to < 1.5 with diluted HCL. To this, aqueous solution of sodium hydroxide (80 mM) was
added under continuous mechanical stirring at 60 °C. Addition of sodium hydroxide converts
metal salts (Fe?*/Fe*") into their hydroxides. The pH of the solution was held at 11. Following
continuous stirring for 20 minutes at 60 °C, metal hydroxides get converted into oxides and
black precipitates of Fe3sO4 were formed. Fe;O4 nanoparticles were extracted from the aqueous
medium by magnetic decantation. Prepared Mixture was then undergoing several washes with

warm distilled water to get rid of water soluble impurities. After wash, water-wet slurry of
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nanoparticles were split evenly into two portions. One portion was subject to acetone wash
followed by oven drying overnight at 50 °C. Dried Fe3O4 nanoparticles were grinded with

mortal-pestle into fine powder and stored at room temperature for further studies (Fig. 3.1).

Co-precipitation method

Iron(I)sulphate hepta- Iron(IIT)chloride hexa-
hydrate (5 mM) hydrate (10 mM)
Added Sodium hydroxide
(80 mM)
l Stirring@ 20 minutes

Adjusted pH 11 & Temp 60°C

v

Magnetite (Fe,O,)

Magnetic decantation

< N\

Acetone dried
! Water-wet slurry

Fe, O, nano powder

Fig 3.1: Flow diagram illustrating the synthesis protocols utilised for the preparation of Fe;O4
3.3 Surface modification of FezO4 nanoparticles with PEG

Second portion of water wet slurry of as-synthesized Fe3O4 nanoparticles were used for PEG
coating. To prepare PEG-coated Fe3Os magnetic nanoparticles water wet slurry of Fe;Oq4
nanoparticles was stirred and heated at 60 °C followed by addition of PEG solution. PEG to
Fe304 weight ratio was optimised as 20:100. After that the solution was maintained at pH 11
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and stirring was continued for another 30 minutes. PEG-coated Fe3Os nanoparticles were
extracted from the medium by magnetic decantation. In order to remove any free PEG and
other water-soluble impurities, PEG-coated Fe3O4 nanoparticles were subjected to multiple
washes with warm distilled water. (170). PEG-coated Fe3;O4 nanoparticles thus obtained were

allowed to remain at room temperature for future analysis.
3.4 Characterization of Fe3;O4 and PEG-coated Fe3;O4 nanoparticles

X-ray diffraction pattern of as-synthesized Fe;O4 nanoparticles was recorded on PANalytical
X’Pert Pro powder X-ray diffractometer ran at 45 kV and 40 mA by means of monochromatic
CuKa radiation (A = 1.54056 nm). To assess the structure of as-synthesized Fe;O4
nanoparticles, High-resolution transmission electron micrograph (HR-TEM) images were
recorded on JEOL (model JEM 2100F) transmission electron microscope worked at 200 kV.
Functionalization of magnetite nanoparticles with PEG was verified by Fourier transform
infrared spectroscopy (FTIR). FTIR spectra of bare and PEG-coated Fe3;O4 nanoparticles were
captured on Spectrum GX (Perkin Elmer) single beam spectrophotometer. The readings were
undertaken in 4,000 — 400 cm™! spectrum range analysed through the KBr pellet method for
Fe3O4nanoparticles, while for PEG-coated Fe3O4 nanoparticles, the measurement was carried
out in the spectral range of 4,000-500 cm ™! with an ATR attachment. Hydrodynamic size and
polydispersity index of bare and PEG-coated Fe;O4 nanoparticles were measured by photon
correlation spectroscopy. The Dimensions were executed on Brookhaven 90 plus particle size
analyser at 25 °C. Magnetization measurements of bare and PEG-coated Fe;O4 nanoparticles
were executed on LakeShore 7404 vibrating sample magnetometer (VSM) at 25 °C. M-H loops
were captured across the field range of -10 kOe to + 10 kOe.

Objective 2: Conjugation of functionalized MNPs with Luteinizing Hormone-Releasing

Hormone and anticancer drug Doxorubicin

PEG-coated iron oxide nanoparticles were further tagged with cancer specific biomarker
Triptorelin as a ligand to luteinizing Hormone-Releasing Hormone (LHRH) receptor. LHRH
is over-expressed by most of the cancer cells including breast and lung cancer cells. The
presence of ligands on these core shell nanostructures will provide them the active targeting

capabilities and transport of anti-cancer drugs specifically doxorubicin to the target site.
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3.5 Materials

Doxorubicin hydrochloride (DOX) was acquired from Khandelwal Ltd in India. Triptorelin as
the LHRH ligand (Pyr-His-Trp-Ser-Tyr-Gly-Leu-Arg-Pro-Gly-NH;) was purchased
from Geno Biosciences Pvt. Ltd. 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC)
was sourced from Himedia. Sterilized Milli-Q ultrapure water (R = 18.2 MQ) was used to

prepare all aqueous solutions.

3.6 Conjugation of luteinizing Hormone-Releasing Hormone ligand on synthesized PEG-

coated Fe3O4 nanoparticles

In the present study, the LHRH ligand [D-Trp6] was conjugated to the synthesized PEG-coated
iron oxide nanoparticle by carbodiimide reduction reaction (171). Here, 25 mg/mL of
synthesized PEG-coated iron oxide nanoparticles were taken from stock (100 mg/mL) and
redispersed in water by sonication for 10 minutes. The carbodiimide solution (30 mg in 1 mL
of water) was promptly added before sonication. The mixture was subsequently cooled to 4 °C
before the addition of a solution containing LHRH (3 mg in 1 mL of water). The reaction was
sustained at 4 °C for 2 hours, with occasional swirling of the conical flask. Functionalized

nanostructures are extruded from the reaction medium of magnetic decantation.

3.7 Drug loading into LHRH- tagged PEG-coated Fe;O4

To evaluate the drug loading into LHRH tagged PEG-MNPs, doxorubicin (DOX) acted as a
chemotherapeutic drug. In this research, DOX was solubilized in Milli-Q water at a
concentration of 2 mg/mL. 30 mg LHRH tagged PEG-MNP were combined with doxorubicin
solution and stirred in a rotary shaker (200 rpm) overnight at 26 °C in dark. Afterward, the
mixture was separated using a permanent magnet and concentration of free DOX was
determined by optical density measurement of supernatant at 486 nm (168,172). After that
magnetic nanoparticles were redispersed in Milli-Q water. The drug loading (%) was evaluated

by the following equation:
Drug loading (%) = “=-22X100 (3.1)

where, W1 represents total weight of drug and W2 represents weight of free drug in

supernatant.
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Objective 3: To study the hyperthermic effect of conjugated MNPs on growth and

cytokine release of cancer cells

The magnetic heating effect of nanoparticle conjugates was determined through magnetic
hyperthermia study by using the nanoTherics magneTherm hyperthermia setup. The outcome
of targeted chemotherapy and magnetic hyperthermia on the overall efficiency of the magnetic
nanoparticle conjugates was assessed on human cancer cell lines A549 and MCF-7 by MTT (3-
4,5 dimethylthiazolyl-2-2-5, diphenyltetrazolium) based calorimetric assay. This cell viability
assay was used to measure the cytotoxicity of MNPs and MNPs loaded drug. All the in-vitro
experiments were performed in a biological safety cabinet maintained at 37 °C. The
supernatant collected from conjugates treated with human cancer cells MCF-7 and A549 were
used for the analysis of IFN- cytokines. The cytokines release in the culture supernatant was
assessed by sandwich ELISA (Enzyme linked immunosorbent assay) in 96-well plate as

specified by the manufacture.

3.8 Materials

Dulbecco’s modified eagle’s medium (DMEM), RPMI (Roswell Park Memorial Institute) 1640
medium, 2.5 pg/mL amphotericin B (antifungal), antibiotic solution 100X (100 IU/mL
penicillin and 100 pg/mL streptomycin), fetal bovine serum (FBS), phosphate buffer saline
(PBS 1X), trypsin-EDTA and 2, 5- diphenyltetrazoliumbromide (MTT) salt, and trypan blue
were purchased from Himedia. Dimethyl sulfoxide (DMSO) was supplied by Sigma-Aldrich.
All liquid solutions were made using sterilized Milli-Q ultrapure water (R = 18.2 MQ). 96-well
ELISA plate (Nunc MaxiSorp®) purchased from Essence Life Sciences, Human IFN-y Mini
3,3",5,5"-Tetramethylbenzidine (TMB) ELISA Development Kit from PeproTech USA, TMB
as the Liquid Substrate Solution obtained from KPL, Tween 20 was purchased from sigma, and
Phosphate saline (PBS) was purchased from Himedia,Tecan Infinite microplate reader was

applied to measure the cell viability by MTT assay.

3.9 Magnetic hyperthermia measurement of PEG-coated Fe;O4 nanoparticles

Heating capacity of PEG-coated FesOs nanoparticles were determined by magnetic
hyperthermia study. For this purpose, temperature-time profiles of PEG-coated Fe;O4
nanoparticles were conducted on nanoTherics magneTherm hyperthermia setup. 1.0 mL

aqueous solution of PEG-coated Fe3O4 nanoparticles was added into the test vial and heating
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profiles were recorded under variable magnetic field frequencies (162-935.6 kHz), field
strength (5 mT, 10 mT and 12 mT) and nanoparticle concentrations (1— 100 mg/mL) (170).
Three channel optical Fiber thermometers were used to measure the temperature rise in the

colloidal solution of PEG-coated Fe3;O4 nanoparticles.
3.10 Cell cultures (In-vitro analysis)

Human lung adenocarcinoma cells A549 and Human breast cancer cells MCF-7 were acquired
from National Centre for Cell Culture (NCCS), Pune, India. The MCF-7 cells were cultured in
DMEM growth medium, while the A549 cells were cultured in RPMI 1640 growth media. Both
growth media were added with 10 % fetal bovine serum, 2.5 pg/mL amphotericin, and 1 %
antibiotic solution (containing 100 IU/mL penicillin and 100 pg/mL streptomycin). The cells
were kept in a cell culture incubator at 37 °C with 5% CO2. Once they reached 80-90%
confluence, the cells were rinsed with 1X phosphate-buffered saline (PBS) and subsequently
trypsinized. Appropriate cell density suspensions were prepared following cell counting. Cells
were counted with the help of a hemocytometer utilizing trypan blue exclusion procedure.
Briefly, 10 pL of cell sample was integrated with 10 pL 0.4% Trypan Blue solution and the
final volume was raised to 100 pL with the help of complete media. From this preparation, 25
pL was dispensed onto the hemocytometer and was examined right away under a microscope
(Nikon Eclipse E100-LED) at 40X magnification. Unstained viable cells were enumerated in
all four corner squares. The viable cell count in the original cell suspension was determined

using the following formula (173):

cells _ Number of unstained cells x 10* x dilution factor

Number of viable = (3.2)
mL 4

where dilution factor = 10 and number of unstained cells = total cells present in four corner
squares.

For in-vitro cell viability experiments, 1 x 10% exponentially growing cancer cells were taken
in 2 mL sterile Eppendorf vials for each conjugate and centrifuged at 1500 rpm for 5 minutes
to obtain a cell pellet. Then, the cells were resuspended in a 1 mL complete DMEM media and
treated with different conjugates which were PEG-coated Fe3;O4 , LHRH tagged PEG-coated
Fe30s, DOX loaded PEG-coated Fe3;Os4 and DOX loaded LHRH tagged PEG-coated
Fe;04. The concentrations used for the first and second conjugates were 5, 10, 20 and 25

mg/mL, while those for the third and fourth conjugates PEG-coated Fe3O4 and LHRH tagged
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PEG-coated Fe;O4 conjugates were kept at a constant concentration of 25 mg/mL while DOX
concentration was varied between (1.25 to 10 pg/mL for A549 cells and 1 to 8 pg/mL for MCF-
7 cells) and Untreated cells were used as control. Experiments were performed both in the
absence and occurrence of alternating magnetic field.

For in-vitro magnetic hyperthermia study, the respective vials were subjected AMF at a
frequency of 580.8 kHz and a field strength of 10 mT. The thermal rise of the cell suspension
was checked using the optical fibre-based temperature probe for 20 minutes.

After AMF exposure, cells were centrifuged and resuspended in fresh media and seeded in 96
well plates at a cell density of 1 x 10* per well followed by incubation in a 5 % CO, incubator,
for 24 hours. Finally, the MTT assay was accomplished to determine cell cytotoxicity (175).
The MTT assay serves as a highly sensitive technique for measuring cell viability and the
inhibition of cell growth, which is reliant on mitochondrial respiration occurring outside the
inner mitochondrial membrane. This process utilizes NADH and NADPH-dependent
pathways, ultimately resulting in cell inhibition (176,177). MTT, or 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide, is a colorimetric assay involving the reduction of
tetrazolium salt into formazone, a blue compound generated by the action of mitochondrial
dehydrogenases in living cells. The insoluble formazan produced during the assay was
dissolved in DMSO. To perform the MTT assay, 20 uL of MTT was dispensed to each well of
a 96-well plate and subjected to incubation for 4 hours. After incubation, 170 pL of media was
carefully taken from each well without displacing the crystals that had formed. Following this,
100 pL of DMSO was incorporated to dissolve the formazan crystals. Finally, the absorbance
was measured using an ELISA plate reader at wavelengths of 570 and 630 nm. For each
conjugates concentrations; the absorbance of treated wells (media + cells + conjugates) was
adjusted by deducting the corresponding absorbance of wells containing media and conjugates.
This removes the conjugates involvement to the absorbance. All experiments were replicated

three times. The cell viability (%) was derived by adopting the following equation (176-178):

Mean OD (sample)

% Cell viability = Mean 0D (control)

X100 (3.3)

Here, Mean OD (control) denotes the mean absorbance of negative control (wells with media
and untreated cells) and Mean OD (sample) denotes mean absorbance of treated wells (media

+ cells + conjugates)
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3.11 Cytokine Analysis

After incubating the cells with conjugates for 24 hours, we extracted the supernatant and
analysed the secretion of IFN-y using sandwich ELISA in accordance with the manufacturer's
guidelines (179,180). The sandwich ELISA was executed on a 96-well ELISA plate.(Nunc
MaxiSorp®). To begin with, 100 pL of capture antibody (1 pg/mL in PBS) was dispensed into
each well of the ELISA plate and left to incubate overnight at ambient conditions. The wells
underwent four wash cycles with 300 puL of wash buffer (0.05% Tween-20 in PBS) per well.
Following the final wash, residual buffer was removed and 300 pL of blocking buffer (1% BSA
in PBS) was integrated to each well. The plate was then incubated for 1 hours at room
temperature to prevent non-specific binding. After rinsing the plate four times with wash buffer,
100 pL of the test sample and the IFN-y standard were dispensed into each well. The plate was
then incubated for 2 hours at room temperature to allow the IFN-y molecules to bind to the
capture antibody. Next, the plate underwent four washes, and 100 pL of detection antibody (1
pg/mL in sample diluent buffer) was introduced into each well of the ELISA plate, allowing
for incubation at room temperature for an additional 2 hours. The detection antibody binds to
the IFN-y molecules captured by the capture antibody. After another four washes, 100 pL
diluted streptavidin-HRP conjugate (1:2000) in sample diluent was added and incubated for 30
minutes. Streptavidin-HRP binds to the detection antibody, which in turn binds to the IFN-y
molecules, amplifying the signal. The plate was again washed four times and 100 uL. of TMB
substrate solution was added to each well. The TMB substrate reacts with the HRP, causing a
color change. The plate was wrapped in foil and incubated at 25 °C for 20 minutes to allow the
color to develop. Finally, 100 uL. of 1M HCI stop solution was dispensed to each well, which
stopped the reaction and turned the color yellow. Absorbance was then inscribed at 405 nm

with wavelength correction configured to 650 nm using an ELISA plate reader (Tecan, Austria).

3.12 Statistical analysis

The experiments were conducted in triplicates and the MTT outputs and ELISA results were
analysed using GraphPad Prism software. An unpaired t-test was executed, considering p-

values under 0.05 as significant.
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Chapter 4:

Results:

Objective 1: Preparation and characterization of functionalized magnetic nanoparticles

(MNPs):

To study crystal structure of as-synthesized Fe;O4 nanoparticles, powder X-ray diffraction was
performed. X-ray diffractogram (XRD) of Fe;O4 nanoparticles recorded in the 20 range of 20°-
80° is shown in Fig. 4.1. This X-ray diffractogram is indexed well with the face centred cubic
(FCC) inverse spinel lattice and consistent with the JCPDS card No. 19-0629. The lattice
parameter of Fe3O4 nanoparticles determined from the highest intense (311) peak is 0.837 nm.
This value matches well with that reported in JCPDS data base (card No. 19-0629). The average
crystallite size (d) of Fe3O4 nanoparticles was calculated by using the classical Scherrer’s
equation

092
" pcose

4.1)

where A stands for the wavelength of X-rays, § refers to full-width half maximum (FWHM) of
the highest intense peak (311) and 0 is the angle of diffraction of the highest intense peak.
FWHM of the highest intense peak was resolved by fitting it with the pseudo-voigt peak

function. The average crystallite size attained from Eq. (4.1) is 9.1 nm.
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Fig 4.1: XRD pattern of as-synthesized Fe;Osnanoparticles
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To examine the morphology of Fe3O4 nanoparticles, high-resolution transmission electron
microscopy (HR-TEM) was employed. Micrographs are presented in Fig. 4.2. Aggregated
nanoparticles with near spherical morphology are visible in the micrograph. Inset (b) of Fig. 2
shows a lattice fringe image of Fe;Os4 nanoparticles. Inter planner spacing is 0.49 nm,
corresponding to (111) plane of the inverse spinel lattice of Fe3O4 nanoparticles. Inset (c) of
Fig. 4.2 represents the selected area electron diffraction (SAED) pattern of nanoparticles.
Diffraction fringes in the SAED pattern in Fig. 4.2(c) are indexed well with the inverse spinel
structure of Fe3O4 nanoparticles and corroborate well with the X-ray diffractogram reported in

Fig. 4.1.

Fig 4.2: (a) Transmission electron micrograph (b) lattice fringe image and (¢) specific area electron
diffraction pattern of Fe;O4 nanoparticles

Size distribution histogram of Fe3Os4 nanoparticles obtained from the TEM micrograph is
shown in Fig. 4.3. This histogram depicting size distribution was prepared through the
measurement of the diameter of 37 nanoparticles with the help of Carl Zeiss AxioVision
software. This size distribution histogram is fitted with the log-normal particle size distribution
function. The average physical size of the nanoparticles thus obtained from the fit is 9.5 + 0.12
nm, which corresponds closely to the crystallite size of the nanoparticles, indicating each

nanoparticle is single grain.
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Hydrodynamic particle size (D) and polydispersity (o) of as-synthesized Fe;O4 and PEG-

coated Fe3O4 nanoparticles were determined by photon correlation spectroscopy.

No of particles

6 7 8 9 10 1 12 13
Physical Size (nm)

Fig. 4.3 Size distribution histogram of Fe;O4 nanoparticles obtained from HR-TEM micrograph

Hydrodynamic particle size distribution histograms of Fe;Os4 and PEG coated Fe;O4
nanoparticles are diplayed in Fig. 4.4. Each histogram is fitted with log-normal particle size

distribution function:

()’

(Dov/2m) S 202

P(D) = (4.2)

Here, o is the polydispersity, D signifies the hydrodynamic particle size and In Do stands for
the mean of In D. From the best fits, hydrodynamic particle size and polydispersity of Fe3O4
and PEG-coated Fe3O4 nanoparticles were determined. The hydrodynamic size of Fe;O4 and
PEG-coated Fe;O4 nanoparticles are 87 nm and 118 nm, respectively. The polydispersity index
of Fe3O4 and PEG-coated Fe3O4 nanoparticles are 0.31 and 0.25, respectively.
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Fig 4.4: Hydrodynamic particle size distribution histograms of (a) Fe3O4 and (b) PEG-coated Fe;O4
nanoparticles dispersed in water. Histograms are fitted with log normal distribution function (Eq. 4.2)

To confirm PEG-coating on Fe3O4 nanoparticles, FTIR spectroscopy was used. FTIR spectra
of bare Fe3O4 nanoparticles, PEG-coated Fe3O4 nanoparticles, and PEG-600 are displayed in
Fig. 4.5. Various vibrational bands depicted in Fig. 4.5 are outlined in Table 4.1. The presence
of absorption bands at 559 cm™! and 640 cm ™! is due to Fe-O stretching vibrations of Fe3Os.
In the case of PEG-coated Fe3Os, the vibrational band originally observed at 559 cm™ shifts to
a higher wavelength, which corresponds to a wavenumber of 540 cm™. The vibrational band
initially at 640 cm™ shifts to a lower wavelength, corresponding to a wavenumber of 665 cm™.
Further, a strong absorption band at 989 cm™! was observed in the FTIR spectra of PEG 600.
This band shifts to a lower wavelength corresponding to 1121 cm ™! in the case of PEG-coated
Fe;04. This band is ascribed to the C—O—C stretching vibrations of PEG. These shifts in the
band positions of Fe—O stretching vibrations and C—O—C stretching vibrations in PEG-coated

Fe;04 nanoparticles suggest that PEG is chemi-adsorbed on the surface of Fe;O4 nanoparticles.
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Fig 4.5: FTIR spectra of (a) Fe;O4, (b) PEG-600 and (¢) PEG-coated Fe;O4 nanoparticles measured
in the spectral range of 4000 — 500 cm’!

