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Abstract

Nanotechnology has gained much attention in recent decades due to the unique
properties and behavior of materials at the nanoscale. Many nanomaterials have
been synthesized for medical applications, including diagnosis, controlling drug
release, tissue engineering, and other treatments, such as magnetic hyperthermia.
This treatment uses the properties of a specific group of metal oxide nanoparticles
that release energy in the form of heat when stimulated by an alternating magnetic
field. This heat triggers molecular processes associated with cell death; thus,
nanoparticles could induce this effect within tumors, offering potential for cancer
therapy. This work reports the synthesis, characterization, and application of
magnetite (FesOs4) as the heating agent in the magnetic hyperthermia treatment
tested in human colorectal carcinoma cells (HCT 15 cell line) within in vitro models
for further analysis by microscopy and western blotting for protein analysis.

Table of contents

ACKNOWLEAGMENTS. ... ciniiiii ettt e e s et e et e et e e e een e eeneeeneenseensenns i

F Y o 1] (- o1 S PP TP PPN ii
Table Of CONTENTS .ccuuiiiiiiiii ettt et e e e et e eenes ii
S o) il T ={U] €T PRSPPIt iv

[ o) =] o] =T PRSP PRPIN Vii
Abbreviations aNd ACIONYIMIS. . ..t ee et et et e et e eae e ersneeenesnsaaenreaenrens viii
LI L) { £ o [8Tox o] o HRO PP 1
I = F= Yot = o 1B T IR PPNt 1
1.2 Statement Of the Problem ... e e e e s e e e e e eans 5
T.3JUSHIFICAtION . vveiiiiiiii e 5
IR @ ] o ][ o V7= T N 5
LIRS 2 1Y/ o Lol d g =11 [ PPNt 6
W 1 (=T 1 (U = PP PP PPPPPIN 7
0t - | ] ] PPNt 7

b I I 070 (o] ¢=Te3 €= 1 W= o Lo =1 o (3 2 () S 13

2.2 NanomMAterialS......coivuiiiiiiiiiiiiiiii et e et e 16
2.3 Magnetic Nypertnermia ........ ... 17
2.4 Synthesis Methods OF MNPS ... e e eas 20
2.5 Biofunctionalization 0f MNPS .......ccoiiiiiiiiiiiiiiiiiiii e, 22
2.6 Magnetization in the application of hyperthermia .......cccooeeiiiiiiiiiiiiiceeeee, 25



2.7 Characterization techniques fOr MNPS.......coiiiiiii e e e e e 28

2.8 MHT frequency determination ......iciiuiiii it st et e e eaeaesaneaneaneanaens 31
3. Synthesis, Characterization, and application of magnetite (FesO4) nanoparticles............. 33
T I o) { fo e [ 8T o3 o] o H PP PPP PP 33
B2 MALEIIALS ceuiiiiiiiiii ettt et et et et e anes 33
3.2 MNPs synthesis and bioCONJUZAtION ....c..iviiiiiiiiiiiiie et ee e eaeeeenseneeneanaens 34
3.3 MNPs CharaCterization ......cc.eviiuuiiiiiiiiiiiiiii et et e 36
3.4 MNPs characterization rESULLS ........ceeiiiuriieeriieeeiiiiiieee e e e e eeeteeiieee e e e eeeeeeeanaeeeeeeeeeees 37
X-ray diffraCtion (XRD) ...c.ucuuiuiiiiiiiiie ettt ettt et et et e e e eeee e e s e ennan 37
Scanning electron MICroSCOPY (SEM) .uuuniiniiiiiiiiii e sa e e e e 38

N F= Y=t g T=] ol o] fo] o 1=T a [ J ORI 40

L0701 o oAV T= (o] o] 1 4 1= o | U 42
MINPS NEALING oo 43
Fourier Transform Infrared Spectroscopy (FTIR) ...cuvveiiiiiii e 45

3.5 MNPs selection fOr MHT ....ciuniiiiiii et 46
4. MagnNetiC NYPEITNEIMNIA. ... ittt e eaeaeen s e s e e et e anaensansansansanssnnees 48
AT MATEIIALS ettt ettt e e e e eens 48
4.2 Cell Culture and TOXICITY STUAIES ..vuuiunieiiniiiiririeee et et s et et e eeeeeneenrensenaanns 48
(7= LR o101 (U = T PP 48

VA ST IR o) (o] 1 4V (=1 ST 48

MN PS SPECITICITY TESES i iuiiiiiiii ittt e e e e e e e e e e et et sansansansanssnnees 49