Table 4.1. Band interpretations of FTIR spectra of Fe3sO4, PEG and PEG-coated Fe;O4

nanoparticles

Sample IR bands (cm™) Description

Fes;04 559 Stretching vibration of Fe—O
640 Stretching vibration of Fe-O
1632 -OH stretching
3430 -OH stretching

PEG-600 833 C-H bending
989 C-O-C stretching vibration of PEG
1139 C-O stretching
1245 C-H twisting
1358 C-H bending
1564 —CH;
2818 ms (—-CH)
3430 -OH stretching

PEG-coated Fe;O4 540 Stretching vibration of Fe—O
665 Stretching vibration of Fe-O
1121 C-O-C stretching vibration of PEG
1607 -OH stretching
3368 -OH stretching

These M-H loops are presented in Fig. 4.6. As evident from these hysteresis loops, both bare
and PEG-coated Fe3O4 nanoparticles are superparamagnetic. A magnified view of M-H loops
from —100 Oe to 100 Oe, for bare and PEG-coated Fe3Os4 nanoparticles, shows that the

coercivity of bare nanoparticles reduces from 32.42 Oe to 3.56 Oe and remanence drops from

43



1.78 emu/g to 0.159 emu/g, confirming the reduction in the clustering of magnetic
nanoparticles post surface functionalization with PEG. This was also evident in the reduction
in polydispersity index measured by photon correlation spectroscopy (Fig. 4.4). Saturation
magnetization (Ms) of bare and PEG-coated Fe;O4 nanoparticles is 53.36 emu/g and 46.89
emu/g, correspondingly. Magnetization (M) versus the magnetic field (H) of bare and PEG-
coated Fe3;O4 nanoparticles recorded in the top right quadrant (Fig. 4.6) are also fitted with the

modified Langevin function:
M =M, [ fD)L (%) dD + yH (4.3)

where Ms corresponds to the saturation magnetization of nanoparticles and L(a) denotes
Langevin function. The Langevin parameter, oo = pu(H)/ksT, where p signifies the magnetic
moment of individual spin clusters, H is the applied external magnetic field, ks is the

Boltzmann constant, and T stands for absolute temperature.

) 1n(%)2

f(D)dD = (V27D) exp [_ 202

dD (4.4)

here, f(D)dD denotes log-normal cluster size distribution function with mean cluster size D,
polydispersity . x corresponds to susceptibility of paramagnetic component of nanoparticles.
The fitted graph is shown in Fig. 4.7 derived from the most suitable fits, mean cluster size (Dm),

saturation magnetization (M;) and polydispersity (o) are evaluated, and presented in Table 4.2.
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Fig 4.6: Magnetization (M) versus applied magnetic field (H) plots of (—) bare FesO4 and (—) PEG-
coated Fe;O4 nanoparticles. Inset shows the magnified view of M-H curves in the field range of -100
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Fig 4.7: Magnetization (M) versus applied magnetic field (H) data of a) FesO4and b) PEG-coated Fe;O4
nanoparticles fitted with modified Langevin function [Eq. 3]

The findings from fitting the M-H curve with the modified Langevin function include several
key parameters, as shown in Table 4.2. The reduction in the polydispersity index from 0.18 for
Fe;04to 0.12 for PEG-coated Fe3Os indicates that the particles are more uniform in size, which

can enhance their magnetic properties. The mean cluster size influences the magnetic
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behaviour, particularly the superparamagnetic properties. The magnetic moment provides
insight into the strength of the magnetic properties of individual nanoparticles, while higher

susceptibility indicates a stronger response to the magnetic field.

Table 4.2. Saturation magnetization (Ms), mean cluster size (Dm), polydispersity (o),
magnetic moment (i), and susceptibility () of FesO4 and PEG-coated Fe;O4 nanoparticles
obtained by fitting M-H curve with modified Langevin function

Saturation Mean Magneti il
Sample Magnetization Polydispersity cluster ¢ Suscep “_2‘ ity
(emu/gm) size (nm) moment x 10
X UB
Fes304 56 0.18 6.2 16000 1.25
PEG-coated 46 0.12 7.8 15999 1.25

Fe304

Objective 2: Conjugation of functionalized MNPs with Luteinizing Hormone-Releasing

Hormone and anticancer drug Doxorubicin:

To confirm LHRH conjugation on PEG-coated Fe;O4, ATR-FTIR spectroscopy was used. ATR-
FTIR spectra of LHRH tagged PEG-coated Fe;O4, LHRH, PEG-coated Fe3O4 and Fe;O4
nanoparticles are exhibited in Fig 4.8. Various vibrational bands observed are summarised in
Table 4.3. The appearance of absorption bands at 559, and 640 cm™! is due to Fe-O stretching
vibrations of bare Fe;Oa. In case of PEG-coated Fe3Qs, vibrational band at 559 cm™ red shift
to 540 cm™ and 640 cm™! blue shifts to 665 cm™!. Further, a strong absorption band at 989 cm-
! was observed in the FTIR spectra of PEG 600. This band red shifts to 1121 cm! in case of
PEG-coated Fe3O4. This band is ascribed to the C-O-C stretching vibrations in PEG. These
consequences confirm the chemi-adsorption of PEG-600 on the surface of Fe;O4 nanoparticles.
The ATR-FTIR spectra of LHRH conjugated PEG- coated Fe3sO4 showed an additional peak at
1561 cm™! matching to the N-H of the amine bond, alongside the amplification of peaks
intensities at 1650 cm™! comparable to the C=0 of the amide bond. The spectrum of pure LHRH
was also recorded. The bands seen at 1535 and 1662 cm™! are signature peaks of LHRH.
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Fig 4.8: FTIR spectra of (a) bare Fe;Os, (b) PEG and (c) PEG-coated Fe;O4 (d) LHRH and (e) LHRH
conjugated PEG-coated Fe;O4 nanoparticles. Measurement was performed in the spectral range of 4000
~500 cm™!

Table 4.3. Band interpretations of ATR-FTIR spectra of Fe;O4, PEG, and PEG-coated Fe304
and LHRH tagged PEG-coated Fe;O4 nanoparticles

Sample IR bands (cm™) Description

Fes;04 559 Stretching vibration of Fe—O
640 Stretching vibration of Fe-O
1632 -OH stretching
3430 -OH stretching

PEG 833 C-H bending
989 C-O-C stretching vibration of PEG
1139 C-O stretching
1242 C-H twisting
1358 C-H bending
1564 —CH;
2818 ms (—-CH)
3430 -OH stretching

PEG-coated Fe;O4 540 Stretching vibration of Fe—O
665 Stretching vibration of Fe-O
1121 C-O-C stretching vibration of PEG
1607 -OH stretching
3368 -OH stretching

LHRH 3281 -OH stretching
1662 C=0 amide bond
1535 N-H amine bond
1435 C-H bending
1202 C-N amine bond
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LHRH tagged PEG-coated Fe30O4 3378 -OH stretching

1650 C=0 amide bond
1561 N-H amine bond
639 Stretching vibration of Fe-O
564 Stretching vibration of Fe-O

4.1 Drug loading

In the study, we utilized doxorubicin (DOX), a hydrophilic anti-cancer agent, as the
representative reference drug. Using UV-vis spectroscopy, we confirmed the loading of
doxorubicin in LHRH-conjugated PEG-coated Fe;O4. Fig. 4.9 illustrates the absorption spectra
of free doxorubicin and doxorubicin-loaded LHRH-conjugated PEG coated Fes3O4
nanoparticles in aqueous solutions. The characteristic peak of doxorubicin at 475 nm in the
absorption spectrum of LHRH-conjugated PEG coated Fe3;O4 and at 486 nm in the free
doxorubicin solution (168) confirms the presence of doxorubicin. The shift to the shorter
wavelength (475 nm) in the absorption maximum further validates the loading of doxorubicin

in the LHRH-conjugated PEG-coated Fe3O4 nanoparticles.

4.2 Drug loading efficiency

The drug loading results from the conjugation of the -NH; and —OH groups in doxorubicin
(DOX) with the active —OH groups present on the surface of PEG (202). Drug loading
efficiency was determined using Eq. (3.1) The drug loading efficiency of DOX is observed to
be 66 %.
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Fig 4.9: UV-visible absorption spectrum of aqueous solution of (a) free doxorubicin (geen color) and
(b) DOX loaded LHRH tagged PEG-coated Fe;O4 nanoparticles (black color). The spectrum was
recorded at 25 °C with HPLC grade water as reference

The drug loading efficiency of DOX to LHRH conjugated PEG-coated Fe;O4 nanoparticles
observed at 66% indicates that 66% of the total weight of the nanoparticles is composed of the
drug DOX. This high efficiency is significant because it means a substantial amount of the drug
is successfully loaded onto the nanoparticles, which is crucial for effective targeted drug

delivery.

Objective 3: To study the hyperthermic effect of conjugated MNPs on growth and

cytokine release of cancer cells:

4.3 Magnetic hyperthermia of PEG-coated Fe3O4 nanoparticles

To evaluate the suitability of synthesized PEG-coated Fe3Os nanoparticles for magnetic
hyperthermia therapy of cancer, temperature (T) - time (t) profiles of PEG-coated Fe;O4
nanoparticles are recorded as a function of applied AC magnetic field frequency (162-935.6
kHz), field strength (5 mT, 10 mT and 12 mT) and nanoparticle concentration (1-100 mg/mL).
These temperature (T) versus time (t) plots are shown in Fig. 4.10. To study how frequency
affects the heating profile of nanoparticles, the magnetic field, and concentration were kept
constant at 10 mT and 100 mg/mL, respectively, while the frequency was varied between 162—
935.6 kHz. In this study, the highest temperature rise of 89.16 °C was observed at a frequency
of 935.6 kHz when nanoparticles were exposed to a magnetic field (10 mT) for 20 minutes. At

580.8 kHz, this temperature rise was 68.15 °C. Since this temperature rise is adequate for
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hyperthermia applications, we choose a relatively lower frequency (580.8 kHz) of a supplied
magnetic field as the optimum field frequency instead of 935.6 kHz for biologically safer

applications of these magnetic nanoparticles in magnetic hyperthermia.

To further investigate how magnetic field strength affects heating capacity of PEG coated
Fe304 nanoparticles, the field frequency was held steady at 580.8 kHz, and field strength was
varied between 5—-12 mT. In this study, the highest temperature rise of 85.06 °C was recorded
at 12 mT field. However, at 10 mT field also, adequate temperature rise (68.15 °C) was
observed. Hence, for further studies, 10 mT field strength is considered the optimized field

strength.
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Fig 4.10: Temperature — time profiles of as-synthesized PEG-coated Fe;O4 nanoparticles measured as
a function of (a) magnetic field frequency (b) magnetic field strength and (¢) nanoparticle concentration
Subsequent to the optimization of magnetic field frequency and field strength, the role of
nanoparticle concentration was evaluated by measuring temperature—time profiles of a series
of PEG coated Fe3;O4 nanoparticles having concentration in the range of 1-100 mg/mL. In this
study, magnetic field frequency and field strength were held constant at 935.6 kHz and 10 mT,

respectively. The maximum rise in temperature of PEG-coated Fe3O4 nanoparticles escalates
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with increased concentration. The highest temperature rise (86.16 °C) was observed for a
nanoparticle concentration of 100 mg/mL. However, an adequate (>45 °C) temperature rise
(59.05 °C) was observed for a lower nanoparticle concentration of 50 mg/mL. Further, in the
context of magnetic hyperthermia treatment, it has been observed that exceeding a temperature
threshold of 42 °C can trigger cell apoptosis in cancer cells (12). This can be achieved at lower
nanoparticle concentration of 25 mg/mL. At this temperature, the highest temperature rise is
44.02 °C Furthermore, when comparing the specific loss power (SLP) values, both
concentrations of 25 mg/mL and 50 mg/mL exhibit nearly similar SLP values of 4.43 W/g and
4.66 W/g, respectively. Hence, 25 mg/mL of nanoparticle concentration is chosen as the
optimal concentration for further studies. Therefore, we consider 25 mg/mL as the optimized
nanoparticle concentration of PEG-coated Fe;O4 nanoparticles for magnetic hyperthermia
therapy under an applied magnetic field frequency of 935.6 kHz and 10 mT of field strength.
When these experiments were performed with previously optimized lower frequency (580.8
kHz), adequate heating could not be achieved in Fe3O4 nanoparticles with lower concentration
of 25 mg/mL. Therefore, we consider 965.6 kHz as the optimum frequency in place of 580.8
kHz. To further grasp the influence of magnetic field frequency, field strength and nanoparticle
concentration on the heating efficiency of PEG-coated Fe;O4 nanoparticles, the temperature—

time profiles of Fig. 4.10 are fitted with the empirical box-Lucas model (181,182)
A0(t) = A6,(1 — e~kt) (4.5)

Here, AB(t) denotes change in temperature [= 0(t) — 0o], here 0o is initial temperature, 6(t) is the
temperature at time t, and k represents a kinetic parameter. A8 versus time plots fitted with Eq.
(4.5) are revealed in Fig. 4.11. From the best fits, kinetic parameter, k and initial slope of

temperature— time curve, AB0s, are determined, which are stated in Table 4.4.
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Fig 4.11: A0 vs time plots of PEG-coated Fe3O4 nanoparticles measured as a function of (a)
magnetic field frequency (b) magnetic field strength and (¢) nanoparticle concentration, which
are fitted with box-Lucas model (Eq. 4.5).

The heating efficiency of magnetic nanoparticles assisted hyperthermia applications is usually
represented in the form of SLP, which is described as the amount of heat generated by the unit
mass of the magnetic nanoparticles in the material (W/g) at a given strength and frequency of
the induced magnetic field (183). SLP depends on the magnetic nanoparticle’s properties, such
as size, saturation magnetization (Ms), magnetic anisotropy and magnetic field parameters like

strength and frequency (184). SLP values are calculated by using the following equation (181)
SLP = gcaesk (4.6)

where p denotes the density of the medium (for water p = 1.0 g/mL), ¢ is the specific heat of
the medium (4.18 J/gK for water), ABs denotes the initial slope of the temperature—time plot, k
is kinetic parameter and x represents concentration of magnetic nanoparticles. SLP values of
PEG- coated Fe3O4 nanoparticles measured with respect to the magnetic field frequency, field
strength and nanoparticle concentrations are also reported in Table 4.4. SLP value of PEG-

coated Fe;O4 nanoparticles increases with frequency and field strength and declines with
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nanoparticle concentration (Fig. 4.12). The slope is 0.41 W/g mL per 100 kHz when monitored

as a function of frequency.

Table 4.4. Fitting parameters (A6 and k) of empirical box-Lucas model, specific loss power

(SLP) and intrinsic loss power (ILP) measured as a function of magnetic field frequency,

field strength, and nanoparticle concentration.

Nanoparticle

Frequenc Magnetic ) ABs  kx10° SLP ILP (Wg'!/ (f
d Y & concentration
(kHz) field (mT) (me/mL) (°O) (min)  (W/g) H?))
162.0 10 100 19.4 160 1.04 0.10
242.6 10 100 22.2 195 1.99 0.13
411.4 10 100 34.5 181 2.30 0.08
580.8 10 100 54.1 179 2.87 0.07
935.6 10 100 65.0 187 4.54 0.07
580.8 5 100 10.5 136 0.60 0.06
580.8 10 100 54,1 179 2.87 0.07
580.8 12 100 65.0 189 5.13 0.09
935.6 10 1 6.1 91 24.13 0.04
935.6 10 10 15.5 107 6.92 0.12
935.6 10 25 20.0 133 4.43 0.07
935.6 10 50 37.0 151 4.66 0.07
935.6 10 75 51.3 158 4.51 0.07
935.6 10 100 65.0 187 4.54 0.07
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Fig 4.12: Effect of magnetic field frequency field strength, and nanoparticle concentration on the SLP
of PEG-coated Fe;O4 nanoparticles
The heating capacity of nanoparticles is an important factor for magnetic hyperthermia. It is

quantified in terms of intrinsic loss parameter (ILP)

ILP = ]SfTPZ (4.6)

Here H is the external magnetic field exerted to the nanoparticles, and f is the frequency of
excitation. In our study, we found that the values of ILP remained constant regardless of the
frequency, magnetic field strength, and nanoparticle concentration. This specifies that the
nanoparticle's heating capacity was not affected by these variables (185,186). Overall, ILP is
useful for quantifying the heating capacity of nanoparticles irrespective of the field strength,

field frequency or nanoparticle concentration.

4.4 Cell viability Assessment

Synthesized DOX-loaded LHRH tagged PEG-coated Fe;O4 was examined for their influence
on growth of A549 cells and MCF-7 cells by the cell viability assay (MTT) in both scenarios:
no magnetic field and with a magnetic field. Cell viability was measured for standalone

thermotherapy, chemotherapy, and combinational thermo-chemotherapy.

Thermotherapy:

Cell viability test against A549 and MCF-7 cancer cells were performed for PEG-coated Fe;O4
nanoparticles and LHRH tagged PEG-coated Fe;O4 nanoparticles at different nanoparticle
concentrations (5, 10, 20, and 25 mg/mL) in the presence magnetic field (10 mT) and absence
of magnetic field. The results are presented in Figure 4.13 and Figure 4.14. The findings
suggest that both types of nanoparticles have significantly higher toxicity in presence of
magnetic field when compared to absence of field. Irrespective of the nanoparticle
concentrations for PEG-coated Fe3O4, There was no notable reduction in cell viability in A549

and MCF-7 cells when experiments were carried out without their exposure to magnetic field.
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This confirms good biocompatibility of PEG-coated Fe;O4 nanoparticles. Notably, at 25
mg/mL nanoparticle concentration, the most significant reduction in cell viability was detected
upon being exposed to an alternating magnetic field, resulting in 47 % cell viability reduction

for A549 and 45 % for MCF-7 cells.
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Fig 4.13 a) Cell viability of A549 cells in the absence and presence of magnetic field after treatment
with different concentrations of PEG-coated Fe;O4. b) Cell viability of MCF-7 cells in the absence and
presence of magnetic field after treatment with different concentrations of PEG-coated Fe3O4.. Unpaired
t-tests were used for comparisons, *P<0.05, **P<0.01, ***P<0.001

Similar trend is observed for LHRH tagged PEG-coated Fe;O4. With out the application of
magnetic field, nanoparticles do not indicate any significant loss of cell viability for both the
cell lines. With the applied magnetic field, LHRH tagged PEG-coated Fe3;Os4 show
concentration dependant toxicity. With increase in nanoparticle concentration, cell viability
decreases in both the cell lines. Highest toxicity was observed at 25 mg/mL nanoparticle
concentration. The reduction in cell viability is 47 % for A549 cell and it is 45 % for MCF-7

cells, which is comparable to the results observed in Fig. 4.12.
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Fig 4.14 a) Cell viability of A549 cells in the absence and presence of magnetic field after treatment
with different concentrations of LHRH tagged PEG-coated Fe;Os4. b) Cell viability of MCF-7cells after
treatment with different concentrations of PEG-coated Fe;O4. Unpaired t-tests were used for
comparisons, *P<0.05, **P<0.01, ***P<0.001

Chemotherapy:

To study chemotherapeutic effect of doxorubicin, cell viability experiments were carried out
on A549 and MCF-7 cell lines with free DOX, DOX-loaded PEG-coated Fe3O4 nanoparticles,
and LHRH tagged DOX-loaded PEG-coated Fe3O4 nanoparticles. In this study, samples were
not exposed to magnetic field. Concentration of PEG-coated Fe3;O4 nanoparticles and LHRH
tagged PEG-coated Fe;O4 nanoparticles was 25 mg/mL. DOX concentration was varied from
1.25, 2.5, 5, and 10 pg/mL. % reduction in cell viability of A549 and MCF-7 when tested
against free DOX, DOX-loaded PEG-coated Fe3;O4 nanoparticles, and LHRH tagged DOX-
loaded PEG-coated Fe3O4 nanoparticles is presented in Fig. 4.15. As the concentration of
doxorubicin increases there is corresponding increase in its effectiveness in reducing cell
viability against A549 cells, with the maximum observed reduction being 72 % at doxorubicin
concentration of 10 pg/mL (Fig. 4.15a). Furthermore, the efficacy of targeted chemotherapy
using doxorubicin-loaded LHRH tagged PEG-coated Fe3;O4 nanoparticles was compared to
non-targeted chemotherapy with free doxorubicin and doxorubicin-loaded PEG-coated Fe;O4
nanoparticles. At DOX concentrations of 2.5 and 5 pg/mL, targeted chemotherapy
demonstrated significant reductions in A549 cell viability (45 % and 58 %, respectively)
compared to the non-targeted chemotherapy (24 % & 44 % for free DOX and 22 % & 40 %
for DOX-loaded PEG-coated Fe3O4 nanoparticles). Non-targeted chemotherapy with free
doxorubicin or doxorubicin-loaded PEG-coated Fe3Os nanoparticles resulted in lower

reductions in cell viability at the same DOX concentration.
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To assess the effect of targeted and non-targeted DOX on MCF-7 cell lines, DOX concentration
is varied between 1, 2, 4, and 8 pg/mL for free DOX, DOX-loaded PEG-coated Fe3O4
nanoparticles, and LHRH tagged DOX-loaded PEG-coated Fe3O4 nanoparticles. % Cell
viability for these three tested samples on MCF-7 cells is displayed in Fig 4.15b. Increasing
the concentration of doxorubicin resulted in a corresponding increase in its ability to reduce
cell viability in MCF-7 cell lines as well. The findings revealed that targeted chemotherapy
(DOX loaded LHRH tagged PEG-coated Fe;O4) exhibited a significant drop in cell viability
(28 %, 45 %, & 58 % at concentrations of 1, 2, and 4 pg/mL, respectively) as compared to non-
targeted chemotherapy (18 %, 28 % & 40 % for free DOX and 13 %, 27 % & 52 % at range of
concentrations such as 1, 2, and 4 pg/mL, respectively intended for DOX-loaded PEG-coated

Fe304 nanoparticles).
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Fig 4.15 a) Cell viability of A549 cells in the absence of magnetic field after treatment with: free DOX,
DOX loaded PEG-coated Fe;O4 and DOX loaded LHRH tagged PEG-coated Fe3Os4., b) Cell viability
of MCF-7 cells in the absence of magnetic field after treatment with: free DOX, DOX loaded PEG-
coated Fe3O4 and DOX loaded LHRH tagged PEG-coated Fe3;O4., Unpaired t-tests were used for
comparisons, *P<0.05, **P<0.01, ***P<0.001

Thermo-chemotherapy:

To understand the effect of combinational therapy, thermal therapy is combined with the
conventional chemotherapy. For this purpose, cell viability experiments on A549 and MCF-7
cell lines were executed against free DOX, DOX-loaded PEG-coated Fe;O4 nanoparticles, and
LHRH tagged DOX-loaded PEG-coated Fe3;O4 nanoparticles subjected to a magnetic field (10
mT). Nanoparticle concentration was fixed at 25 mg/mL and DOX concentrations were varied

as descibed in standalone chemotherapy. The highest concentration of the chemotherapeutic
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drug DOX (10 pg/mL) resulted in 88 % reduction in cell viability in combinational therapy.
For the same conencetartion of DOX, standalone chemotherapy resulted in reduction of cell
viablity of A549 to 62 %. Even for lower concentrations of DOX (1.25, 2.5, and 5 pg/mL), the
combination thrapy resulted in greater reduction in % cell viability (47 %, 65 %, 72 %,
respectively) as compared to corresponding chemotherapy (13 %, 23 %, 42 %, respectively)
As shown in Fig. 4.16a, when targeted chemotherapy is combined with an alternating magnetic
field, it leads to a statistically significant (p<0.05) reduction in A549 cell viability, as indicated
in Fig. 4.14 a.

The highest concentration of the chemotherapeutic drug DOX (10 pg/mL) resulted in 91 %
reduction in cell viability in combinational therapy. For the same conencetartion of DOX,
standalone chemotherapy resulted in reduction of cell viablity of MCF-7 is 57%. Even for
lower DOX concentrations (1, 2, and 8 pg/mL), the combination thrapy resulted in greater
reduction in % cell viability (58 %, 74 %, 81 %, respectively) as compared to corresponding
chemotherapy (18%, 28%, 40%, respectively) as shown in Fig. 4.16b. These results highlight
the potential of thermo-chemotherapy, which combines targeted chemotherapy with an

magnetic hyperthermia.
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Fig 4.16 a) Cell viability of A549 cells in the presence of magnetic field after treatment with: free DOX,
DOX loaded PEG-coated Fe;O4 and DOX loaded LHRH tagged PEG-coated Fe3Os4., b) Cell viability
of MCF-7 cells in the absence of magnetic field after treatment with: free DOX, DOX loaded PEG-
coated Fe3O4 and DOX loaded LHRH tagged PEG-coated Fe3;O4., Unpaired t-tests were used for
comparisons, *P<(.05, **P<0.01, ***P<0.001
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4.5 Morphological study

To study the effects of magnetic nanoparticle conjugates on the morphology of A549 and MCF-
7 cells, we used an inverted microscope to analyse the cell morphology. The resulting optical
images are presented in Fig. 4.17 and 4.18, providing a visual representation of the cellular
changes induced by the conjugates.

In the in-vitro analysis section, we exposed A549 and MCF-7 cells to different nanoparticle
conjugates and analysed their impact. The A549 cells were treated with LHRH tagged PEG-
coated Fe;O4nanoparticles with a concentration of 25 mg/mL and DOX loaded LHRH tagged
PEG-coated Fe;O4nanoparticles with concentrations of doxorubicin set at 1.25, 2.5, 5, and 10
pg/mL. under an alternating magnetic field (10 mT). The corresponding MTT assay results
showed 47 %, 46 %, 65 %, 72 %, and 88 % cell inhibition.

Similarly, MCF-7 cells were treated with LHRH tagged PEG-coated Fe;O4 nanoparticles at a
concentration of 25 mg/mL and DOX loaded LHRH tagged PEG-coated Fe;O4 nanoparticles
with doxorubicin concentrations of 1, 2, 4, and 8 pg/mL under AMF, resulting in 58 %, 74 %,
81 %, and 91 % cell inhibition in the MTT assay. We selected the samples with the most
significant cell viability reduction for morphological analysis and put them in 96-well plates at
a cell density of 1 x 10 per well. After incubating the plates in a 5 % CO2 incubator for 24
hours, we analysed the cells using an inverted microscope.

In Figure 4.17a, untreated A549 cells maintained their typical epithelial trigonal shape and
close contact with each other under an AMF. However, in Figure 4.17b, after exposure to
LHRH tagged PEG-coated Fe;Os with AMF, some A549 cells lost their original shape and
experienced cell shrinkage. Subsequent increases in the concentration of DOX-loaded LHRH
tagged PEG-coated Fes;O4 led to more suspended (dead) cells under AMF and a rounded
appearance. Moreover, there was a reduction in the cell population as the concentration of
DOX-loaded LHRH tagged PEG-coated Fe;Os increased. Cells treated with lower
concentrations (1.25, 2.5, & 5 pg/mL) displayed more cell shrinkage and a decrease in cell
numbers (refer to Fig. 4.17c, 4.17d, & 4.17¢). In contrast, treated cells with a higher
concentration (10 pg/mL) showed more irregular or round-shaped cells, or cells having
shrinkage and a lower cell layer density (Fig. 4.17f).

Similarly, the untreated MCF-7 control cells exhibited a polygonal shape having typical
epithelial morphology with densely packed cell layers in the presence of an AMF (Fig. 4.18a).
However, after exposure to LHRH tagged PEG-coated Fe;O4nanoparticles with AMF (Fig.
4.18b), the MCF-7 cells lost their original shape, showing distortion and shrinkage. As the
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concentration of DOX-loaded LHRH tagged PEG-coated Fe;Os nanoparticles increased, the
cell population was reduced significantly. The treatment of cells with lower concentrations (1,
2, and 4 pg/mL) displayed more shrinkage and a decrease in cell numbers (Fig. 4.18c, 4.18d,
and 4.18e). In contrast, cells treated with a higher concentration (8 pg/mL) showed more round-
shaped cells, indicating dead cells in suspension. This change in cell shape suggested a greater

effect, as measured by the MTT assay (Fig. 4.18f).
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Fig 4.17: Cellular morphology of A549 cells under alternating magnetic field(AMF) a) untreated A549
cells, b) LHRH tagged PEG-coated Fe;O4 (25 pg/mL) treated A549 cells, ¢) DOX loaded LHRH tagged
PEG-coated Fe;04 (DOX concentration: 1.25 pg/mL) treated A549 cells, d) DOX loaded LHRH tagged
PEG-coated Fe;O4 (DOX concentration: 2.5 pg/mL) treated A549 cells ,e) DOX loaded LHRH tagged
PEG-coated Fe;04 (DOX concentration: 5 pug/mL) treated A549 cells and f) DOX loaded LHRH tagged
PEG-coated Fe;04 (DOX concentration: 10 pg/mL) treated a549 cells were viewed using inverted
microscope. Red arrow (=) shows cell shrinkage while black arrow (=) pointed at the suspension of
dead cells. Magnification: x40;

Fig 4.18: Cellular morphology of MCF-7 cells under alternating magnetic field(AMF) a) untreated
MCF-7 cells, b) LHRH tagged PEG-coated FesO4 (25 pg/mL) treated MCF-7 cells, ¢) DOX loaded
LHRH tagged PEG-coated Fe;O4 (DOX concentration: 1pg/mL) treated MCF-7 cells, d) DOX loaded
LHRH tagged PEG-coated Fe;O04 (DOX concentration: 2ug/mL) treated MCF-7 cells ,e) DOX loaded
LHRH tagged PEG-coated Fe;O4 (DOX concentration: 4ug/mL) treated MCF-7 cells and f) DOX
loaded LHRH tagged PEG-coated FesOs (DOX concentration: 8ug/mL) treated MCF-7 cells were
viewed using inverted microscope. Red arrow (=) shows cell shrinkage while black arrow (=) pointed
at the suspension of dead cells. Magnification: x40;
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4.6 Cytokines Estimation

To analyse the contribution of IFN-y in promoting cytotoxic effects in A549 and MCF-7 cells,
we conducted a sandwich ELISA assay to measure the secretion of IFN-gamma. Present
research intended to observe the outcome of different treatments on IFN-y cytokine release in
A549 and MCF-7 cancer cell lines. The treatments included free DOX, DOX-loaded PEG-
coated Fe3O4 nanoparticles, and LHRH tagged DOX-loaded PEG-coated Fe;O4 nanoparticles,

in the presence of magnetic field (10 mT) and absence of magnetic field.

To assess the cytokine release, we analysed the supernatants from the treated cancer cell lines
using a sandwich ELISA test, measuring IFN-y levels up to 24 hours. Our findings showed
changes in the production of IFN-y cytokine from A549 (Fig. 4.19) and MCF-7 (Fig. 4.20)
when exposed to free DOX, DOX-loaded PEG-coated Fe3sO4 nanoparticles, and LHRH tagged
DOX-loaded PEG-coated Fe3O4 nanoparticles in the presence and absence of magnetic field.
During our study, we observed that LHRH tagged DOX-loaded PEG-coated Fe;O4
nanoparticles exhibited an increased production of IFN-y, both under conditions with and
without a magnetic field, compared to non-targeted nanoconjugates. These findings
demonstrate that treatment with targeted drug-loaded magnetic nanoparticles somehow

potentiate the antitumor effect of IFN-y towards both cancer cell lines.

The heightened cytokine response observed in this study could be pivotal in contributing to the
cytotoxicity of the cancer cells. By analysing these changes, we gained valuable insights into
the probable impact of targeted delivery of drugs and the influence of the magnetic field on
IFN-y cytokine release in A549 and MCF-7 cancer cell lines.
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Fig 4.19: Secretion levels of IFN-y in response to free DOX, DOX loaded PEG -coated Fe3O4 and DOX
loaded LHRH tagged PEG-coated Fe;O4 against A549 cells a) in the absence of magnetic field and b)
in the presence of magnetic field. Unpaired t-tests were used for comparisons, *P<0.05, **P<0.01,
***P<0.001
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Fig 4.20: Secretion levels of IFN-y in response to free DOX, DOX loaded PEG -coated Fe3O4 and DOX
loaded LHRH tagged PEG-coated Fe3O4 against MCF-7 cells a) in the absence of magnetic field and b)
in the presence of magnetic field. Unpaired t-tests were used for comparisons, *P<0.05, **P<0.01,
***P<0.001
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Chapter 5:

Discussion:

Traditional cancer treatments, such as chemotherapy, radiation, and surgery, often damage both
cancerous and healthy tissues, making it difficult to target cancer cells effectively while sparing
normal cells. One of the critical challenges in cancer therapy is to selectively destroy tumour
cells without harming surrounding healthy tissues. Nanotechnology has emerged as a
promising solution, offering innovative approaches for cancer treatment. Extensive research
has focused on developing nanoparticles with therapeutic potential, particularly magnetic
nanoparticles (MNPs), which have exhibited great prospects in both cancer detection and

treatment (77).

Magnetic hyperthermia (MHT) is one such application, where heat is generated through
magnetic energy losses to selectively kill cancer cells. MNPs can convert electromagnetic
energy into heat, raising the temperature of tumour cells to an apoptotic threshold, which leads
to their destruction (78,187). By maintaining tumour region temperatures between 40 °C 44
°C, known as mild hyperthermia, researchers have found that the efficacy of chemotherapeutic
drugs can be significantly enhanced. However, the precise delivery of both heat and anticancer
drugs to tumour sites without impacting healthy tissues remains a significant challenge
(79,188,189). Studies have shown the potential of combining chemotherapy with hyperthermia
using nanoparticle-based delivery systems, particularly magnetic iron oxide nanoparticles
(IONPs) (190). These nanoparticles can be loaded with anticancer drugs and, after localizing
within the tumour, it can be remotely heated using an external alternating magnetic field. To
increase the specificity of magnetic hyperthermia, researchers are exploring active targeting
methods (191). By attaching ligands to the surface of MNPs, these particles can selectively
bind to cancer cell receptors, enhancing the accumulation of nanoparticles in tumours and

improving treatment effectiveness.

In this study, the LHRH agonist Triptorelin was selected as the ligand for nanoparticle
conjugation. LHRH receptors are overexpressed in various cancers, with approximately 50%
of estrogen receptor-positive breast tumour exhibiting upregulation of these receptors (192).
This presents a significant opportunity for targeted therapy using LHRH analogs like
Triptorelin. However, there is limited documentation on the expression of LHRH in human

lung adenocarcinoma cells, which are widely studied in non-small cell lung cancer (NSCLC)
(6).
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The present research focuses on the synthesis of a magnetic drug delivery system designed to
induce cytotoxic effects on LHRH-positive cancer cells, with or without the use of an
alternating magnetic field (AMF). Additionally, the secretion levels of interferon-gamma (IFN-
v) were measured in cancer cell lines. This dual approach of targeted drug delivery and
magnetic hyperthermia may boost cancer treatment results by enhancing specificity and

minimizing damage to healthy tissues.

Objective 1: Preparation and characterization of functionalized magnetic nanoparticles

(MNPs):

In our study, we used the coprecipitation method to synthesize magnetite nanoparticles with
their magnetic traits affected by factors like temperature, pH, and concentration. The
coprecipitation method is known for its efficiency, simplicity, high yields, purity, low cost, and
production of a large amount of nanoparticles (193,194,195). While magnetite is naturally
chemically inert, its functionality can be significantly improved through surface modification
using various materials such as poly-ethylene glycol (PEG). These modifications not only
broaden its potential applications but also prevent nanoparticle aggregation, which is crucial
for maintaining stability. Coating magnetite nanoparticles with biocompatible materials has
become a significant area of focus, ensuring safe interaction with biological environments
(196). The analysis of as-synthesized nanoparticles involves different characterization
techniques such as X-ray diffraction, FTIR, transmission electron microscopy, dynamic light

scattering and vibrating sample magnetometer.

X-ray diffraction technique served to evaluate the crystal structure, lattice parameter and
crystallite size of Fe;O4 nanoparticles. The results revealed that the XRD spectrum of as-
synthesized Fe;O4 nanoparticles showed distinct peaks corresponding to the inverse spinel
cubic structure (169,170,197). No impurity peaks have been observed in the XRD pattern of
Fe;04 nanoparticles confirmed the formation of single phase with good crystallinity. It is worth
noting that the crystallite size (D) plays a crucial part in the X-ray diffraction. All diffraction
profiles exhibit a broad profile distribution as a result of scattering of X-rays from small
nanocrystals. The average crystallite size of Fe3O4 nanoparticles measured from the peak
broadening of the highest intense peak (311) is 9.1 nm. This value is consistent with an earlier
report (198). This crystallite size of nanoparticles is below the superparamagnetic limit of

Fe30s, suggesting that as-synthesized nanoparticles are single domain and hence
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superparamagnetic in nature. This finding is consistent with the results of a previous study,
providing further validation of the results obtained from X-ray diffraction study (169). These
results suggest that as-synthesized Fe3Os nanoparticles possess excellent crystallinity with

small crystallite size, which makes them appropriate for various biomedical purposes.

The HR-TEM image is a powerful tool for analyzing the lattice structure of materials, as it
provides a highly detailed and magnified view of the sample. This allowed for an in-depth
analysis of the lattice structure of the Fe;O4 nanoparticle being examined. Upon careful
examination of the high-resolution TEM image (HR-TEM) presented in Fig 4.2(b), it was
possible to determine inter planner spacing was approximately 0.49 nm. This measurement is
consistent with the d-spacing of the (111) plane of Fe3Oa, providing strong evidence that the
sample under investigation has a crystal structure that matches with Fe3O4. Further analysis
was conducted using a selected area diffraction pattern, which provided additional evidence of
the highly crystalline nature of the Fe3;O4 nanoparticle. The diffraction rings [(220), (311),
(400), (422), (511), and (440)] in the electron diffraction pattern can be indexed as magnetite,
(Fig 4.2(c)). collectively, these findings strongly indicate that the nanoparticle being analyzed

has a crystal structure that is consistent with magnetite (Fe3Oa).

The size distribution histograms of hydrodynamic particle sizes of Fe3O4 and PEG-coated
Fe;04 nanoparticles are shown in Fig 4.4. The hydrodynamic size of Fe3O4 and PEG-coated
Fe304 nanoparticles is 87 nm and 118 nm, respectively. Additionally, the polydispersity index
of Fe304and PEG-coated Fe3;O4nanoparticles is 0.31 and 0.25, respectively. The polydispersity
index measures the size variation of particles in a sample. A lower value indicates that the
particles are more uniformly sized, while a higher value indicates that the particles have a wider
range of sizes. The polydispersity index of PEG-coated Fe3Os4 nanoparticles is lower as
compared to the bare nanoparticles. This suggests that PEG functionalization reduces the
aggregation of nanoparticles, resulting in more uniform size distribution. These insights are
crucial to grasp the properties and potential applications of Fe3O4 and PEG-coated Fe;O4

nanoparticles.

FTIR spectroscopy was employed as analytical tool of choice to ascertain the presence of PEG-
coating on Fe3;O4 nanoparticles (199). Fig 4.5 showcases the FTIR spectra of three distinct
samples: bare Fe3Os4 nanoparticles, PEG-coated Fe3O4 nanoparticles, and PEG-600. The
intricate vibrational patterns noticed in Fig 4.5 have been meticulously outlined in Table 4.1 to

facilitate comprehensive analysis. The distinct absorption bands observed at 559 and 640 cm™!
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in the FTIR spectra match the Fe-O stretching vibrations of bare Fe3O4 nanoparticles (168),
notably, these observations align closely with established literature (169). Upon PEG-coating
of the Fe;O4 nanoparticles, a shift in vibrational bands is observed. Specifically, the vibrational
band observed at 559 cm™! undergoes a red shift to 540 ¢cm’!, while the band at 640 cm’!
experiences a blue shift, moving to 665 cm™!. These shifts in vibrational frequencies serve as
indicative markers of the chemical alterations induced by PEG-coating on the surface of Fe3O4

nanoparticles.

Furthermore, the FTIR spectra of PEG-600 reveal a prominent absorption band at 989 cm™!,
attributable to the C-O-C stretching vibrations of PEG molecule. Interestingly, upon PEG-
coating of Fe;O4 nanoparticles, this band exhibits a significant red shift, relocating to 1121 cm”
!. This observed shift closely mirrors previous studies (198,200), corroborating the consistent
behaviour of PEG under varying experimental conditions. Collectively, the shifts in the
vibrational frequencies corresponding to Fe-O stretching and C-O-C stretching vibrations in
PEG-coated Fe;O4nanoparticles provide compelling evidence of the chemi-adsorption of PEG
onto the surface of Fe;O4 nanoparticles. These findings not only confirm the successful PEG-
coating but also shed light on the underlying molecular interactions governing the surface

modification process.

The saturation magnetization (Ms) values of Fe;O4 nanoparticles, both before and after PEG
coating are 53.36 emu/g and 46.89 emu/g, respectively. The decrease in Ms of PEG-coated
Fe;O4nanoparticles can be attributed to the nonmagnetic contribution of PEG to the total mass
of coated nanoparticles. This indicates that the PEG coating on Fe3O4 nanoparticles could lead
to a decrease in magnetic properties. The findings of the study are consistent with previous
reports (168,201), which suggest that the drop in saturation magnetization of PEG-coated
Fe;04 nanoparticles is cause of the presence of a nonmagnetic PEG layer on the surface of

Fe;04 nanoparticles.

Our study aligns well with previous research on the magnetic properties of FesO4 nanoparticles
coated with PEG. For instance, one study found that coating Fe;O4 nanoparticles with PEG
decreased the saturation magnetization from 77.0 to 49.6 emu/g due to surface modifications
(202). Another study observed a decrease in saturation magnetization from 77.16 emu/g to
37.15 emu/g as the PEG content increased from 0 % to 50 %, with zero coercivity indicating
no residual magnetism after the external magnetic field was withdrawn (203). Additionally, a

separate study revealed that the saturation magnetization of FesO4 nanoparticles decreased as
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the PEG layer thickness increased[R]. Despite this, nanoparticles maintained zero remnant
magnetization and coercivity, preserving their superparamagnetic behaviour and high
saturation magnetization (204). Similarly, another study reported that the saturation
magnetization of FesOs nanoparticles were reduced from 62 to 51 emu/g as the PEG weight
increased from 1 to 3 g. The magnetization curves exhibited an S-shaped profile under the
applied magnetic field, characteristic of superparamagnetic behaviour with zero coercivity
(205). Our research highlights significant changes in the magnetic properties of nanoparticles
upon surface functionalization with PEG. Specifically, the coercivity of bare nanoparticles
decreased from 32.42 Oe to 3.56 Oe, and the remanence dropped from 1.78 emu/g to 0.159
emu/g, indicating reduced clustering of the magnetic nanoparticles. Similarly, another study
observed a reduction in coercivity from 2.3 Oe to 1.25 Oe and a decrease in remanence from
0.81 emu/g to 0.54 emu/g, further confirming the impact of PEG functionalization on reducing
nanoparticle clustering (206). Overall, our findings are consistent with previous studies,
providing valuable insights into the magnetic characteristics of FesO4 nanoparticles and their

potential applications in nanotechnology.

Objective 2: Conjugation of functionalized MNPs with Luteinizing Hormone-Releasing

Hormone and anticancer drug Doxorubicin:

In our study, nanostructures were functionalized with Triptorelin to target LHRH receptors on
cancer cells, that enables precise delivery of anti-cancer drugs like doxorubicin to cancer cells.
The interaction of the LHRH and PEG-coated Fe;O4 nanoparticles takes place via carbodiimide
reduction reaction, which involves activation of carboxyl groups on the nanoparticles by
carbodiimide (commonly EDC, or 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide). This
activation converts the carboxyl groups into an active ester intermediate, which then undergoes
reaction with the amine groups on the LHRH, forming a stable amide bond and effectively
conjugating the LHRH peptide to the PEG-coated Fe3O4 nanoparticles (171,207). In our study
we utilized doxorubicin (DOX) as anticancer drug. It is a type of anthracycline known for its
ability to combat tumour growth in variety of cancer. In general, DOX works by integrating
itself between the DNA base pairs, effectively halting the synthesis of DNA and RNA and
impeding the replication and transcription processes (208). To investigate the conjugation of
LHRH to nanostructure, ATR-FTIR technique is used. For DOX loading on LHRH-tagged

nanostructures, UV-visible spectroscopy is used (209).
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The ATR-FTIR analysis is a sophisticated analytical technique used to study the chemical
bonds in a sample. In this study, the ATR-FTIR analysis revealed that the C=0O peak at 1607
cm™ !, which matches the carboxylic acid of the PEG-coated Fe3Os, has shifted to 1650 cm ™.
This shift indicates the formation of the amide bond in the case of LHRH conjugated PEG-
coated Fe3Os. This is a significant finding because the formation of the amide bond is crucial
for the successful conjugation of LHRH to the PEG-coated Fe;O4. Furthermore, the sharp peak
at 1561 cm™! is attributed to the NH bond of the amide group. This peak is visible in the
conjugate (as shown in Fig 4.8), indicating that the amide group is indeed present in the
conjugate. This finding is important because it confirms that the LHRH has been successfully
conjugated to the PEG-coated Fe3;Os4 through the formation of the amide bond (210,211).
Overall, the ATR-FTIR analysis provides valuable insights into the chemistry of the LHRH
conjugated PEG-coated Fe3O4, which is crucial for understanding its properties and potential

applications in nanotechnology.