4.3 Magnetic hyperthermia and protein @SSaAY ......cvvuviriurieeieiiiriieriirereieeeeeeeeeerererenaanns 49
e o =TT g I AN o = Y] 1 50
4.5 Results of MNPs biocompatibility, specificity, and MHT in Vitro .........ccccoeeviiiiiiiiiniinnnnns 55
(2] TeTef0] aq] o= 141 o111 4V (=15 €< TP 55

] ool [od 1 4V (=T € PPN 56
MagnetiC hyPerthermia .. .. oottt e eeeese s e s e ens 57
Cell VIADIlItY TEST .nerniiiiiiiiiie ettt et e e eae et eeesansensaneananssnnsansensensensensenns 59
Prussian Blue / Hematoxylin & EOSIN StAINING .....cuuiiuiiiiiiiiiiiiiiiieii e e 61
PrOtEIN @NALYSIS «uiniiiiii it ee et et e e e et e e e e e e e e e e e et e e e anaans 63

B B T o U F 1] T o PP 65
5. CONCLUSIONS L.iiiiiiiiiiiiiiiiiii ittt ettt s era e raa s eaa s esaa s seanesenanaes 67
(RT=T (=T =T Yo PPN 68



APPENIX — PUBLICATIONS ..cviiiii ittt ee st se st s e eaeassansansenssnssnnsnns 78

List of Figures
Figure 1.1. Cancer cells progress by multiple mutations in their DNA. After a series of
mutations, cells are considered cancerous, as they start forming tumors. ........cccoceeeeveieennenns 1

Figure 1.2. Stages of colorectal cancer. It starts growing in the inner lining of the large intestine,
then it can penetrate the blood or lymphatic vessels to finally metastasize to other organs. ... 2
Figure 1.3. Types of HT used in cancer therapy, depending on their extension, they are classified
as local HT, whole body HT, and Regional HT. Abbreviations: alternating magnetic field (AMF),
()Y oT=Tad =T g o 1= 1 (i I 1) O PP TP P TP PRPRRt 4
Figure 2.1. The Hallmarks of Cancer describe fundamental capabilities acquired by cancer
cells as they develop tumors, including sustaining proliferative signaling, evading growth
suppressors, resisting cell death, enabling replicative immortality, inducing angioge
angiogenesis, and activating invasion and mMetastasiS. ..ccicvviiiiiiiiiiiiiiiii e 9
Figure 2.2. The difference between normalvasculature, which is a system of stable vessels with
consistent diameters and functions, whereas cancer vasculature is a chaotic, immature
network of abnormal, tortuous, and hyperpermeable vessels with inconsistent diamet
diameters and fUNCHIONS. ...ttt et et st st e e e eneeensensensaneennan 12
Figure 2.3. Anatomy, blood supply, and lymph node drainage of the large intestine. The three
major parts relevant to colorectal cancer are labelled: colon, rectum, and anal canal. For the
blood supply, only the arterial main supply is presented. .....ccueeeeiiiiiiiiiiiiiiiiiie e 14
Figure 2.4. Colon cancer anatomy and internal view given by colonoscopy. It extends from the
small intestine, receiving processed material at the cecum, and includes the colon, rectum,
and anal canal. A polyp is shown as part of a colonoscopy, an exam of the whole colon,
performed by a flexible tube with @ camera. ........cen i 15
Figure 2.5. Schematic representation of superparamagnetic particles. The orientation of their
magnetic moments is randomly aligned in the absence of an external magnetic field; they only
get aligned in the presence of an external magnetic field and return to their unaligned
orientation after removing the external magnetic field. .......cccooviviiiiiiiiiiiiii e 20
Figure 2.6. Hysteresis loop of magnetic materials showing the magnetization (M) as a function
of an applied magnetic field (H). The loop demonstrates that the material's magnetization lags
behind the apPlied field. ...t et e e ee e et e a s e s e e e eanaaaaas 20
Figure 2.7. Schematic illustration of biofunctionalization of materials by bioconjugation. This
diagram shows how different biomolecules, such as nucleic acids, carbohydrates, peptides,
and proteins, can be attached to nanoparticles to perform a required task or enhance a
PANTICLE S PrOPEITY. cuniiiiiiiiii ittt etie ettt tee et et st etnetneeasseeseerensensensensenssnsssssessessensensensennes 24
Figure 2.8. Representation of the domains in an integrin. These proteins are formed through
noncovalent association of two type | transmembrane glycoproteins, the a- and the B subunits.