To investigate the adsorption of DOX on PEG-coated Fe3Os, UV-vis spectroscopy was
employed. Fe;O4 coated with surfactants like PEG exhibits a favourable adsorption capacity.
This enhanced capacity can be attributed to the formation of a porous PEG shell, providing
additional sites for drug interaction. Furthermore, the length of the polymeric chains covering
the particles may also influence their drug loading capacity, with longer PEG chains potentially
enabling higher loading capacity on the particle surface. The successful loading of DOX is
determined by the physical properties of both the drug and the PEG coated Fe;O4 nanoparticles.
DOX, being a hydrophobic drug with chemical groups capable of forming electrostatic
interactions and hydrogen bonding, can interact with the surface active OH groups in PEG
(172). The conjugation of the -NH> and —OH groups in DOX with the surface active -OH
groups in PEG is responsible for the drug loading.

In our study, we achieved doxorubicin drug loading efficiency of 66 % for PEG-600 coated
magnetic iron oxide nanoparticles. This is higher compared to the outcomes of Kovrigina et al.
(2022) (212), who documented efficiency of 59 % and it is also marginally better than 63.9 %
reported by Yallapu et al. (2011) (213). Another study (172) demonstrated that increasing the
polyvinyl alcohol (PVA) content enhanced drug loading, with 35 ng, 41 pg, 47 pg, and 58 pg
of DOX per mg of carrier being loaded within 26 hours using 0.5 %, 1 %, 2 %, and 5 % PVA,
respectively. One of the studies (201) showed folic acid-modified nanoparticles with PEG and
(Oleic acid) OA/(Oleylamine) OL coatings had a loading efficiency of 52.5 %. In a separate
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study, researchers demonstrated the drug loading efficiency of DOX (Doxorubicin) on PEG-
coated Fe3O4 nanoparticles. The findings revealed that the Fe;O4 nanoparticles achieved a
DOX loading percentage of 38.8% (214). In another study, a comparison was made between
the loading efficiencies of DOX on PEG 6000-coated Fe3Os4 nanoparticles over different
periods. It was observed that after 48 hours, the loading efficiency was significantly higher,
achieving 40.94%, compared to a 24-hour period, which had a loading efficiency of 24.5%.
This difference highlights the importance of incubation time in achieving optimal drug loading.
The extended exposure period allows more DOX molecules to interact and bind with the
nanoparticles, thus increasing the loading efficiency (215). Our drug delivery system not only
has higher drug loading efficiency but also benefits from being smaller and lighter, which
improves its overall effectiveness. The shortened chain length of PEG- 600 helps them break

down quickly into smaller compounds, making it easier for the body to process and clear them.

Objective 3: To study the hyperthermic effect of conjugated MNPs on growth and

cytokine release of cancer cells:

We conducted a thorough investigation to determine the optimum frequency and strength of
the alternating magnetic field (AMF) required to achieve maximum hyperthermia performance
before starting the in vitro experiments. The study investigated the magnetic heating effect of
nanoparticle conjugates with the nanoTherics magneTherm hyperthermia setup (216). This
involved exposing 100 mg/mL nanoparticle conjugates suspensions to a range of frequencies
and field strengths. After testing various combinations, the results were carefully evaluated to
identify the most effective combination. Ultimately, a frequency of 580.8 kHz, a field strength
of 10 mT, and a nanoparticle concentration of 25 mg/mL were selected as the optimal
parameters for further experiments. As a result, we utilized this specific magnetic field-
frequency combination for all subsequent in vitro experiments. The existing research aimed to
examine the effect of targeted chemotherapy and magnetic hyperthermia on A549 and MCF-7
cancer cell lines. An MTT assay was used to assess the treatment. After treating the cells with
conjugates, the collected supernatant from the cancer cells (A549 & MCF-7) was analysed for
IFN-y cytokine secretion using a sandwich ELISA.

The magnetic hyperthermia efficiency of PEG-coated Fe;O4 nanoparticles was assessed across
various magnetic field frequencies (162-935.6 kHz), field strengths (5-12 mT), and
nanoparticle concentrations (1-100 mg/mL). The temperature increase in an aqueous

dispersion of these nanoparticles was monitored over a 20-minute period. The best
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hyperthermia performance was observed at a frequency of 935.6 kHz, a field strength of 10
mT, and a concentration of 25 mg/mL. At 580.0 kHz, a temperature rise of 68.15 °C was
observed. Since this temperature rise is adequate for hyperthermia applications, we choose a
relatively lower frequency (580.0 kHz) of an applied magnetic field for biologically safer

applications of these nanoparticles in magnetic hyperthermia.

The kinetic parameter ‘k’ of Box-Lucas model (Table 4.4) remains constant regardless of the
applied field frequency, but it increases with both field strength and nanoparticle concentration.
Additionally, the initial slope (A8s) of the temperature-time profiles of PEG-coated Fe3O4
nanoparticles increases with higher magnetic field frequency, field strength, and nanoparticle
concentration. These observed trends in A8 and k align well with previous studies (189, 181,

182).

In our study, the specific loss power (SLP) values of PEG-coated Fe3O4 nanoparticles were
analysed in relation to magnetic field frequency, field strength, and nanoparticle
concentrations, and the results are presented in Table 4.4. It was observed that the SLP value
of PEG-coated Fe;O4 nanoparticles exhibits a rise with frequency and field strength, while
showing a decrease with nanoparticle concentration (Fig 4.12). When examined as a function
of frequency, the slope was determined to be 0.41 W/g mL per 100 kHz. It has been established
in the literature that interparticle interactions significantly influence the SLP values of
nanoparticle suspensions. An increase in nanoparticle concentration leads to heightened dipolar
interactions between the nanoparticles, impeding Brownian motion and subsequently resulting

in diminished SLP values (212,217-219).

To evaluate the reduction in cell viability of synthesized magnetic drug delivery system, MTT
assay was performed on A549 and MCF-7 cell lines. In our study, we observed that both
targeted and non-targeted magnetic drug delivery systems exhibited maximum reduction in cell
viability when exposed to a magnetic field as in contrast to the same groups when no magnetic
field is present, for both A549 and MCF-7 cell lines. The biocompatibility of LHRH-tagged
PEG-coated Fe;O4 nanoparticles was evident in the MTT assay, as concentrations of 5 mg/mL,
10 mg/mL, 20 mg/mL, and 25 mg/mL did not result in any significant cell viability reduction
(0%,2 % ,4%, 11 % for A549 and 1 %, 3 % ,6 %, 13 % for MCF-7 cells, respectively) when
there is no magnetic field. However, at concentrations of 20 mg/mL and 25 mg/mL, a
significant reduction in cell viability (21 % & 47 % in case of A549 cells and 18 % & 45 % in

case of MCF-7 cells, respectively) was observed during exposure to the magnetic field. These
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findings underscore the effectiveness of the magnetic field in enhancing the cytotoxicity of the
targeted drug delivery system. Our choice of 25 mg/mL concentration was also based on the
fact that it can deliver a temperature rise of 44 °C when subject to an alternating magnetic field
for 20 min. Earlier studies have reported that a temperature of 44 °C is lethal to cancer cells,
leading to apoptosis (142, 220-222). These studies reported that hyperthermia at 44 °C induces
apoptosis in cancer cells through several mechanisms. Apoptosis can be initiated by numerous
factors such as UV radiation, chemotherapy, and heat. During this process, the cell undergoes
morphological changes: it shrinks, its chromatin condenses, and the nucleus fragments (221).
Cancer cells exhibit heightened sensitivity to heat due to their elevated metabolic rates and
compromised heat shock response systems. The abnormal vasculature within tumours results
in inefficient heat dissipation, causing localized hyperthermia. Additionally, the acidic
microenvironment of tumours exacerbates heat-induced cellular damage. Hyperthermia also
elevates the levels of reactive oxygen species, leading to oxidative stress that damages cancer
cells. Furthermore, hyperthermia enhances the efficacy of chemotherapeutic agents by
increasing cellular membrane permeability and inhibiting DNA repair mechanisms.
Collectively, these factors contribute to the selective cytotoxicity of hyperthermia in cancer

cells while minimizing damage to normal tissues (222).

Our study demonstrates that targeted magnetic hyperthermia significantly amplifies the
reduction in cell viability induced by doxorubicin, showing 88 % and 91 % reductions in A549
and MCF-7 cells, respectively. This effect is notably stronger compared to nanoparticle-
mediated hyperthermia, which resulted in reductions of 47 % for A549 and 45 % for MCF-7,
and standalone chemotherapy, which caused 62 % and 57 % reductions for the same cell lines.
These results align with those reported by Taratula et al. (2013) (157), who used an LHRH-
targeted magnetic drug delivery system to treat the ovarian cancer, achieving a 95 % reduction
in cell viability through the combined effects of chemotherapy and magnetic hyperthermia. In
their study, chemotherapy alone produced a 27 % reduction, while nanoparticle-mediated mild
hyperthermia led to a 72 % reduction. Similarly, Varshosaz et al. (2016) (160) found that drug-
loaded poly (methyl vinyl ether maleic acid)/chitosan copolymer, functionalized with LHRH-
targeted magnetite nanoparticles, was effective in treating breast cancer under a magnetic field
(0.420 T) at 37 °C for 48 hours. Their study showed that, at concentrations of 0.2 and 0.4 uM
of DOX, cell survival percentages were lower in both targeted and non-targeted nanoparticle

groups when exposed to a magnetic field compared to the absence of the field. At a higher
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concentration of 1.6 uM, no significant difference was seen between groups with and without

the magnetic field, likely due to the high drug concentration causing substantial cytotoxicity.

Our findings demonstrate that even with a comparatively lower magnetic field strength and
shorter duration, magnetic hyperthermia can produce significant therapeutic effects, surpassing
those reported in earlier studies (99,100). This highlights the potential of our approach in

achieving effective cancer treatment with optimized conditions.

Our study indicates that LHRH-tagged PEG-coated Fe;O4nanoparticles used in magnetic
hyperthermia can elevate cell temperatures to 44 °C, triggering apoptosis. Specifically, A549
and MCF-7 cells treated with these nanoparticles exhibited cellular shrinkage, unlike the
control cells which are exposed only to the magnetic field.

Morphological analysis revealed that, under magnetic hyperthermia, higher DOX
concentrations (ranging from 1.25 to 10 pg/mL for A549 cells and 1 to 8 ug/mL for MCF-7
cells) led to more irregular or round-shaped dead cells in suspension and lower cell density in
both cell lines. Large cellular debris observed in the micrographs suggests that apoptotic cell
death has occurred. This observation aligns well with the MTT assay results (Fig 4.16), which
showed that at higher DOX concentration, approximately 88 % and 91 % cell viability
reduction in A549 and MCF-7 cells, respectively. These findings indicate that the cells no
longer adhered to the surface and appeared in suspension.

Our study is in good accordance with Maity et al. (2010) (100), who showed that optical
microscope images of MCF-7 breast cancer cells reveal distinct differences when treated with
an AC magnetic field alone versus magnetic hyperthermia using magnetite nanoparticles. The
cells subjected to magnetic hyperthermia lost their ability to adhere to the surface and failed to
proliferate. In contrast, cells exposed only to the magnetic field remained attached. This
observation, further supported by MTT assay results, clearly indicates that the reduction in cell
viability is attributable to the magnetic hyperthermia treatment. In a separate study (99),
researchers showed that hyperthermia treatment using FesO4 nanoparticles coated with pluronic
reduced the viability of HeLa cells. The treatment was conducted at field strengths of 16 kA/m
and 20 kA/m for 15, 30, and 60 minutes. Remarkably, after 30 and 60 minutes of hyperthermia,
the HeLa cells displayed noticeable shrinkage.

Interferon-gamma (IFN-y) plays a pivotal role as a soluble effector molecule in orchestrating

anti-tumour immune responses. It exerts its influence by directly inducing cytotoxic or
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cytostatic effects on tumour cells, thereby inhibiting their growth and survival (223).
Additionally, IFN-y contributes to promoting tumour cell senescence, further limiting tumour
progression and enhancing the body's ability to suppress cancer development (224).The
measurement of IFN-y secretion has revealed its capacity to hinder the growth of various non-
hematopoietic cell types, including different tumour types (225,226). This noteworthy
characteristic has prompted its consideration as a potential antitumor agent. In our research, we
found that LHRH-tagged DOX-loaded PEG-coated Fes;Os nanoparticles led to a marked
increase in IFN-y production, surpassing the levels observed with non-tagged nanoconjugates.
This enhancement was seen both when a magnetic field is applied and when it is not. The
outcomes reveal that IFN-y is essential for enhancing the overall effectiveness of anticancer

treatments in both cell lines, potentially boosting the therapeutic response.

Several studies have demonstrated IFNy's ability to suppress the growth of various tumour cell
lines, among them related to breast cancer. Study also showed that IFN-y can augment the
growth inhibitory effect of tamoxifen in breast metastatic carcinomas (227,228). These findings
underscore the potential synergistic benefits of combining IFN-y with tamoxifen as a promising
therapeutic approach to combat metastatic breast cancer. This study highlights the significance
of IFN-y in the domain of cancer research and its potential applications in targeted treatments
for breast cancer. Moreover, IFN-y’s therapeutic promise extends beyond breast cancer.
Another study (229) has highlighted its potential in treating metastatic castration-resistant
prostate cancer (mMCRPC). IFN-y not only helps target the tumour for immunotherapy but also
sensitizes the cancer cells to chemotherapy. This dual effect suggests that IFN-y could be a
critical component in improving treatment outcomes for mCRPC, an especially challenging
form of prostate cancer. Through these findings, IFN-y emerges as a powerful agent in the field
of cancer research, offering new possibilities for targeted therapies that could improve the

effectiveness of both traditional treatments and emerging immunotherapies.
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Chapter 6:
6.1 Summary:

The PEG-coated FesOs nanoparticles were successfully synthesized using the chemical
coprecipitation method and were found to exhibit superparamagnetic properties, making them
ideal candidates for magnetic hyperthermia applications. Furthermore, the FTIR analysis
revealed intriguing details about the functionalization of the nanoparticles. Specifically, it
showed a shift in the C=0 peak from 1607 cm™ to 1650 cm™', indicating the formation of amide
bonds during the conjugation of LHRH to PEG-coated FesOs. Moreover, the occurrence of a
sharp peak at 1561 cm™ in the FTIR spectrum further validated the successful conjugation of
LHRH, confirming the presence of —NH bonds. These observations reveal important details
about the chemical modifications of the nanoparticles and their potential for targeted drug

delivery and other biomedical applications.

The UV-Vis absorption spectrum of the LHRH-conjugated PEG-coated FesOs nanoparticles
displayed a characteristic peak for doxorubicin (DOX) at 475 nm, accompanied by a blue shift,
indicating the successful loading of DOX. The calculated drug loading efficiency of DOX onto
these nanoparticles was determined to be 66 %, showcasing the potential of this nanoparticle

system for drug delivery applications, particularly for targeted cancer therapies.

To evaluate their potential, the nanoparticle’s performance was investigated across a range of
magnetic field frequencies, field strengths, and nanoparticle concentrations. The optimal
conditions for achieving effective magnetic hyperthermia were identified as a magnetic field
frequency of 580.8 kHz, a field strength of 10 mT, and a nanoparticle concentration of 25
mg/mL.

The heating efficiency of these nanoparticles was measured in the context of specific loss
power. (SLP), a key parameter that quantifies their ability to generate heat in response to an
external magnetic field. It has been noted that the SLP increased linearly with rising magnetic
field strength and frequency, indicating that higher frequencies and stronger fields enhanced
the output. The SLP value of nanoparticles decreased exponentially as the concentration of
nanoparticles. This exponential decline in efficiency is attributed to the increased dipolar
interactions between closely packed nanoparticles, which hinder their ability to generate heat

independently through Brownian rotation.
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PEG-coated FesO4 nanoparticles demonstrated the capacity to reach the target therapeutic
temperature of 44 °C for magnetic hyperthermia within biologically safe limits of field
frequency and strength, even when much lower nanoparticle concentrations were used. This
ability to achieve the required temperature for effective cancer treatment while minimizing
nanoparticle dosage is significant, as it reduces the potential side-effects and enhances

biocompatibility.

These findings suggest that the PEG-coated FesOs nanoparticles synthesized in this study are
suitable for use in cancer hyperthermia therapy, offering both efficient heat generation within
safe therapeutic limits, making them promising tools for targeted cancer treatment. In magnetic
hyperthermia research, precise experimental conditions were established to achieve optimal
results. These conditions included a magnetic field frequency of 580.8 kHz, a field strength of
10 mT, and nanoparticle concentration of 25 mg/mL. To evaluate the biocompatibility of the
nanoparticles, MTT assays were conducted on A549 (lung cancer) and MCF-7 (breast cancer)
cell lines. The results revealed that both PEG-coated FesOs4 and LHRH tagged PEG-coated
Fes04 nanoparticles did not significantly affect the viability of the cancer cells in the absence
of magnetic field exposure. This finding indicates that the nanoparticles themselves, without
any external field, are non-toxic and safe for use in biological systems. However, when
nanoparticles were used in conjugation with the doxorubicin in the presence of magnetic field,
a significant enhancement in therapeutic efficacy was observed. In A549 cells, this combination
therapy reduced cell viability by 88 %, which was higher compared to the 62 % reduction seen
with DOX chemotherapy alone. A similar pattern emerged in the MCF-7 cell line, where the
dual treatment reduced cell viability by 91 %, while DOX on its own achieved a 57 %
reduction. These results suggest that by combining magnetic nanoparticles with chemotherapy

greatly amplifies the cytotoxic impact on cancer cells.

Further analysis of the cells under a microscope provided insights into the cellular changes
induced by increasing DOX concentrations under alternating magnetic field. In both A549 and
MCEF-7 cell lines, higher concentrations of DOX resulted in a greater number of dead cells,
which appeared irregular and rounded. Additionally, the overall cell density decreased,
reflecting the extent of cell death. These morphological observations were consistent with the
MTT assay data, reinforcing the effectiveness of the combination therapy. To explore the
immune response elicited by the treatment, ELISA analysis was performed. This test revealed
that LHRH tagged FesOs, DOX loaded LHRH tagged PEG-coated FesOs and PEG-coated

FesO4 nanoparticles significantly boosted the production of interferon-gamma (IFN-y), a
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critical cytokine involved in the immune response against tumours. This increase in IFN-y was
observed regardless of whether the magnetic field was present, and it was much higher in
comparison to the response elicited by non-targeted nanoconjugates. The elevated IFN-y levels
were noted in both A549 and MCF-7 cells, suggesting that the targeted nanoparticles not only
enhance the direct cytotoxic effect of chemotherapy but also stimulate an immune-mediated

antitumor response.

In summary, these findings demonstrate that the integration of targeted magnetic nanoparticles
with conventional chemotherapy can substantially improve the therapeutic outcomes in cancer
treatment. The combination therapy not only enhances the direct killing of cancer cells but also
promotes a robust immune response, particularly through the elevation of IFN-y. This dual
mechanism highlights the potential of using such a strategy to achieve more effective and

comprehensive cancer treatment.

6.2 Scope for future work

Magnetic hyperthermia holds significant promise for cancer therapy, but the development of
suitable magnetic nanostructures remains a critical challenge for its broader clinical
application. Future research should focus on optimizing magnetic hyperthermia therapy by
fine-tuning parameters such as magnetic field strength, frequency, and nanoparticle
concentration. It is essential to avoid the elevated field strengths and prolonged exposure

durations that have been used in previous studies, as these can lead to undesirable side effects.

Additionally, there is a need to investigate other cancer-specific biological markers that can
further enhance the targeting capability of magnetic nanoparticles (MNPs). By improving their
overall effectiveness and specificity, we can minimize toxicity to healthy tissues. Future studies
should also explore investigating the attachment of cancer drugs to LHRH tagged MNPs. This
approach could enable targeted detection and destruction of various cancer types, thereby

enhancing the precision and efficacy of cancer treatments.

To ensure efficient metabolism and clearance, nanoparticles should be designed using
biodegradable and biocompatible materials. Optimizing their size and surface charge is critical
to avoid rapid clearance by the reticuloendothelial system (RES) while ensuring renal
clearance. Radiolabelling or fluorescence tagging of nanoparticles can be employed to track

biodistribution and clearance over extended periods in vivo. Proper surface functionalization
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is crucial to prevent nanoparticle aggregation in biological fluids. Additionally, toxicity studies
should include histological examinations of key organs (liver, kidneys, heart, and lungs) and

inflammatory marker analysis.

In summary, while magnetic hyperthermia shows great potential, its clinical success will
depend on the continued development and optimization of magnetic nanostructures, as well as

the exploration of new targeting strategies and drug conjugation techniques.

By integrating imaging tools like magnetic resonance imaging (MRI) and fluorescence
imaging, we can create truly intelligent theranostics. Future research will likely focus on
developing these systems to enable not only noninvasive tracking of drug behaviour in the body
but also real-time monitoring of treatment effectiveness. We believe that biomedical
nanotechnology especially hyperthermia-based treatments and drug delivery using magnetic
nanomaterials will help shift the pharmaceutical industry from a "one-size-fits-all" approach to

more personalized medicine.

Future clinical trials in targeted drug delivery need to be conducted to unlock their immense
potential for revolutionizing medical treatments. This approach could maximize therapeutic
outcomes while minimizing side effects. Conducting such extensive clinical trials could
evaluate the safety, efficacy, and long-term effects of targeted drug delivery systems. The
valuable data obtained from these trials could support regulatory approvals and clinical
adoption. In future studies, it's essential to compare biodegradable and nonbiodegradable
carriers to assess their metabolic fates and long-term toxicity profiles. These evaluations will
be critical for identifying the most suitable platform for human applications, ensuring both

safety and efficacy in clinical settings.
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Magnetic nanoparticle hyperthermia has drawn considerable interest in cancer therapy. In this
study, we report the synthesis of PEG-coated Fe3O4 nanoparticles and evaluate their suitability
for magnetic hyperthermia applications. Fe3O4 nanoparticles were synthesized by the chemical
coprecipitation method, which are coated with polyethylene glycol (PEG). PEG-coated FezO4
nanoparticles were characterized by X-ray powder diffraction (XRD), Fourier transform infrared
spectroscopy (FTIR), vibrating sample magnetometer (VSM), dynamic light scattering (DLS)
and transmission electron microscopy (TEM). Synthesized nanoparticles possess inverse-spinel
structural with a crystallite size of 9.1 nm. From the M-H hysteresis loops, it was confirmed
that the synthesized FesO4 nanoparticles were superparamagnetic. The physical size of bare
Fe304 nanoparticles, as determined from the HR-TEM, is 9.5 = 0.12nm, and the correspond-
ing hydrodynamic size of PEG-coated Fe3O4 nanoparticles is 118 + 0.25 nm. Magnetic hyper-
thermia efficiency of PEG-coated Fe3O4 nanoparticles was determined as a function of mag-
netic field frequency (162-935.6kHz), field strength (5-12mT) and nanoparticle concentration
(1-100 mg/mL). Temperature rise in an aqueous dispersion of PEG-coated Fe3O4 nanoparticles
was measured for 20 min. The specific loss power (SLP) was calculated by the corrected slope
method. SLP values of PEG-coated Fe;O4 nanoparticles increase with magnetic field frequency
and field strength and decrease with nanoparticle concentration. The optimum hyperthermia
performance of PEG-coated Fe304 nanoparticles was observed for 935.6 kHz frequency, 10 mT
field strength and 25 mg/mL concentration. Under these conditions, the measured SLP of PEG-
coated FesO,4 nanoparticles was 4.43 W/g. These results show that the synthesized PEG-coated
Fe304 nanoparticles could be a potential candidate for magnetic hyperthermia treatment of
cancer.

Keywords: Hyperthermia; cancer; magnetic nanoparticles; specific loss power; coprecipitation.

§Corresponding author.

2350094-1


https://dx.doi.org/10.1142/S1793292023500947
https://orcid.org/0009-0003-8007-2724
https://orcid.org/0000-0002-6581-9346
https://orcid.org/0000-0002-4540-8785

NANO 2023.18. Downloaded from www.worldscientific.com
by Bhupendrakumar Chudasama on 08/05/24. Re-use and distribution is strictly not permitted, except for Open Access articles.

N. Sriwvastava, M. Baranwal & B. Chudasama

1. Introduction

Hyperthermia is one of the oldest therapies for the
treatment of cancer. In this therapy, tumor temper-
ature is raised between 41°C and 45°C leading to
cell apoptosis due to lower heat tolerance of cancer
cells 2 Although this treatment modality is very
simple, it has several challenges like failure to sup-
ply heat to the affected sites without killing the
healthy cells and difficulty in attaining homogenous
heat distribution throughout the tumor® These
limitations can be overcome by targeted magnetic
hyperthermia® In magnetic hyperthermia, the can-
cerous tissues can be selectively killed by localizing
magnetic nanoparticles inside the cancer cells and
exposing them to an alternating magnetic field with
appropriate frequency and strength. When mag-
netic nanoparticles are exposed to an alternating
magnetic field, they relax via Brownian and Neel
rotation, converting magnetic energy into heat >
Thus, nanoparticle relaxation in an AC magnetic
field will result in localized heating of cancer cells. If
the cell temperature goes beyond 42°C, cancer cells
induce cell apoptosis due to their lower heat toler-
ancel® The use of nanoparticles in magnetic hyper-
thermia must fulfil two requirements: (i) Nanopar-
ticles should possess requisite heating capacity and
(ii) nanoparticles should have high dispersion sta-
bility with good biocompitibility”

Among various magnetic nanoparticles, iron
oxide nanoparticles (IONPs) are extensively stud-
ied as heat mediators in magnetic hyperthermia
because of their ease of synthesis, self-heating in
the presence of an alternating magnetic field, tun-
able magnetic characteristics and good biocompat-
ibili‘cy.lﬁ-u*Cl Magnetic nanoparticles because of their
large surface-to-volume ratio also leads to their
agglomeration, which compromises colloidal stabil-
ity.lm' Therefore, to maintain good colloidal disper-
sion, nanoparticles need to be coated with suitable
biocompatible surfactant. Surface modification of
IONPs can be achieved with polymers such as dex-
tran, chitosan, alginate, polyethylene glycol (PEG),
polyvinyl alcohol (PVA), polydopamine (PDA),
polysaccharides,  polyethylenimine,  polyvinyl-
pyrrolidone (PVP), polyacid polyetherimide, poly-
amidoamine (PAMAM), oleic acid (OA), etc.
Among these, PEG is widely used due to its good
biocompatibility in magnetic hyperthermia applica-
tions 1L

In phospholipid— PEG-coated Fe3O4 nanoparti-
cles and oleic acid (OA)-coated Fe3O4 nanoparticles
a temperature rise up to 42°C at low-nanoparticle

concentration was reported!2 In another study,
superparamagnetic IONPs coated with phos-
pholipid-PEG were loaded with doxorubicin3
These nanoparticles generate adequate heat to
increase the local temperature up to 43°C, which
was sufficient to kill HeLa cells. Belyanina et al4
reported that for magnetic hyperthermia, IONPs
should be superparamagnetic and form a stable dis-
persion in physiological media. In the past, Sudame
et al™ and Vassallo et al28 showed that enhanced
colloidal stability of magnetic nanoparticles leads
to rise in the hyperthermic response of nanopar-
ticles. In one of the studies, researchers reported
that magnetic hyperthermia-mediated heating effi-
cacy varied with different surface coatings such as
glutamic acid, citric acid, PEG, polyvinylpyrroli-
done, ethylene diamine and cetyl-trimethyl ammo-
nium bromide on FegO4 nanoparticles at fixed fre-
quency (316 kHz) and field strength (450 Oe) 7 In
another study, pluronic-coated FesO4 nanoparticles
showed hyperthermic response against HeLa can-
cer cells by applying an AC magnetic field of 4.0-
20kA /m at 210 kHz frequency/'®

In most of these studies, the hyperthermic
response of nanoparticles was measured at cer-
tain magnetic field strength, field frequency, or
nanoparticle concentration. Since the hyperthermic
response of nanoparticles strongly depends on these
parameters, they need to be optimized for optimal
performance of magnetic nanoparticles in magnetic
hyperthermia therapy. In this study, we have opti-
mized magnetic field frequency (162-935.6 kHz),
field strength (5-12mT) and nanoparticle concen-
tration (1-100 mg/mL) for the magnetic hyperther-
mia of PEG-coated Fe3O4 nanoparticles.

2. Materials and Methods
2.1. Materials

Ferric chloride (FeCls - 6H20) (97%), ferrous sul-
phate heptahydrate (FeSOy4 - TH20) (99%), PEG-
600 and sodium hydroxide (NaOH) were purchased
from Sigma-Aldrich. Hydrochloric acid (HCI) was
purchased from Loba Chemicals Pvt. Ltd. All aque-
ous solutions were prepared in Milli-Q ultrapure
water (R = 18.2M().

2.2. Synthesis of Fez3 Oy
nanoparticles

Fe304 nanoparticles were synthesized by chemi-
cal coprecipitation method 221 The stoichiometric
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solutions of iron (II) sulphate heptahydrate
(FeSO4.7H20) (5mM) and iron (III) chloride hex-
ahydrate (FeCls-6H20) (10 mM) (75 mL each) were
prepared in 3 neck round-bottom flask. The pH
of the solution was adjusted to <1.5 with dilute
HCI. To this, aqueous solution of sodium hydrox-
ide (150mL) (NaOH) (40mM) was added under
continuous mechanical stirring at 60°C. Adding
sodium hydroxide (NaOH) converts metal salts
(Fe?t /Fe3t) into their hydroxides. The pH of
the solution was maintained at 11. After contin-
uous stirring for 20min at 60°C, metal hydrox-
ides get converted into oxides and black precipi-
tates of Fe3O4 were formed. Fe3O4 nanoparticles
were extracted from the aqueous medium by mag-
netic decantation. Precipitates were washed mul-
tiple times with warm Milli-Q water to remove
water-soluble impurities. After washing, the water-
wet slurry of nanoparticles was divided equally
in two parts. One part was subject to acetone
wash followed by magnetic decantation and dry-
ing overnight at 50°C in hot air oven. Dried FeszOy4
nanoparticles were grinded with a mortal pestle into
a fine powder and stored at room temperature for
further studies.

2.3. Surface modification of Fez Oy
nanoparticles with PEG

The second part of water-wet slurry of as-
synthesized FesO,4 nanoparticles was coated with
PEG. To prepare PEG-coated Fe3O4 nanoparticles,
as-synthesized water-wet slurry of FesO,4 nanopar-
ticles was stirred and heated at 60°C followed
by the addition of PEG solution. PEG to Fe304
weight ratio was optimized as 20:100. The solution
was stirred for another 30 min. PEG-coated Fe3Oy4
nanoparticles were extracted from the medium
by magnetic decantation. In order to remove any
uncoated PEG and other water-soluble impurities,
PEG-coated Fe304 nanoparticles were washed mul-
tiple times with warm distilled water and col-
lected by magnetic decantation. PEG-coated FesOy
nanoparticles thus obtained were stored at room
temperature for further analysis.

2.4. Characterization of Fez O, and
PEG-coated Fesz Oy
nanoparticles

X-ray diffraction pattern of as-synthesized Fe3Oy4
nanoparticles was recorded on PANalytical X'Pert

Pro powder X-ray diffractometer operated at 45kV
and 40 mA by using monochromatic CuKa radi-
ation (A = 1.54056 nm). To investigate the mor-
phology of as-synthesized Fe3O4 nanoparticles,
high-resolution transmission electron microscope
(HR-TEM) images were recorded on JEOL (model
JEM 2100F) transmission electron microscope oper-
ated at 200 kV. Functionalization of Fe3O4 nanopar-
ticles with PEG was confirmed by attenuated
total reflectance Fourier transform infrared spec-
troscopy (ATR-FTIR). FTIR spectra of bare and
PEG-coated Fe3O4 nanoparticles were recorded on
Spectrum GX (Perkin Elmer) single beam spec-
trophotometer. Measurement was carried out in the
4000-500 cm ! spectrum range using the KBr pel-
let method for Fe3O4 nanoparticles, while for PEG-
coated Fe3O,4 nanoparticles, the measurement was
carried out in the spectral range of 4000-500 cm ™"
with an ATR attachment. Hydrodynamic size and
polydispersity index of bare and PEG-coated Fe3O4
nanoparticles were measured by photon correla-
tion spectroscopy. Measurements were carried out
on Brookhaven 90 plus particle size analyzer at
25°C. Magnetization measurements of bare and
PEG-coated FezO4 nanoparticles were carried out
on LakeShore 7404 vibrating sample magnetometer
(VSM) at 25°C. M-H loops were recorded in the
field range of —10kOe to + 10kOe.

2.5. Magnetic hyperthermia
measurement of PEG-coated
Fe3 04 nanoparticles

The heating capacity of PEG-coated Fe304
nanoparticles was determined by a magnetic hyper-
thermia study. For this purpose, temperature—time
profiles of PEG-coated Fe3O4 nanoparticles were
recorded on nanoTherics magneTherm hyperther-
mia setup. 1.0 mL aqueous solution of PEG-coated
Fe304 nanoparticles was added to the test vial
and heating profiles were recorded under variable
magnetic field frequencies (162-935.6 kHz), mag-
netic field strength (5mT, 10mT and 12mT) and
nanoparticle concentrations (1-100 mg/mL). Three
channel optical fiber thermometers were used to
measure the temperature rise in the colloidal dis-
persion of PEG-coated Fe3O4 nanoparticles.

3. Results and Discussion

To study crystal structure of as-synthesized
Fe304 nanoparticles, powder X-ray diffraction was
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Fig. 1. X-ray powder diffraction (XRD) pattern of as-

synthesized Fe3Ognanoparticles.

performed. X-ray diffractogram of Fe3O4 nanoparti-
cles recorded in the 26 range of 20°-80° is shown in
Fig.[ll This X-ray diffractogram is indexed well with
the FCC inverse spinel lattice and matches well with
the JCPDS card No. 19-0629. The lattice parame-
ter (a) of Fe304 nanoparticles determined from the
highest intense peak (311) is 0.837 nm. This value of
lattice parameter (a) is also in good agreement with
earlier report?? and matches well with that reported
in JCPDS data base (card No. 19-0629). The aver-
age crystallite size (d) of Fe3O,4 nanoparticles was
calculated by using the classical Scherrer’s equation

0.9\
- A 1
Bcosf’ (1)

where A is the wavelength of X-rays, [ is the
full-width half maximum (FWHM) of the highest
intense peak (311) and 6 is the angle of diffraction
of the highest intense peak. FWHM of the high-
est intense peak was determined by fitting it with
the pseudo-voigt peak function. The average crys-
tallite size obtained from Eq. () is 9.1 nm, which
is below the superparamagnetic limit of Fe30, 21
Hence, we expect the synthesized nanoparticles to
possess superparamagnetism.

To examine the morphology of Fe3O4 nanopar-
ticles,  high-resolution  transmission electron
microscopy (HR-TEM) was performed. Micro-
graphs are presented in Fig.[2l Aggregated nanopar-
ticles with near spherical morphology are visible in
the micrograph. Inset (b) of Fig. [2l shows a lattice
fringe image of FegO,4 nanoparticles. Inter planner
spacing is 0.49nm, corresponding to (111) plane

Fig. 2. (a) TEM image, (b) Lattice fringe image and (c)
Selected area electron diffraction pattern of Fe3O4 nanopar-
ticles.

of the inverse spinel lattice of Fe3O4 nanoparti-
cles. Inset (c) of Fig. 2 represents the selected area
electron diffraction (SAED) pattern of nanoparti-
cles. Diffraction fringes in the SAED pattern in
Fig. 2(c) are indexed well with the inverse spinel
structure of FezO4 nanoparticles and corroborate
well with the X-ray diffractogram reported in Fig. [1.
Size distribution histogram of FesO4 nanoparti-
cles obtained from the TEM micrograph is shown

No of particles

6 7 8 9 10 11 12 13
Physical Size (nm)

Fig. 3. Size distribution histogram of FezO,4 nanoparticles.
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in Fig. Bl This size distribution histogram was
prepared by measuring the diameter of 37 nanopar-
ticles with the help of Carl Zeiss AxioVision soft-
ware. This size distribution histogram is fitted with
the log-normal particle size distribution function.
The average physical size of the nanoparticles thus
obtained from the fit is 9.5 + 0.12nm, which is
in good agreement with the crystallite size of the
nanoparticles, indicating each nanoparticle is single
grain.

Hydrodynamic particle size (D) and polydis-
persity (o) of as-synthesized Fe3sO4 and PEG-coated
Fe3O4 nanoparticles were determined by photon
correlation spectroscopy. Hydrodynamic particle
size distribution histograms of FesO4 and PEG-
coated Fe3O4 nanoparticles are shown in Fig. |4
Each histogram is fitted with log-normal particle
size distribution function:

p(D):mexp —@ )

Here, o is the polydispersity, D is the hydrodynamic
particle size and In Dy is the mean of In D. From the
best fits, hydrodynamic particle size and polydis-
persity of Fe3O4 and PEG-coated FesO4 nanopar-
ticles were determined. The hydrodynamic size of
Fe3O4 and PEG-coated FezO4 nanoparticles are
87nm and 118 nm, respectively. The polydispersity
index of Fe3O4 and PEG-coated FezO4 nanoparti-
cles are 0.31 and 0.25, respectively. This suggests

20 40 60 80 100 120 140 160 180 200
Hydrodynamic size (nm)

Fig. 4. Hydrodynamic particle size distribution histograms
of (a) Fe3O4 and (b) PEG-coated FegO4 nanoparticles dis-
persed in water. Histograms are fitted with log-normal dis-
tribution function (Eq. [@)).

that bare and PEG-coated FezO4 nanoparticles are
polydispersed in size. Compared to bare nanoparti-
cles, the polydispersity index of PEG-coated Fe3Oy4
nanoparticles is less, suggesting a reduction in
aggregation of nanoparticles post PEG functional-
ization.

To confirm PEG-coating on FezO4 nanoparti-
cles, FTIR spectroscopy was used. FTIR spectra
of bare Fe3O4 nanoparticles, PEG-coated FezOy
nanoparticles, and PEG-600 are shown in Fig. [5.
Various vibrational bands observed in Fig. [5 are
summarized in Table [l The presence of absorption
bands at 559 cm™! and 640cm™! is due to Fe-O
stretching vibrations of bare Fe304 202U Tn the case
of PEG-coated Fe3Oy, vibrational band at 559 cm ™!
red shift to 540 cm™! and 640 cm~! band blue shifts
to 665 cm~!. Further, a strong absorption band at
1001 cm™! was observed in the FTIR spectra of
PEG 600. This band red shifts to 1121 cm™! in the
case of PEG-coated Fe3O4. This band is ascribed
to the C-O-C stretching vibrations in PEG 22123
These shifts in the band positions of Fe-O stretch-
ing vibrations and C-O-C stretching vibrations in
PEG-coated Fe304 nanoparticles suggest that PEG
is chemi-adsorbed on the surface of FesO4 nanopar-
ticles.

To understand magnetic properties of bare and
PEG-coated FesO4 nanoparticles, magnetization
(M) versus magnetic field (H) hysteresis loops were
recorded at room temperature by VSM. These M-H
loops are presented in Fig. [6l As evident from these
hysteresis loops, both bare and PEG-coated Fe3O4

1607 1121

% Transmission

()

1632 55|

»
3430 640\~
T T T T T T 1
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig. 5. FTIR spectra of (a) Fe3Oy4, (b) PEG and (c) PEG-
coated Fe3O4 nanoparticles measured in the spectral range
of 4000-500 cm ™.
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Table 1. Band interpretations of FTIR spectra (Fig. [)
of FesOy4, PEG and PEG-coated FezO4 nanoparticles.
IR bands
Sample (em™1h) Description
Fe304 559 Stretching vibration of Fe-O
640 Stretching vibration of Fe—O
3430 —OH stretching
PEG 1001 C—O—C stretching vibration
of PEG
1242 C-H twisting
1358 C-H bending
2818 ms (-CH)
3430 —OH stretching
PEG-Fe304 540 Stretching vibration of Fe-O

665 Stretching vibration of Fe—-O
1121 C—O—C stretching vibration
of PEG
3368 —OH stretching

nanoparticles are superparamagnetic. A magnified
view of M-H loops from —100 Qe to 100 Oe, for
bare and PEG-coated Fe3O,4 nanoparticles, shows
that the coercivity of bare nanoparticles reduces
from 32.420e¢ to 3.56 Oe and remanence drops
from 1.78emu/g to 0.159emu/g, confirming the
reduction in the clustering of magnetic nanoparti-
cles post surface functionalization with PEG. This
was also evident in the reduction in polydisper-
sity index measured by photon correlation spec-
troscopy (Fig. M)). Saturation magnetization (Mg)
of bare and PEG-coated Fe3O4 nanoparticles is
53.36 emu/g and 46.89 emu/g, respectively. Reduc-
tion in saturation magnetization of PEG-coated
Fe30O4 nanoparticles can be attributed to nonmag-
netic contribution of PEG to the total mass in
coated nanoparticles. These results are in sync with
previous reports 2424 Magnetization (M) versus the
magnetic field (H) of bare and PEG-coated FesOy
nanoparticles recorded in the first quadrant (of
Fig. []) are also fitted with the modified Langevin
function:

M= M, /Ooo f(D)L<%P;)>dD Y H(3)

where M corresponds to the saturation magneti-
zation of nanoparticles and L(«) denotes Langevin
function. The Langevin parameter, « = u(H)/kpT,
where p is the magnetic moment of individual spin
clusters, H is the applied external magnetic field,
kp is the Boltzmann constant and 7T is the absolute

60

401

»n
o
1

M (emu/gram)
5 o

n
o
1
IS

-

" /

-60 4 400 50 0 50 100
T T T T
-6000 -4000 -2000 0 2000 4000 6000
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Fig. 6. Magnetization (M) versus applied magnetic field

(H) plots of (—) bare FegO4 and (—) PEG-coated FegzOy
nanoparticles. Inset shows the magnified view of M—H curves
in the field range of —100 Oe—+100 Oe.

temperature.
f(D)AD = ———exp |————2%|dD.  (4)

Here, f(D)dD denotes the log-normal cluster size
distribution function with mean cluster size D,,,

604 (a) Fe 04

50 W
il T

304

20 -

50 4 (b) PEG-coated Fe,0,
N /"._.
30 -

20 -

M (emu/g)

10 4

0 2000 4000 6000 8000
H (O¢)

10000

Fig. 7. Magnetization (M) versus applied magnetic field (H)
plots of (a) FesO4 and (b) PEG-coated Fe3O,4 nanoparticles
fitted with modified Langevin function (Eq. ([3)).
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Table 2.

Saturation magnetization (Mg), mean cluster size (Dy,), polydispersity (o), magnetic moment (u) and

susceptibilit of Fe3O4 and PEG-coated Fe3O4 nanoparticles obtained by fitting M-H curve with modified
P y (X P y g

Langevin function.

Saturation

Mean cluster Magnetic

Sample magnetization (emu/gm) Polydispersity size (nm) moment X up  Susceptibility x 107°

Fesz04 56 0.18 6.2 16000 1.25

PEG-Fe304 46 0.12 7.8 15999 1.25
polydispersity . x is the susceptibility of paramag- 90 (a)

netic component of nanoparticles. The fitted graph
is shown in Fig. [{. From the best fits, mean cluster
size (D), saturation magnetization (M) and poly-
dispersity (o) are determined, which are reported in
Table

3.1. Magnetic hyperthermzia of
PEG-coated Fesz Oy
nanoparticles

To evaluate the suitability of synthesized PEG-
coated FesO,4 nanoparticles for magnetic hyper-
thermia therapy of cancer, temperature (T') versus
time (¢) profiles of PEG-coated FezO4 nanoparti-
cles are recorded as a function of applied AC mag-
netic field frequency (162-935.6 kHz), field strength
(5mT, 10mT and 12mT) and nanoparticle concen-
tration (1-100 mg/mL). These temperature (1) ver-
sus time (t) plots are shown in Fig. B To study the
effect of frequency on the heating profile of IONPs,
the magnetic field, and concentration were kept con-
stant at 10 mT and 100 mg/mL, respectively, while
the frequency varied between 162-935.6 kHz. In this
study, the highest temperature rise of 86.16°C was
observed at a frequency of 935.6 kHz when nanopar-
ticles were exposed to a magnetic field (10mT)
for 20 min. At 580.0 kHz, this temperature rise was
68.15°C. Since this temperature rise is adequate for
hyperthermia applications, we choose a relatively
lower frequency (580.0kHz) of an applied mag-
netic field as the optimum field frequency instead of
935.6 kHz for biologically safer applications of these
magnetic nanoparticles in magnetic hyperthermia.
To further investigate the effect of magnetic
field strength on the heating capacity of PEG-
coated Fe3Oy4 nanoparticles, the field frequency was
kept constant at 580.8 kHz, and field strength was
varied between 5-12mT. In this study, the highest
temperature rise of 85.06°C was attained at 12mT
field. However, at 10 mT field also, adequate tem-
perature rise (68.15°C) was observed. Hence, for

804——9356kHz H=10mT

70 1——5808kHz c=100 mgimL
J——4114kHz
12426 kHz

Gof—1sz.o kHz

1 (b)

SmT  {=580.8 kHz
704 ——10mT ¢=100 mgimL
{=—12mT

Temperature (°C)
3
1

50
404
30
904 (e)
go | ——100mg/ml =3356 kHz
|——75mgimL  H=10mT
70 ]——50mgimL
| ——25mg/mL
60 - 10 mg/mL
1 1 mgim
50
40- |
30
0 200 400 600 800 1000 1200
Time (sec)
Fig. 8. Temperature-time profiles of as-synthesized PEG-

coated FegO4 nanoparticles measured as a function of (a)
Magnetic field frequency, (b) Magnetic field strength and (c)
Nanoparticle concentration.

further studies, 10 mT field strength is considered
the optimized field strength.

Subsequent to the optimization of magnetic
field frequency and field strength, the role of
nanoparticle concentration was evaluated by mea-
suring temperature—time profiles of a series of PEG-
coated Fe3O4 nanoparticles having concentration
in the range of 1-100 mg/mL. In this study, mag-
netic field frequency and field strength were kept
constant at 935.6 kHz and 10 m'T, respectively. The
maximum rise in temperature of PEG-coated FezOy4
nanoparticles increases with increase in their con-
centration. The highest temperature rise (86.16°C)
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was observed for a nanoparticle concentration of
100 mg/mL. However, an adequate (>45°C) tem-
perature rise (59.05°C) was observed for a lower
nanoparticle concentration of 50 mg/mL. Further,
in the context of magnetic hyperthermia treatment,
it has been observed that exceeding a tempera-
ture threshold of 42°C can trigger cell apopto-
sis in cancer cells/® To achieve this, a concentra-
tion of 25mg/mL of magnetic nanoparticles has
shown to produce an adequate temperature rise
of 44.02°C. Furthermore, when comparing the spe-
cific loss power (SLP) values, both concentrations
of 25 mg/mL and 50 mg/mL exhibit nearly simi-
lar SLP values of 4.43W/g and 4.66 W/g, respec-
tively. This similarity in SLP values contributes to
the rationale for selecting 25 mg/mL as the optimal
concentration for the treatment. Therefore, we con-
sider 25 mg/mL as the optimized nanoparticle con-
centration of PEG-coated FesO4 nanoparticles for
magnetic hyperthermia therapy under an applied
magnetic field frequency of 935.6 kHz and 10 mT of
field strength. When these experiments were per-
formed with previously optimized lower frequency
(580 kHz), adequate heating could not be achieved
in Fe3O4 nanoparticles with lower concentration of
25 mg/mL. Therefore, we consider 965.6 kHz as the
optimum frequency in place of 580 kHz.

To further understand the effect of magnetic
field frequency, field strength and nanoparticle con-
centration on the heating efficiency of PEG-coated
Fe304 nanoparticles, the temperature—time profiles

of Fig. B are fitted with the empirical box-Lucas
model 25126

AB(t) = NG, (1 — e~ k). (5)

Here, A6(t) denotes change in temperature [=
0(t) — 6], where 6y is initial temperature, 6(t) is
the temperature at time ¢, and k represents a kinetic
parameter. Af versus time plots fitted with Eq. (&)
are shown in Fig. @ From the best fits, kinetic
parameter, k and initial slope of temperature—
time curve, Afg, are determined, which are also
reported in Table Bl As can be seen in Table [3]
the kinetic parameter k is independent of applied
field frequency, while it increases with field strength
and nanoparticle concentration. Further, the ini-
tial slope (A#) of the temperature-time profiles
of PEG-coated Fe3O4 nanoparticles increases with
increase in magnetic field frequency, field strength
and nanoparticle concentration. These observed
trends in Af; and k are in good agreement with
the previous studies 23125126

80 J(a) |
50 B e
404 » 411.4kHz
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104
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Fig. 9. A6 versus time plots of PEG-coated Fe30,4 nanopar-

ticles measured as a function of (a) Magnetic field frequency,
(b) Magnetic field strength and (c) Nanoparticle concentra-
tion, which are fitted with box-Lucas model (Eq. (B)).

The heating efficiency of magnetic nanoparti-
cles in hyperthermia applications is usually repre-
sented in the form of the SLP, which is described as
the amount of heat generated by the unit mass of
the magnetic nanoparticles in the material (W /g)
at a given strength and frequency of the applied
magnetic field2Z SLP depends on the magnetic
nanoparticle’s properties, such as size, saturation
magnetization (Mg), magnetic anisotropy and mag-
netic field parameters like strength and frequency:
SLP values are calculated by using the following
equationw:

SLP = gcAﬁsk, (6)

where p denotes the density of the medium (for
water p = 1.0g/mL), ¢ is the specific heat of
the medium (4.18J/gK for water), Af, denotes
the initial slope of the temperature-time plot, &
is kinetic parameter and x represents concentra-
tion of magnetic nanoparticles. SLP values of PEG-
coated Fe3O4 nanoparticles measured as a func-
tion of magnetic field frequency, field strength and
nanoparticle concentrations are also reported in
Table[3l SLP value of PEG-coated FesO4 nanoparti-
cles increases with frequency and field strength and
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FEvaluation of Magnetic Hyperthermia Efficiency of PEG-Coated Fe3O4 Nanoparticles

Fitting parameters (Afs and k) of empirical box-Lucas model obtained by fitting temperature

(Af) — Time profile of PEG-coated Fe3O,4 nanoparticles with Eq. (B) and their magnetic hyperthermia
efficiency determined in terms of SLP and intrinsic loss power (ILP) measured as a function of magnetic
field frequency, field strength and nanoparticle concentration.

Frequency = Magnetic Nanoparticle kx107° ILP
(kHz) field (mT) concentration (mg/mL) Afs (°C) (min~!) SLP (W/g) (Wg 1/(fH?))
162.0 10 100 19.4 160 1.04 0.10
242.6 10 100 22.2 195 1.99 0.13
4114 10 100 34.5 181 2.30 0.08
580.8 10 100 54.1 179 2.87 0.07
935.6 10 100 65.0 187 4.54 0.07
580.8 5 100 10.5 136 0.60 0.06
580.8 10 100 54.1 179 2.87 0.07
580.8 12 100 65.0 189 5.13 0.09
935.6 10 1 6.1 91 24.13 0.04
935.6 10 10 15.5 107 6.92 0.12
935.6 10 25 20.0 133 4.43 0.07
935.6 10 50 37.0 151 4.66 0.07
935.6 10 75 51.3 158 4.51 0.07
935.6 10 100 65.0 187 4.54 0.07
5 5
4 = . |
= 2 / =4
= 1H=10mT ~ D 1f=580.8 kHz
= 3-c=100 mgimL & = 3-c=100 mg/mL u
o 2] = o 2-
| el =0,
a4 peEE m=0.41 Wig per kHz (7)| 1
14 [ | 1
J 1 n
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a ]
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(©)
Fig. 10. Effect of magnetic field frequency field strength, and nanoparticle concentration on the SLP of PEG-coated FeszOy.

the SLP values of nanoparticle suspensions. With
an increase in nanoparticle concentration, dipo-
lar interactions between the nanoparticles increase,
leading to the hindrance in Brownian motion.

Hence, an increase in nanoparticle concentration
resulted in lower SLP values 20428431

decreases with nanoparticle concentration (Fig. [10]).
The slope is 0.41 W/gmL per 100 kHz when mea-
sured as a function of frequency. A similar trend
was also reported previously by Kouzoudis et al25!

From the literature, it was found that inter-
particle interactions play a vital role and influence
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The heating capacity of the nanoparticles is also
quantified by the intrinsic loss parameter (ILP)

SLP

ILP = ek (7)
Here, H is the applied external field, and f is the
excitation frequency. In our study, the obtained
ILP values are independent of frequency, magnetic
field strength and concentration of nanoparticles,
which is in line with past observations3233 Thus,
the ILP parameter can be used for a better com-
parison of the hyperthermia efficiency of magnetic
nanoparticles.

4. Conclusions

PEG-coated Fe3O4 nanoparticles synthesized by the
chemical coprecipitation method are superparamag-
netic. The optimum conditions for magnetic hyper-
thermia of PEG-coated FezO4 nanoparticles are
as follows: 965 kHz of field frequency, 10 mT field
strength and 25 mg/mL of nanoparticle concentra-
tion. The heating efficiency of nanoparticles deter-
mined in terms of SLP increases with field strength
and field frequency and decreases with nanoparti-
cle concentration. This decrease in SLP of nanopar-
ticles with their concentration can be ascribed to
increased dipolar interactions between nanoparti-
cles. PEG-coated Fe3O4 nanoparticles developed
in this study produce the requisite temperature
(>42°C) for the magnetic hyperthermia within the
biologically safe limit of magnetic field frequency
and field strength at a nanoparticle concentration of
25 mg/mL. Thus, PEG-coated FezO4 nanoparticles
developed in this study are suitable for magnetic
hyperthermia of cancer.
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ABSTRACT

Magnetic hyperthermia utilizing magnetic nanoparticles (MNPs) and an alternating magnetic field (AMF) represents a promising approach
in the field of cancer treatment. Active targeting has emerged as a valuable strategy to enhance the effectiveness and specificity of drug
delivery. Active targeting utilizes specific biomarkers that are predominantly found in abundance on cancer cells while being minimally
expressed on healthy cells. Current comprehensive review provides an overview of several cancer-specific biomarkers, including human epi-
dermal growth factor, transferrin, folate, luteinizing hormone-releasing hormone, integrin, cluster of differentiation (CD) receptors such as
CD90, CD95, CD133, CD20, and CD44 also CXCR4 and vascular endothelial growth factor, these biomarkers bind to ligands present on
the surface of MNPs, enabling precise targeting. Additionally, this review touches various combination therapies employed to combat
cancer. Magnetic hyperthermia synergistically enhances the efficacy of conventional cancer treatments such as targeted chemotherapy, radia-

tion therapy, gene therapy, and immunotherapy.

Published under an exclusive license by the AVS. https://doi.org/10.1116/6.0003079

I. INTRODUCTION

Cancer is a global health issue characterized by uncontrolled
cell growth and reduced apoptosis, leading to compromised
immune function and mortality.”” In 2020, GLOBOCAN reported
19.3 million new cases and 10 million deaths related to cancer.’
Traditional cancer treatments, such as surgery, radiation therapy,
chemotherapy, and hormone therapy, lack the ability to distinguish
between cancerous and healthy cells.” Systemic chemotherapy may
have limited effectiveness on tumor cells at the core due to inade-
quate drug exposure in that region.

In recent years, hyperthermia has emerged as a promising alter-
native therapy for cancer treatment. Hyperthermia involves localized
or whole-body application of heat, typically raising the temperature to
40-45 °C specifically within cancerous cells, while minimizing damage
to surrounding healthy tissue.” This selective effect is attributed to
morphological and structural differences between tumor and healthy
tissues. Tumors, with their leaky vasculature, exhibit limited heat dissi-
pation and disrupted blood flow, whereas healthy tissues benefit from
vasodilation, promoting better blood flow and heat conduction.

Hyperthermia has shown efficacy in killing cancer cells, par-
ticularly in the acidic and hypoxic environment of solid tumor

Biointerphases 18(6), Nov/Dec 2023; doi: 10.1116/6.0003079
Published under an exclusive license by the AVS

cores. It also enhances blood flow within tumor regions. Different
clinical methods are employed for hyperthermia, including local,
regional, and whole-body approaches.”* Local hyperthermia is suit-
able for solid tumors and utilizes external or intraluminal modali-
ties to raise the temperature in superficial or deep-seated
subcutaneous tumors, such as those in the rectum or esophagus.
Thermal ablation, involving very high temperatures, leads to irre-
versible damage to cells. Various heat sources like radio waves,
microwaves, ultrasound waves, and radiofrequency ablation are
used in hyperthermia.”” Regional hyperthermia involves applying
low heat to large sections, such as organs, limbs, or hollow body
spaces, often in conjunction with chemotherapy or radiation
therapy. Techniques like regional perfusion, continuous hyperther-
mic peritoneal perfusion, or hyperthermic intraperitoneal chemo-
therapy (HIPEC), have been attempted. In perfusion techniques,
blood is temporarily removed from the body, heated externally, and
then reintroduced to raise internal temperatures. HIPEC, on the
other hand, delivers heated chemotherapy drugs directly into the
peritoneal cavity during surgery to treat peritoneum cancer.””"'
Whole-body hyperthermia (WBH) involves raising the overall body
temperature and can synergize with chemotherapy or radiation
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therapy in the treatment of metastatic cancer. WBH is achieved
using a hot water bath or radiant heat with ultraviolet radiation.

Traditional hyperthermia treatments using laser or microwave
applicators can cause invasive damage to superficial tissues and
result in discomfort during therapy. Additionally, their effectiveness
in treating deep-seated tumors is limited. Magnetic nanoparticle-
mediated hyperthermia has emerged as a promising approach to
overcome these drawbacks.'”

The field of nanotechnology has emerged as a promising plat-
form for advancing cancer therapy.™'* Numerous studies have
focused on the development of nanoparticles (NPs) with therapeu-
tic capabilities, and magnetic nanoparticles (MNPs) have particu-
larly garnered attention for their potential in cancer detection and
treatment.'”” MNPs possess the ability to convert electromagnetic
energy into heat, making them suitable for the applications of mag-
netic hyperthermia. Magnetic hyperthermia utilizes the heat gener-
ated by MNPs to target and destroy cancerous tissues. By exposing
cancer cells to an elevated temperature achieved through magnetic
energy losses, MNPs can induce apoptosis, leading to the elimina-
tion of tumor cells.''” This innovative approach holds promise for
the selective destruction of cancer cells through controlled heating
using MNPs.

In addition to addressing the challenges of specificity in mag-
netic hyperthermia, there is a growing focus on targeted approaches
to improve its effectiveness in cancer treatment. Active targeting
strategies utilizing cancer specific ligands have emerged as a prom-
ising solution for the specific delivery of MNPs to tumor sites.

Chemotherapy

Targeted Therapy

Overexpressed receptor

Receptor mediated
endocytosis

Magnetic

Hyperthermia

Gene Therapy

FIG. 1. Magnetic hyperthermia shows a synergistic effect while combining with
various conventional cancer therapies such as targeted therapy, chemotherapy,
radiation therapy, gene therapy, and immunotherapy.

REVIEW pubs.aip.org/avs/bip

These ligands facilitate the internalization of targeted MNPs
through receptor-mediated endocytosis, enhancing their accumula-
tion in cancer cells while minimizing uptake by healthy tissues.'*"’

In recent years, targeted magnetic hyperthermia has gained
attention as an adjuvant therapy to conventional cancer treat-
ments.””’ Previous comprehensive reviews have provided valuable
insights into magnetic nanoparticle hyperthermia and drug target-
ing methods.”'™** This review aims to provide a summary of
various cancer-specific biomarkers. Additionally, it highlights the
current understanding of targeted magnetic hyperthermia and its
role in the specific delivery of chemotherapeutic drugs to cancer
sites. The review also summarizes the synergistic effects of magnetic
hyperthermia when combined with other conventional cancer ther-
apies such as radiation therapy, gene therapy, and immunotherapy
in the treatment of cancer (Fig. 1).

Il. MAGNETIC HYPERTHERMIA

Magnetic hyperthermia utilizes elevated temperatures pro-
duced by MNPs to eliminate cancerous tissues. MNPs can convert
electromagnetic energy into heat, presenting the potential to eradi-
cate tumor cells by heating them to their apoptosis threshold.”*
This technique relies on the application of an alternating magnetic
field (AMF) to induce heat generation through the rotation of mag-
netic vectors or physical rotation of the NPs themselves.”” The
concept of magnetic hyperthermia was initially discovered by
Gilchrist et al. in 1957,”° who injected magnetic iron oxide nano-
particles (IONPs) (ranging from 20 to 100 nm in size) into lym-
phatic channels to heat cancer cells under an AMF.

By subjecting the NPs to a high-frequency magnetic field (typi-
cally 100-300 kHz), magnetic energy is dissipated as thermal energy
through mechanisms such as hysteresis loss and relaxation processes.

Hysteresis loss occurs mainly in multidomain NPs, where movement ¢
of domain walls under a magnetic field leads to heat loss. In single ;

magnetic domain NPs (superparamagnetic nanoparticles), heat loss
is predominantly caused by magnetic relaxation mechanisms,
namely, neel and brownian relaxations.”” %’

The heating potential of MNPs is commonly quantified in
terms of watts per gram (W/g). The heat produced per unit volume
depends on the specific absorption rate (SAR) product and the
concentration of MNPs. SAR measures the hyperthermic response
of the NPs, considering factors like the amplitude and frequency of
the applied external field. The heat production is influenced by
various characteristics of the NPs, including size, shape, composi-
tion, surface functionalization, saturation magnetization, magnetic
susceptibility, and magnetic anisotropy. Size and shape particularly
affect the magnetic anisotropy, which defines the maximum achiev-
able SAR. Increasing magnetization/magnetic anisotropy and modi-
fying the nanoparticle shape can enhance the relative heating
efficiency.”™*

The desired temperature range for magnetic hyperthermia
typically falls between 42 and 44 °C. Tumor cells, being hypoxic,
are generally more sensitive to heat within this range compared to
healthy cells. As the temperature of MNPs approaches the Curie
temperature (T,), they lose their magnetism and become nonmag-
netic, resulting in a decrease in electromagnetic wave absorption
and a subsequent decrease in temperature. Once the temperature
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drops below T, the material regains its magnetism, causing the
temperature to rise again until the Curie temperature is surpassed.
This cyclic heating process occurs within the established Curie tem-
perature range.34

Currently, IONPs are the most extensively studied MNPs for
magnetic hyperthermia, primarily due to their low toxicity and
well-known metabolic pathways.” IONPs demonstrate high bio-
compatibility, which can be attributed to their effective cellular
uptake, excretion, and storage. Among the class of MNPs, IONPs
are approved by the United States Food and Drug Administration
for in vivo studies in humans. Surface functionalization of MNPs
plays a crucial role in their biological applications. It ensures stabil-
ity of their physicochemical properties in different mediums,
accounting for factors such as pH changes, hydrophobicity/hydro-
philicity, etc. Modifying the surface of MNPs is essential to prevent
their engulfment by phagocytic immune cells like macrophages and
neutrophils.”

According to Maity et al.,”” the in vitro cell viability studies on
human breast cancer cells (MCF-7) confirmed the cytocompatibil-
ity of triethylene glycol-coated magnetite NPs and demonstrated
their efficient cellular uptake. Moreover, in vitro hyperthermia
experiments revealed the potential of these for MNPs hyperthermia
cancer treatment. Significantly, in vivo magnetic resonance imaging
(MRI) studies displayed the promising potential of these NPs for
clinical applications in MRI and thermotherapy.

In another study, the pluronic-coated NPs demonstrated biocom-
patibility with human cervical cancer cells (HeLa), showing
no harmful effects. When exposed to a magnetic field strength of
16 kA/m (200 Oe) at a frequency of 210kHz, these NPs exhibited
optimal performance. Moreover, controlled heating effectively
decreased the viability of HeLa cells and triggered apoptosis.” In a
particular research investigation, the effects of manganese oxide perov-
skite NPs (Lags6(SrCa)2,MnQ;) on HeLa cells were investigated. The
study found that subjecting the cells to an AMF with a strength of
15mT and a frequency of 100 kHz for 30 min led to cellular damage
and subsequently triggered apoptotic cell death.”” Therefore, surface
reconstruction is necessary to minimize nanoparticle agglomeration in
biological settings. Inorganic materials can be employed to achieve

REVIEW pubs.aip.org/avs/bip

well-dispersed and uniformly coated nanostructures. Coating agents,
such as surfactants, can alter the surface functionality, charge, reactiv-
ity, and dimensions of MNPs, enhancing their chemical stability and
suitability for in vivo applications. Studies reported that retinoblastoma
cells (Y79) display heightened susceptibility to thermal damage, consis-
tent with the sensitivity observed in other cancer cells. The magnetic
hyperthermia, utilizing dextran-coated iron NPs, selectively eradicates
retinoblastoma cells in a manner contingent on dosage and duration
in vitro, while preserving nontumor cells. This process induces apopto-
tic cell death in Y79 cells predominantly via the intrinsic pathway acti-
vated by TNF-o signaling. Given recent advancements in intravitreal
chemotherapeutic injections for retinoblastoma management, magnetic
hyperthermia employing dextran-coated iron NPs presents a promis-
ing therapeutic avenue."’

A. Magnetic hyperthermia combined with
chemotherapy

Simultaneous application of magnetic hyperthermia and che-
motherapy holds promising approach in anticancer therapy.’
Various magnetic nanoparticle conjugates have been utilized in
magnetic hyperthermia to effectively deliver chemotherapeutic
drugs to the cancer site, as presented in Table I. In a study con-
ducted by Christopher et al," they successfully designed
phospholipid-polyethylene glycol-coated superparamagnetic IONPs
to deliver doxorubicin (DOX), resulting in HeLa cancer cells apo-
ptosis. Notably, these MNPs acted as dual-functionality platforms,
serving as both drug carriers and heat generators when exposed to
an AMF. Through in vitro analysis, it was found that the combined
impact of DOX and superparamagnetic iron oxide nanoparticles
(SPIONs) induced hyperthermia had a profound effect on inducing
cell death in HeLa cells. Another innovative approach involved the
development of multifunctional polymeric micelles that encapsu-
lated SPIONs and the chemotherapeutic agent DOX, with drug
release occurring through a pH-dependent mechanism.”

One advantage of multifunctional NPs is that the encapsula-
tion of DOX and SPIONs within the hydrophobic micelle cores
can prevent potential exposure of hydrophobic SPION surfaces

TABLE I. Magnetic nanoparticle conjugates exhibiting magnetic hyperthermia in different cancer cell lines.

G€:0€:91 €202 18quiedeq S|

Chemotherapeutic

Magnetic nanoparticle conjugates drug Cancer cell lines Reference
Phospholipid-polyethylene glycol-coated superparamagnetic

iron oxide nanoparticles Doxorubicin Human cervical cancer cells 41

Human hepatocellular liver
Polypyrrole-coated iron oxide nanoparticles Doxorubicin carcinoma cell 42
Murine colon carcinoma and
Superparamagnetic porous submicron vaterite particles Doxorubicin Murine fibroblast 43
Cobalt- and manganese-doped iron oxide nanoparticles Human ovarian carcinoma 44
Manganese-and zinc-doped ferrites Doxorubicin Human liver cancer cells 45
Pluronic-glycine-coated magnetic nanoparticles Cinnamaldehyde Human breast cancer cells 46
Polyamidoamine-based nanoparticles Doxorubicin Human cervical cancer cells 47
Ferucarbotran Cisplastin Human oral cancer cells 48
Mesosporous magnetic nanoassemblies Doxorubicin Mouse fibroblast & cervical cancer cells 49
Biointerphases 18(6), Nov/iDec 2023; doi: 10.1116/6.0003079 18, 060801-3
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and the adsorption of blood proteins, thus reducing nonspecific
uptake by the reticuloendothelial system. In this context,
polypyrrole-coated IONPs facilitated the delivery of DOX to tumor
cells when an AMF was applied.”” This magnetic core-shell nano-
composite served as a vehicle for magnetic hyperthermia-mediated
chemotherapy. Biocompatible superparamagnetic porous sub-
micron vaterite particles exhibited high drug loading capacity and
demonstrated anticancer activities in murine colon carcinoma
(CT26) and murine fibroblast (NIH3T3) cell lines upon exposure
to an AMFE.*

In another study, magnetic nanoconjugates, specifically
PEG-PCL (poly (ethylene glycol)-b-poly(e-caprolactone)) conju-
gated cobalt- and manganese-doped IONPs, were inhibit the
growth of subcutaneous ovarian tumor in nude mice. This effect
was observed after a single intravenous injection at a low dose
(6 mg Fe/kg) in the presence of an AMFE."* A magneto-thermally
responsive nanocarrier/DOX called MTRN/DOX was used as a
thermo-chemotherapeutic strategy for liver cancer (Huh-7). In this
study, through magnetic targeting, MTRN/DOX can be effectively
concentrated at the tumor site, resulting in enhanced uptake of
DOX by Huh-7 cells and prolonged drug retention within the
tumor. Furthermore, MTRN/DOX exhibited notable magnetother-
mal effects both in vitro and in vivo. Considering these findings, it
is evident that MTRN/DOX possesses substantial anticancer prop-
erties. MTRN/DOX combined the magneto-thermal effect of Mn
Zn ferrites MNPs with the temperature sensitivity of copolymer
drug carriers.”

One of the studies highlights the effectiveness of magnetic
targeting in concentrating nanocarriers precisely at the tumor
site. This localization is facilitated by the utilization of an AMF,
which not only heats the targeted area but also enables con-
trolled release of the therapeutic drug. By employing this
approach, they successfully achieved the spatial-temporal syn-
chrony of thermo-chemotherapy.”’ Researchers also used exter-
nal magnets near the target site for precise drug delivery with
IONPs, ideal for small animal models like mice with skin
tumors.”” In another study, researchers utilized a dual targeting
strategy, combining AMF with an external magnetic field, to effi-
ciently transport MNPs across the blood-brain barrier for thera-
peutic  delivery.”>  Pluronic-glycine-coated ~Fe;O; MNPs
conjugates exhibited targeted cytotoxicity and anti-cancer activ-
ity in breast cancer cells (MCF7 and MDAMB231) when tagged
with cinnamaldehyde. The response to radiofrequency waves for
magnetic hyperthermia therapy demonstrated dose-dependent
cell killing.**

Coating MNPs with dendrimer macromolecules offers a
promising alternative as it prevents aggregation and provides multi-
ple surface functionalities. Studies have shown that polyamido-
amine (PAMAM) dendrimers play various roles in biomedical
applications, including drug delivery, biosensing, and magnetic res-
onance imaging. However, the degradation products of PAMAM
exhibit significant toxicity, limiting their use in biological systems.
To address this, peptide-coated dendrimer-based MNPs have been
employed, displaying good potency for drug release on cancer cells.
The effectiveness of the DOX-loaded PAMAM-based NPs was
assessed using cancer cell lines such as HeLa cells. The synergistic
effects of the DOX-loaded formulations in combination with
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alternating current magnetic field were also evaluated to assess
their potential for combinatorial therapy against HeLa cells."”

Prior studies have shown that combining cisplatin with feru-
carbotran (resovist)/ AMF-induced hyperthermia boosts cisplatin’s
anticancer effects without changing the cell cycle, offering potential
for oral cancer treatment (OSC-19 and HSC-3). This combination,
already used clinically, has potential for early application, allowing
reduced cisplatin dosage and minimizing side effects. Further
research is needed for safety and efficacy in oral cancer patients.*®
The application of PEG modification on mesoporous MgFe,0,
magnetic nanoassemblies (MMNs) enhances their resistance to
plasma protein adsorption, ensuring prolonged blood circulation.
These MMNs exhibit exceptional colloidal stability in phosphate
buffer saline and minimal cytotoxicity in mouse fibroblast (L929)
and cervical cancer (HeLa) cells. Moreover, in-vitro studies confirm
their potential as a versatile nanosystem for drug delivery and mag-
netic hyperthermia.’

B. Drug targeting methods

The successful application of MNPs conjugates as drug deliv-
ery systems relies on their targeted delivery to tumor sites.””*” The
combination of magnetic hyperthermia and targeted chemotherapy
exhibits a synergistic effect in cancer treatment. Two primary
approaches, namely, passive and active targeting, are employed for
effective MNP-based drug delivery. Both approaches aim to accu-
mulate MNPs in metastatic and highly porous areas of the tumor,
but they differ in the mechanisms of anchoring the MNPs at the
tumor site.

Passive targeting, on the other hand, relies on the features of
the nanoconjugates (e.g., size, circulation time) and the leaky vas-
culature of the tumor, which is a result of poor alignment of endo-
thelial cells and defective lymphatic drainage in the hypoxic tumor
environment. This phenomenon, known as the enhanced perme-
ability and retention (EPR) effect, allows for easier retention of
nanoparticle conjugates in tumor cells.”” However, passive targeting
is limited by the size constraints of tumor fenestrations, which can
lead to unstable transport of NP conjugates in the bloodstream.
Additionally, not all types of tumors exhibit the EPR effect. Active
targeting serves as a supportive approach to passive targeting by
enhancing the targeting capability of NPs and increasing their
retention at the tumor site.”” Hydrophilic groups on the surface of
NPs enhance their circulation time and prevent uptake by the
mononuclear phagocyte system.’

Active targeting of MNPs, in conjunction with hyperthermia
under an AMF, offers a highly selective delivery of drugs to tumor
sites through high-affinity binding between the nanoparticle
surface and specific target structures in the tumor region. Active
targeting takes advantage of the fact that tumor cells overexpress
certain biological receptors on their surface compared to healthy
cells. By conjugating MNPs with targeting ligands such as peptides,
antibodies, or small organic molecules, active targeting facilitates
the delivery of therapeutic agents.””* These targeting ligands
exhibit a higher affinity toward cell surface antigens (receptors)
that are overexpressed on cancerous cells. The interaction between
the targeting ligand and tumor biomarkers, either through ligandk-
receptor or antigen-antibody interactions (Fig. 2), guides the NP
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FIG. 2. Active and passive targeting approach.

conjugates to the tumor sites while avoiding nonspecific accumula-
tion of the delivering agent.

These two targeting approaches differ in the mechanisms of
NP retention at the tumor site. Compared to the passive approach,
active targeting achieves a higher accumulation of NP-conjugated
drugs at the tumor site through target-specific binding and inter-
nalization in specific cells. This reduces the undesired systemic
exposure of cytotoxic drugs to healthy cells, thus improving the
therapeutic outcome.

Active targeting operates through the process of receptor-
mediated endocytosis,” enabling the binding between ligands on
the surface of nanoparticle-drug conjugates and receptors that are
overexpressed on tumor cells. This binding interaction facilitates
the internalization of NPs toward the tumor site.”” The binding of
ligands to receptors triggers receptor activation and subsequent
internalization of the ligand-receptor complex within a vesicle
which is illustrated in Fig. 3. This vesicle then undergoes fusion
with an endosome and subsequently with a lysosome. Within the
lysosome, acidic enzymes with a pH range of 4.0-6.0 promote
enzymatic degradation, leading to the release of the drug-
conjugated nanoparticle at the tumor site.
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1. Targeted magnetic hyperthermia

Active targeting of nanoparticle drug conjugates utilizes various
biological receptors, including human epidermal growth factor,
transferrin, folate, luteinizing hormone-releasing hormone, integrin,
CD20, CD44, CD95, VEGF, CXCR4, etc. to facilitate their delivery
to the cancer site.”” Table II presents the different biological recep-
tors which were conjugated with MNPs to enhance the efficacy of
cancer therapy in the presence of magnetic hyperthermia.

a. Integrin receptors. Integrins are a family of cell surface
receptors involved in cell-to-extracellular matrix adhesion, and
their interaction initiates signal transduction pathways related to
cell growth, survival, division, and migration.”” One notable
example involves the use of arginine-glycine-aspartic acid (RGD)
as a targeting ligand for integrin avp3, a marker of tumor angio-
genesis. Recent studies have highlighted the enhanced efficacy of
RGD targeted PEG-functionalized Mn-Zn ferrite NPs for active
targeting in comparison to nontargeted magnetic nanocrystals.
These targeted nanocrystals demonstrate improved retention at the
tumor site and have been employed in MRI contrast imaging for
diagnostic purposes. Additionally, they facilitate passive targeting
through the enhanced permeability and retention (EPR) effect.

REVIEW pubs.aip.org/avs/bip

Furthermore, these targeted nanocrystals exhibit a high heating
potential, reaching 532 W/g, owing to the properties of Mn-Zn
ferrite. In a mouse model of breast carcinoma (4T1), RAW264.7
macrophages, and HUVECs cell lines, the combination of targeted
magnetic hyperthermia treatment and the application of an alter-
nating current magnetic field at a strength of 2.58 kA/m and fre-
quency of 390kHz led to a significant elevation in temperature.
This increase in temperature proved sufficient to induce apoptosis in
tumor cells and hinder tumor angiogenesis. By administering
repeated injections of magnetic nanoparticle complexes (MNCs), the
tumor surface was consistently heated to approximately 43-44 °C.”*

Upregulation of different types of integrins is observed in
malignant cells, contributing to processes such as cell invasion,
angiogenesis, and resistance to conventional cancer therapy.”’
Targeting integrins, therefore, represents a promising strategy for
selectively killing cancer cells without harming healthy cells. The
expression of owvp3 integrin is particularly high in neoangiogenic
blood vessels and glioblastoma (GBM) cells. By conjugating poly
lactic-co-glycolic acid (PLGA)-coated SPIONs with the active
moiety RGD and the drug paclitaxel (PTX), a potential targeting
strategy for delivering PTX to the GBM site can be achieved in the
presence of a magnetic field.”®

TABLE II. Magnetic nanoparticles conjugated with different biological receptors used in magnetic hyperthermia against different cancer cell lines.

Published under an exclusive license by the AVS

Magnetic nanoparticle conjugates Receptor/antigen Cancer cell lines Reference 3

RAW?264.7 macrophage cells, Murine mammary §
carcinoma cells & Human umbilical vein §

Mn-Zn ferrite nanoparticles Integrin endothelial cells 58 N

Superparamagnetic iron Oxide 3

nanoparticles CD44 Human and neck squamous cell carcinoma 59 2

Heat Shock Protein Inhibitor-loaded ;

Silica-coated Fe;O4 nanoparticles CD20 Lung cancer stem cells 60 and 61

Magnetite-based nanoparticles CD133 Colorectal cancer cells 62

Magnetite nanoparticles Folate receptor Glioblastoma cells 63

Alginate-coated magnetite nanoparticles Folate receptor Lung cancer cells 64

Superparamagnetic Iron Oxide @poly

(sodium styrene sulfonate) Folate receptor Pulmonary adenocarcinoma cells 65

(PLGA)-coated Superparamagnetic Iron  Folate receptor, transferrin

Oxide Nanoparticles receptor Breast and glial cancer cells 66

Holmium (III)doped Iron oxide Human epithelial growth

nanoparticles factor receptor 2 Breast cancer cells 67

Dextran spermine magnetic Human epithelial growth

nanoparticles factor receptor2 Breast cancer cells 68

Polyethylene glycol-coated magnetic Luteinizing

nanoparticles hormone-releasing hormone Ovarian cancer cells 69

Chitosan-poly (methyl vinyl ether Luteinizing

maleic acid) magnetic nanoparticles hormone-releasing hormone Breast cancer cells 70

Magnetite nanoparticles CXCR4 Human acute T-cell leukemia 71

ZnCoFe nanocrystal CXCR4 Glioblastoma cells 72

Zn** doped Superparamagnetic Iron Vascular endothelial growth

Oxide Nanoparticles factor Liver cancer cells 73

Magnetic nanoparticles CD95 Human cervical cancer cells 74

Magnetite iron oxide nanoparticles L6 (antigen) Breast cancer xenografts 75
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b. Cluster of differentiation (CD) receptor. Targeted MNPs and
magnetic hyperthermia have emerged as an important approach in
the treatment of cancer stem cells (CSCs). CD44, a glycoprotein
located on the cell surface and expressed in CSCs, is essential for
various cellular processes including lymphocyte activation, hemato-
poiesis, and tumor metastasis. This transmembrane adhesion mole-
cule is crucial for epithelial cell growth and the differentiation and
activation of T and B lymphocytes during immune responses.”’

CSCs are found in various tumor tissues, including head and
neck squamous cell carcinoma (HNSCC). Hyaluronic acid (HA) is
a known ligand for the CD44 receptor. Coating SPIONs with
HA-PEG enhances biocompatibility and stability in biological
applications. HA-PEG-coated SPIONs exhibit hyperthermia-
mediated destruction of CSCs through active targeting in the pres-
ence of an AMEF. These findings provide evidence for the treatment
of CSCs through the utilization of targeted MNPs (CD44-targeted
SPIONs) in combination with an AMF. The study demonstrates
that this combined approach effectively triggers programmed cell
death in CSCs, showcasing its potential as an effective therapeutic
strategy for targeting and eliminating CSCs. Moreover, the applica-
tion of magnetic hyperthermia demonstrated a significant inhibi-
tion of grafted human oral squamous cell carcinoma (Cal-27)
tumor growth in mice. Together, these results highlight the poten-
tial of targeted magnetic nanoparticle therapy combined with AMF
as a promising approach to combat CSCs and suppress tumor
growth.”

Similarly, the CD20 targeted heat shock protein inhibitor-loaded
silica-coated Fe;O4 NPs complex (CD20-HSPI&Fe;0,@SiNPs) dem-
onstrates a heating potential of 69.7 W/g, enabling targeted drug
delivery to tumor cells under an AMFE.°*°" They utilized the heat
shock protein inhibitor (HSPI) as anticancer drug and tailored the
silica shell with a CD20 antibody, specifically targeting human lung
CSCs. This modification allowed receptor-mediated endocytosis,
highlighting the effectiveness of CD20 receptor targeting in human
lung CSCs. These findings highlight the potential of targeted MNPs
and magnetic hyperthermia in enhancing the effectiveness of cancer
treatments by specifically targeting CSCs and delivering therapeutic
agents to tumor cells.

CD133, also known as prominin-1, is a prominent pentaspan
membrane glycoprotein widely utilized as a biomarker for isolating
CSCs. CSCs are a key factor contributing to tumor recurrence and
resistance.”” Extensive research suggests that CD133 may play a sig-
nificant role in the tumorigenesis, metastasis, and chemoresistance
of CSCs. The nanoparticle comprises a SPIONs-poly (sodium
styrene sulfonate) core, encased in a layer-by-layer shell coated
with irinotecan (CPT-11) and human serum albumin (HSA)/
(CD133) monoclonal antibody conjugates. These NPs augment cel-
lular uptake, enhancing the combined efficacy of hyperthermia and
chemotherapy on CD133-expressing cancer cells. Additionally, they
function as proficient T2-weighted MRI contrast agents for diag-
nosing colorectal cancer and CSCs. Notably, these NPs demonstrate
superior synergistic anticancer effects compared to standalone che-
motherapy or hyperthermia treatments, as evidenced in both
in vitro and in vivo studies.””

c. Folate receptor (FR) and transferrin receptor (TFR). FR is
involved in the intracellular transfer of tetrahydrofolate and has
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three functional isoforms in humans: hFR-o, hFR-B, and hFR-y.
Among these isoforms, hFR-a is commonly upregulated in various
solid tumors, including those of the uterus, ovary, breast, cervix,
kidney, and colon, making it an attractive target for immunothera-
peutic approaches and cancer treatment. On the other hand, the
hFR-B isoform is highly expressed on activated macrophages and
serves as a biomarker for human inflammatory diseases.”' ™

A synergistic approach combining active targeting and chemo-
hyperthermia has been employed to deliver the drug temozolomide
(TMZ) specifically to the site of GBM under the influence of an
AMF. To achieve this, magnetite NPs conjugated with folic acid
(FA) were utilized as the targeting moiety.”” This complex exhibits
a high SAR of 530 W/g, making it suitable for applications in mag-
netic hyperthermia. This innovative approach enables the precise
delivery of TMZ to the GBM site, enhancing the effectiveness of
treatment while minimizing potential side effects. In another study,
scientists developed a multifunctional drug delivery system by
incorporating the anticancer drug DOX and a targeting ligand,
folate, onto alginate-coated Fe;O, NPs. Folate was specifically
attached to the NPs to enhance their tumor cell targeting and
retention abilities. In vivo experiments demonstrated the significant
efficacy of the combined treatment, particularly when the folate
ligand was present, leading to improved survival outcomes in mice
with lung cancer.”*

The synergistic antitumor impact of combined chemotherapy
and hyperthermia was markedly higher in pulmonary adenocarci-
noma cells (A549 cells) than in human lung large cell carcinoma
cells (NCI-H661 cells). This enhanced effect can be attributed to
the core composition of SPIONs and poly (sodium styrene sulfo-
nate) (PSS), augmented by a layer-by-layer coating of Cisplatin (cis-
diamminedichloroplatinum (II) (CDDP), human serum albumin
(HSA), or methotrexate (MTX) conjugate on the NPs (SPIO@PSS/
CDDP/HSA-MTX). This design not only enhances nanoparticle
uptake in folate receptor-expressing cells (A549 cells) but also
intensifies the elimination of these cells following hyperthermia
treatment.®”

The transferrin receptor (TfR) is a glycoprotein involved in
cellular iron distribution and exhibits a basal level of expression in
healthy cells.”® However, TfR, also known as CD71, is overex-
pressed in cancerous cells and plays a role in the signaling pathway
of NF-xB, promoting cancer cell survival, mitochondrial respira-
tion, and reactive oxygen species (ROS) generation, all of which
contribute to tumor growth.”” Due to their higher expression on
cancerous cells, immature erythroid cells, and placenta compared
to healthy cells, FR and TfR can be utilized for targeted drug deliv-
ery. Furthermore, the incorporation of poly (b,L-lactic-co-glycolic
acid) (PLGA) NPs with dual-mode targeting and dual drug-loading
holds great promise for cancer treatment.

Previous study specifically targeted the overexpressed folate
receptor (FR) and transferrin receptor (TfR) in MCF-7 and glial
cells (G1). The results of the research provide strong evidence that
the combination of curcumin and 5-fluorouracil (5FU) within
PLGA NPs leads to enhanced uptake, increased cellular accumula-
tion, and improved cytotoxicity in cancer cells, including MCF-7
and G1 cells. Additionally, they explored the potential of magnetic
hyperthermia therapy (MHT), which exhibited remarkable efficacy
in the rapid destruction of cancer cells and the induction of
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enhanced apoptosis. This synergistic effect was achieved through
the combined treatment of MNPs and the dual-drug therapy of
curcumin and 5FU.*°

d. Human epithelial growth factor receptor 2 (HER2 receptor).
The HER2 receptor is a transmembrane receptor with tyrosine
kinase activity. It belongs to the epidermal growth factor receptor
family and consists of 1255 amino acids, forming a 185kD trans-
membrane glycoprotein.”” In healthy cells, HER2 plays a crucial
role in cell development. However, HER2 is overexpressed in
various cancers, including breast, ovarian, and gastric cancers.”’ It
can undergo homo or heterodimerization with other members of
the epidermal growth factor receptor family, such as HERI and
HER3, leading to autophosphorylation of tyrosine residues. This, in
turn, triggers downstream signaling pathways like MAPK, PI3K,
and PKC, which promote cell proliferation, survival, differentiation,
angiogenesis, and invasion in cancer cells.”

Targeting HER2 has been a focus of several chemotherapeutic
approaches for the treatment of different types of cancer.
Trastuzumab (herceptin), an FDA-approved monoclonal antibody,
is a targeted anticancer drug that inhibits cancer cell proliferation
by binding to HER2 receptors. By conjugating trastuzumab with
Au-Fe;0, nanoconjugates, it selectively targets HER2-positive
gastric cancer cells, enabling effective delivery of oxaliplatin while
minimizing chemotherapy side effects on healthy cells.”® Similarly,
trastuzumab-based targeted therapy allows for the delivery of
holmium (III) doped IONP conjugates to HER2-positive breast
cancer cells. These conjugates have high heating potential, making
them suitable for magnetic hyperthermia applications under an
AME."” Studies have also demonstrated the use of the HER2 anti-
body as a targeting ligand in conjunction with dextranspermine
MNPs. This approach induces magnetic hyperthermia-mediated
cytotoxicity in breast cancer cells.””

In one of the studies, researchers successfully synthesized a
novel therapeutic nanocarrier system by conjugating HER2 with
PGFIO (fluorescent IONPs) and encapsulating gemcitabine within
a poly(lactide-co-glycolide) matrix. This innovative approach com-
bined targeted therapy with the use of magnetic hyperthermia for
the treatment of pancreatic cancer. Furthermore, the study found
that the HER-PGFIO nanocarrier system exhibited properties that
regulated apoptosis and the cell cycle. The expression levels of
Bcl-2 and cyclin D1 were notably reduced in both in vitro and
in vivo analyses, further confirming the therapeutic efficacy of this
nanocarrier system. Overall, the findings suggest that the
HERPGFIO nanocarrier system, in conjunction with magnetic
hyperthermia, holds great promise as a targeted and multifunc-
tional therapeutic approach for pancreatic cancer treatment.”’

e. Luteinizing hormone-releasing hormone (LHRH) receptor.
LHRH, also referred to as gonadotropin-releasing hormone (GnRH),
plays a crucial role in regulating reproductive functions. GnRH ago-
nists, such as goserelin, triptorelin, buserelin, and leuprolide, are
decapeptides  (pGlu-His-Trp-Ser-Tyr-Gly-Leu-Arg-Pro-Gly-NH,)
that share a similar structure to native GnRH and exhibit high affin-
ity for GnRH receptors. LHRH stimulates the release of luteinizing
hormone and follicle-stimulating hormone from the pituitary
gland.”>* These hormones, in turn, regulate the production of sex
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steroids in the gonads of both males and females. Overexpression of
LHRH receptor has been observed in hormone-dependent cancers
such as breast cancer endometrial cancer, ovarian cancer, and pros-
tate cancer. Additionally, its overexpression has been detected in
hormone-independent cancers such as pancreatic cancer, lung
cancer, melanoma, and GBM.”*”"

The studies have reported that drug-loaded LHRH-functional-
ized polyethylene glycol (PEG)-coated magnetic nano systems
exhibit a high SAR value of 271 W/g, indicating their efficacy in
magnetic hyperthermia treatment.”” The utilization of synthesized
nanocarrier based on IONPs proved to be a highly efficient vehicle
for delivering DOX to A2780/AD multidrug resistant ovarian
cancer cells. Furthermore, this nanocarrier demonstrated the
remarkable capability to remotely induce mild hyperthermia (40 °
C) in ovarian cancer cells when exposed to an AMF. This synergis-
tic effect of mild hyperthermia, generated by IONPs in response to
the AMF, significantly enhanced the cytotoxicity of DOX delivered
by the nanocarrier to cancer cells. As a result, the developed
IONP-based delivery system exhibits immense potential for effec-
tively treating ovarian cancer through a combinatorial approach.
Another study provides evidence supporting the potential applica-
tion of LHRH-conjugated SPIONs as a remarkably sensitive MRI
contrast agent in the detection of metastatic breast cancer cells. The
targeted accumulation, improved delivery capabilities, and potential
for precise drug delivery highlight the promising prospects of
LHRH-conjugated magnetic IONPs in both the diagnosis and
treatment of breast cancer metastases.”” One of the studies demon-
strated that the use of LHRH-targeted DOX-loaded NPs in combi-
nation with a magnetic field yielded the most significant inhibitory
effect on cell growth, particularly in MCF-7 cells. These findings
highlighted the promising potential of the layer-by-layer NPs
[chitosan-poly (methyl vinyl ether maleic acid) (PMVMA)], which
were designed to specifically target LHRH receptors. By utilizing a
magnetic field to guide the NPs, they achieved dual tumor targeting
in MCF-7 cells. This innovative approach has important implica-
tions as it could potentially lead to a reduction in the required
dosage of DOX, thereby minimizing the adverse side effects associ-
ated with the drug.”

f. CXCR4 receptor. Another receptor such as CXCR4 is exten-
sively used as a chemokine receptor and represents a crucial therapeu-
tic target for most hematopoietic cell types including macrophages,
monocytes, T and B lymphocytes, neutrophils, hematopoietic, endo-
thelial progenitor, and stem cells in the blood or bone marrow, den-
dritic cells, Langerhans cells, vascular endothelial cells, neurons and
neuronal stem cells, microglia and astrocytes, as well as embryonic
stem cell. It serves as a coreceptor for several human diseases, includ-
ing HIV-1 infection and different malignancies such as human acute
T-cell leukemia. It is a member of the G-protein-coupled receptors
superfamily, characterized by seven transmembrane domains.”” One
of the studies demonstrated an in vitro magnetic hyperthermia
approach that completely eliminates the viability of human acute
T-cell leukemia (Jurkat cells). This is accomplished by utilizing a com-
bination of CXCR4-targeted and nontargeted MNPs.”’

In other research studies, scientists have introduced a novel
method for overcoming the blood-brain tumor barrier (BBTB) by
modulating its permeability using redox-responsive nanocarriers
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delivering fingolimod. Fingolimod regulates blood-brain barrier
integrity and was encapsulated within polymeric nanocarriers.
These carriers were surface-conjugated with Plerixafor (AMD3100)
for recognizing CXCR4, a chemokine receptor highly expressed on
tumor vessels and cells. The resulting nanocomplexes demonstrated
efficient modulation of BBTB permeability. Additionally, codelivery
of ZnCoFe nanocrystals and an HSP70 inhibitor, post-BBTB mod-
ulation, achieved synergistic treatment, utilizing magnetic hyper-
thermia effects in response to an alternating current magnetic field
for the GBM site (GL261 and U87).”

g Vascular endothelial growth factor (VEGF). VEGF, a homo-
dimeric glycoprotein, plays a crucial role in angiogenesis, binding
to VEGF receptor-1 and VEGF receptor-2 on vascular endothelial
cells. In healthy individuals, it supports embryonic angiogenesis
and adult wound healing. In cancer, VEGF is upregulated due to
oncogene expression, various growth factors, and hypoxia, making
it a central mediator of tumor-related angiogenesis.”* Scientists
have developed core-shell Zn** doped Zn-CoFe,0,@Zn-MnFe,0,
SPIONs (ZCMF) with precise magnetic hyperthermia properties.
When modified with the VEGF antibody, these NPs
(ZCMF-VEGF) exhibited enhanced uptake by liver cancer (HepG2)
cells. Mild magnetic hyperthermia with ZCMF-VEGF effectively
inhibited HepG2 cell growth by suppressing key proteins and acti-
vating innate immunity. In mouse models, targeted mild hyper-
thermia not only halted tumor growth but also prolonged survival,
indicating its potential as a safe and promising treatment for liver
cancer in the future.”” Additionally, another study has shown that
modifying NPs with a VEGFR-2-targeting peptide enhances their
specificity for endometriosis. In mouse experiments, these targeted
NPs efficiently accumulate in endometriotic lesions after a
low-dose intravenous injection. When exposed to external AMEF,
they selectively elevate the temperature within lesions above 50 °C,
completely eradicating them in a single treatment. Additionally,
these NPs exhibit potential as MRI contrast agents for accurate
detection of endometriotic tissue prior to AMF therapy.”

h. CD95. CD95(Fas/APO-1), a transmembrane receptor, plays
a pivotal role in apoptosis induction within cancer cells. Upon acti-
vation by its ligand, CD95 recruits various proapoptotic factors,
including caspase-8, to form the death-inducing signaling complex.
This complex formation is vital for triggering the apoptotic
cascade. Immune cells, particularly cytotoxic killer and natural
killer cells, utilize CD95 ligand as one mechanism to eliminate
cancer cells or virus-infected cells.”® Additionally, Ch11 is mono-
clonal antibody developed to target Fas, a cell surface protein
belonging to the tumor necrosis factor receptor family, which insti-
gates cellular apoptosis, the programmed cell death process. In a
research, scientists assessed the anticancer effects of magnetic
hyperthermia in conjunction with the Chll antibody and crypto-
tanshinone, a blocker of antiapoptotic factors. The growth of HeLa
cells was significantly reduced when treated with magnetic nano-
particle/antibody complexes in the presence of an AMF.”"

i. L6, tumor-associated antigen. L6, a tumor-associated antigen
belonging to the transmembrane-4 superfamily is highly expressed
in multiple human cancers such as epithelial cell carcinomas but
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minimally in normal tissues. Its roles in cancer migration and
angiogenesis are associated with poor prognosis, making it an
attractive target for cancer therapies. It serves as a pivotal target for
antibody-based therapies aimed at combating cancer.”” In a partic-
ular study, magnetite IONPs combined with chimeric L6(ChL6),
an antibody designed to target the tumor-associated antigen L6,
displayed significant accumulation within tumors. Monoclonal
antibody-guided IONPs, effectively targeted human breast cancer
xenografts in mice. Additionally, in vitro analysis involving
nanoparticle-induced heat through an AMF demonstrated a corre-
lation with the delay in tumor growth.””

C. Magnetic hyperthermia combined with radiation
therapy

It has been observed that radiation therapy and magnetic
hyperthermia can potentiate each other’s effects. The application of
ionizing radiation in radiation therapy serves as a powerful tool to
manage or eradicate tumor cells. By inflicting irreversible damage
to the DNA of these cells, the therapy effectively disrupts the pro-
gression of the tumor, providing a crucial method in the treatment
of cancer. Tumor cells generally exhibit higher metabolic activity
compared to healthy cells. The translationally controlled tumor
protein (TCTP) plays a crucial role in various cellular processes,
including cell growth, apoptosis, DNA damage repair, and tumori-
genesis. Targeting and suppressing TCTP can enhance the radio-
sensitivity of cancer cells, making it a potential therapeutic target
for cancer treatment.”

In one of the studies, scientist has investigated the incorpora-
tion of actinium radio particles onto iron oxide nanoconjugates
(225Ac@ Fe;0,), specifically targeting human epidermal growth
factor receptor (HER)-2 positive ovarian cancer cells under an
AME.”” The results demonstrated a more potent cytotoxic effect
compared to using the magnetic field alone. The conjugates exhib-
ited higher heating potential, indicated by a SAR value of 105 W/g,
making them suitable for magnetic hyperthermia applications.
Utilizing gadolinium-doped IONPs in magnetic field hyperthermia
has been found to enhance the effectiveness of radiation therapy.
This approach is capable of destroying oxygen-deprived cells that
are resistant to radiation and inducing localized vascular necrosis
specific to tumors.'”’

In another in vivo study, the combination therapy of magnetic
hyperthermia and radiation showed improved control of lung
metastasis and overall survival in mice. Magnetic hyperthermia
facilitated tumor cell inhibition by utilizing the effects of radiation
through the Bax protein, a crucial promoter of cell death.
Additionally, it reduced the potential of radiotherapy to enhance
the expression of matrix metalloproteinase-9, which is associated
with breast cancer metastasis."’

IONPs have been found to induce the production of reactive
oxygen species during radiation therapy. Radiation therapy itself
increases the production of hydrogen peroxide, which is then fol-
lowed by mitochondrial respiration. IONPs can act as catalysts,
facilitating the conversion of hydrogen peroxide into highly reactive
hydroxyl radicals. This synergistic effect enhances the cellular toxic-
ity, leading to more effective treatment outcomes. Studies have
shown that IONPs functionalized with cell penetrating peptides
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(such as TAT) exhibit ROS-mediated cytotoxicity against A549
lung carcinoma cells when combined with radiation therapy.'’” In
the metastatic triple negative murine mammary carcinoma model
transfected with luciferin, 4T1-luc cells, combining magnetic iron
oxide nanoparticle hyperthermia with radiotherapy and immune
checkpoint inhibitors boosts local tumor control, eliminates cells,
and attracts CD3+ T-lymphocytes, offering potential for reducing
lung metastases. However, the addition of magnetic iron oxide
nanoparticle hyperthermia has only a modest effect on lung metas-
tases and no impact on overall survival, while combination therapy
together could increase lung metastatic dissemination.'”’

In another study, researchers developed a nanoparticle-loaded
micellar system for cancer treatment. By using hyaluronic acid-
targeted Mn-Zn ferrite MNPs, they achieved specific targeting of
tumor cells expressing CD44 such as A549 (a human lung adeno-
carcinoma cell line). These NPs, when exposed to an AMF, gener-
ated heat, enhancing the effects of radiation therapy. The
experiments demonstrated successful targeting and enhanced thera-
peutic outcomes through apoptosis analysis.'”*

In recent research, core-shell NPs were engineered to provide
targeted multimodal therapy for HER2-positive cancer, integrating
radionuclide therapy and magnetic hyperthermia. The NPs, con-
sisting of a magnetic core (Fe;O4) and a gold-198(radioactive)
shell, were modified with a bifunctional PEG linker and trastuzu-
mab monoclonal antibody. These functionalized NPs exhibited effi-
cient heat conduction and specific binding to HER2-positive breast
cancer cells (SKOV-3), suggesting promise for in vivo studies in
combined therapy.'*”

While numerous preclinical studies have been conducted, only
a limited number successfully progress to the pivotal third and
final phase of clinical trials."” The world’s first magnetic
nanoparticle-based therapy, known as NanoTherm” therapy, has
undergone extensive preclinical studies for the treatment of GBM
and prostate cancer in Europe (MagForce Nanotechnologies AG,
Berlin, Germany). Recently, clinical phase 2a has been completed
to assess the efficacy of magnetic hyperthermia therapy alone or in
combination with radiation therapy. This therapy utilizes a 15 nm
wide iron oxide magnetic core under an AMF. Ongoing investiga-
tions aim to provide a comprehensive understanding of magnetic
hyperthermia as a standalone treatment and as an adjuvant therapy
for cancer treatment.'”’~"'” The NoCanTher project has reached an
important milestone as it has commenced the final clinical trials
for the treatment of advanced pancreatic ductal adenocarcinoma.'"’
These trials signify a significant step forward in evaluating the
effectiveness of the proposed treatment approach and bring hope
for improved outcomes in patients with this challenging condition.

D. Magnetic hyperthermia combined with gene
therapy

Gene therapy is an exciting new area that offers different ways
to treat cancer. Gene therapy, a broad term covering various
approaches, involves modifying cells using genetic material either
in in vitro or in vivo to potentially achieve a cure. It is potentially
better than chemotherapy, which lacks specificity and can cause
unintended side effects.''”
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Gene therapy in combination with magnetic hyperthermia has
emerged as a promising strategy for cancer treatment. The unique
property of MNPs allows for the remote control of gene therapy
through localized heating. Studies have indicated a correlation
between heat-shock proteins (HSPs) and thermoresistance, as these
proteins enable cells to withstand hyperthermia and other stress
factors. HSPs function as chaperones and play a critical role in pre-
venting the dissociation of denatured proteins after stress. They are
also involved in ensuring the proper folding of newly synthesized
proteins into their functional conformation. Heat-responsive genes,
such as HSP40, HSP60, HSP70, and HSP90, are frequently utilized
due to their ability to induce high levels of transgene expression
both in vitro and in vivo."'"

A novel system utilizing magnetic liposomes has been devel-
oped to deliver smart treatment to colorectal cancer cells, triggering
the release of encapsulated chemotherapeutic drugs in response to
a magnetic field.'" liposomes, which consist of synthetic lipid
bilayers, are highly biocompatible and biodegradable and serve as
effective carriers for both hydrophilic and hydrophobic drugs. The
use of CD90-targeted thermosensitive magnetoliposomes (TMs)
encapsulating 17-AAG (CD90@17-AAG/TMs) has demonstrated
efficient tumor cell eradication in the liver. Additionally, this
approach enhances the sensitivity of magnetic hyperthermia.
17allylamino-1 demethoxgeldanamycin (17-AAG), an HSP90
inhibitor, is employed to overcome thermal resistance and promote
apoptosis in cancer cells. Numerous publications have highlighted
the potential of CD90, expressed by hepatic stem/progenitor cells
during liver development, as a marker for human liver cancer stem-
like cells and as a target for the diagnosis and therapy of hepatocel-
lular carcinoma.'"”

Moreover, the silica-coated magnetic zinc-doped iron oxide
(ZnFe204) nanoparticle has demonstrated efficient delivery and
expression of a heat-inducible gene that encodes tumor necrosis
factor (TNF)-related apoptosis inducing ligand (TRAIL) in adipose-
derived mesenchymal stem cells (AD-MSCs) during magnetic hyper-
thermia treatment at a favorable temperature of 41 °C.'"® This study
revealed that the AD-MSCs maintained their proliferation and differ-
entiation capabilities while exhibiting specific expression of the
ligand, resulting in significant apoptosis of ovarian cancer cells both
in vitro and in vivo. Controlling therapeutic gene expression in
tumors is crucial for effective gene therapy. Tumor-specific inducible
promoters play a vital role in constructing viral and nonviral vectors
to express therapeutic genes that repress cell proliferation and induce
cell death. The ofetoprotein (AFP) promoter, widely used for suicide
gene expression in hepatocellular carcinoma, has shown promising
results in combination with magnetic nanoparticle carriers delivering
the herpes simplex virus thymidine kinase/ganciclovir (HSV-TK/
GCV) gene system, exhibiting high efficacy in hepatoma cell carci-
noma. The AFP promoter and luciferase gene act as a tumor-specific
promoter and reporter gene, respectively. '’

In previous research, RNA interference (RNAi), a technique
specifically reducing target gene expression, has found widespread
applications in gene function studies and disease treatment. Small
interfering RNA (siRNA) is a potent tool for this purpose, effec-
tively reducing or silencing CXCR4 expression. Research focused
on enhancing cellular uptake and reducing toxicity by refining fluo-
rinated siRNA carriers on MNPs. Fluorination successfully
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addressed the “PEG dilemma,” overcoming challenges related to
diminished cellular uptake and endosomal escape efficiency due to
nanoparticle PEGylation. These carriers exhibited a transfection
efficiency above 90%, further amplified in the presence of an exter-
nal magnetic field.''® Extensive investigation validated heightened
CXCR4 expression in 4T1 breast cancer cells.'"” The use of fluori-
nated carriers significantly reduced CXCR4 expression on the cell
membrane.

E. Magnetic hyperthermia combined with
immunotherapy

Immunotherapy is becoming popular in cancer treatment
because it is more precise and effective than traditional treatments.
Modulating immune cells with drugs, proteins, or cells can
enhance antitumoral responses, especially in immunosuppressive
tumor environments. The main approaches to modulating tumor
activity with immunotherapy involve boosting immune cell activa-
tion, as seen with cancer vaccines, or correcting dysfunctional
immune pathways within the tumor microenvironment, achieved
through checkpoint inhibition. Magnetic systems provide better
control over drug transport, release, and dosing, minimizing side
effects and boosting effectiveness in immunotherapies.'*’

Magnetic hyperthermia has a significant impact on the tumor
immune microenvironment, which can be leveraged for immuno-
therapy. Immunotherapy reactivates the body’s immune system to
combat and eliminate tumor cells, offering promising results.
Unlike conventional methods, immunotherapy uses cytokines, che-
mokines, and immune cells to reshape the tumor microenviron-
ment, ensuring powerful effects and reducing the risk of
recurrence.'”’ Studies suggest that hyperthermia can activate spe-
cific immune cells and enhance the presence of apoptotic com-
pounds in the bloodstream.””"" Macrophage colony-stimulating
factor 1 (M-CSF1 or CSF1) is an immunosuppressor that is highly
expressed in dendritic cells, neutrophils, and myeloid-derived sup-
pressor cells, leading to tumor metastasis and the destruction of
cytotoxic T lymphocytes, thereby reducing cancer patients’ survival.
To overcome this, scientists have proposed a synergistic approach
combining an MCSF1 receptor inhibitor (BLZ945) with magnetic
hyperthermia treatment. They have developed magnetic liposomes
conjugated with cell-penetrating peptides to facilitate the targeted
delivery of BLZ945 to the tumor site, generating immune responses
under a low-power applied AMF.'**

Researchers have also explored immunotherapy approaches to
assess therapeutic effects in mouse models. Interleukin-2 (IL-2) stim-
ulates the proliferation of T cells, induces the generation of natural
killer (NK) cells and cytotoxic T lymphocytes (CTLs), and promotes
the synthesis of immunoglobulin produced by B cells.””>"** IL-2 has
been used in antigen-presenting cell-based tumor vaccines, and its
clinical use has been reported in patients with metastatic renal cell
carcinoma and malignant melanoma.'”>™'*” However, a study
revealed that IL-2 alone had a poor antitumor effect on lung cancer,
as there was no substantial increase in the expression of CD4 or CD8
in tumors injected with IL-2, and tumor growth was not significantly
suppressed. To overcome this limitation, IL-2 treatment combined
with magnetic fluid hyperthermia (MFH) has been employed to
improve the therapeutic effect on lung cancer.””* In one of the
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studies conducted using magnetic hyperthermia combined with
immunomodulatory agents to address B16-F10 melanoma in a
mouse model. The application of magnetic hyperthermia induced
tumor cell demise in the B16-F10 melanoma mouse model and esca-
lated inflammatory responses. Administration of an anti-
inflammatory inhibitor, glycyrrhizin, mitigated inflammation and
decelerated tumor regrowth. The synergistic approach of employing
magnetic hyperthermia alongside immunomodulators resulted in
the comprehensive regression of tumors, particularly evident in 80%
of actively growing 5-mm B16-F10 tumors.'*’

lll. CONCLUSION

Current review presented a comprehensive overview of various
biomarkers that can be utilized to enhance the efficacy of cancer
treatments through targeted magnetic hyperthermia. By binding to
ligands on the surface of magnetic nanoparticle conjugates, these
biomarkers enable the NPs to specifically adhere to target sites
when exposed to AME. Currently, there is limited research on tar-
geted magnetic hyperthermia for CSCs, which pose significant
challenges to traditional cancer therapies due to their self-renewal
capacity, tumor recurrence, and metastasis. Among the biomarkers
discussed, CD44, CD90, and CD20 are found to be overexpressed
on the surface of various CSCs. The binding of these biomarkers to
their corresponding ligands on MNPs facilitates immune escape of
cancer cells and subsequent destruction of these cells with minimal
side effects. Future studies are focused on identifying additional
biological markers that can further enhance the targeting capability
of MNPs, improving their overall effectiveness and specificity while
minimizing toxicity to healthy tissues. The review also highlights
the advantages of dual-targeted and dual drug-loaded magnetic
nanoparticle conjugates in combating cancer cells. Also, magnetic
hyperthermia has the potential to elicit anticancer immunity by
targeting immunosuppressor proteins, leading to tumor cell necro-
sis and apoptosis. This magnetic hyperthermia-mediated immuno-
therapy represents a promising approach to overcome tumor
recurrence and metastasis. Therefore, future research efforts should
focus on the development of multidisciplinary synergistic therapies
in the field of cancer treatment.
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