Figure 2.9. Hysteresis curves of various types of magnetic materials. The magnetization, M,
lags behind the applied field, BO, and traces out a characteristic curve known as the hysteresis
loop. The applied field strength at which the magnetization reverses is called the coercive field.
The width of the hysteresis loop indicates the hardness of the magnetic material................ 28

iv



Figure 2.10. Geometry of X-ray diffractometer. In this configuration, an X-ray source with a line
focus emits a divergent incident beam that strikes a flat powder sample. The sample is
positioned such that its surface is tangent to the focusing circle. X-rays satisfying Bragg's Law
(nA =2d sinB) for a given set of crystal lattice planes (hkl) are diffracted.......c.ccccevviviiiinnannen 30
Figure 2.11. Schematic diagram of a solenoid. A coil of N = 8 turns is wound around a high-
permeability (1) ferromagnetic core, forming a closed magnetic path with a cross-sectional
area A and a mean path length 2. The core is constructed with a pole piece to direct the
MAGNETIC TLUX. ceeeeii e ettt e e et e e e e eeneeens 32
Figure 3.1. Schematic diagram of the MNPs synthesis system by coprecipitation. A
concentrated NaOH solution is added dropwise into an Fe?* and Fe®" salt solution to form Fe;0,
nanoparticles. They were synthesized A) under a nitrogen atmosphere, and B) under ambient
LoZe] g [1 1 o] o - TN PP PRPPPTPPRRt 35
Figure 3.2. Schematic diagram of the MNPs synthesis system by chemical reduction. A solution
of FeCl2 is added to an octadecylamine (ODA) solution under a nitrogen atmosphere and
almost at the boiling PoiNt Of itS SOIVENT. ....iuiiiiiii e sa e e e e e e 35
Figure 3.3. X-ray diffraction patterns of MNPs synthesized by coprecipitation under air (black
line) and nitrogen atmosphere (red line), and by reduction in water (blue line), and EG (green
line). All of the patterns present the characteristic peaks of magnetite at 30.43, 35.81, 43.46,
B53.78, 57.30, @Nnd B82.89°. ...ttt et ettt ea et e e eaa e e aaaeaaaaaannns 38
Figure 3.4. SEM images of MNPs synthesized by coprecipitation and coated with DMSA. A) A-
MNPs. B) N-MNPs. Size distribution histograms of C) A-MNPs and D) N-MNPs. The average
diameters for MNPs synthesized by coprecipitation were 15.0* 3 nmand 235 nm. .......... 39
Figure 3.5. SEM images of MNPs synthesized by reduction and coated with NH2 groups. A) W-
MNPs and B) EG-MNPs. Size distribution histograms of C) W-MNPs and D) EG-MNPs. The
average diameters for MNPs synthesized by reductionwere 35*9nmand 347 nm. ......... 40
Figure 3.6. Magnetic characterization of MNPs synthesized by coprecipitation. A) M-H
hysteresis loops of A-MNPs and N-MNPs measured at 300 K. B) M-H hysteresis loops of N-

MNPs measured at 300 and 2 K. ...oniiniiiiiiiii et e e e e e e e e e aaas 41
Figure 3.7. Magnetic characterization of MNPs synthesized by reduction, M-H hysteresis loops
of EG-MNPs and W-MNPs measured at 300 K from arange from -3to 3kOe. .....cccevvvvnrennnne. 41

Figure 3.8. Diagram of the MHT heating system consisting of a commercial ZVS circuit
connected to a 24 V power supply and cooled with water. The temperature change of the
stimulated MNPs was recorded with an IR thermal camera........cccooueviiiiiiiiiiiiiiiiiciiciieeenens 44
Figure 3.9. MNPs heated at different concentrations, 100, 250 and 500 pg/ml. A) MNPs
synthesized by coprecipitation, A-MNPs and N-MNPs. B) MNPs synthesized by reduction, W-
MNPs and EG-MNPs. C) The concentration of 250 pg/ml resulted to be the best in both
syntheses, reaching an elevation of 6.8 and 8.9 °C, respectively. N-MNPs (solid lines) and EG-
MNPS (AASHEA LINES ) uuiuiiiiiiiiiiiiiiiiii et e e e e et e e st st et s e e aaaetessnstnssnsansensensenns 45
Figure 3.10. FTIR spectra of MNPs synthesized by coprecipitation. Bare-MNPs did not show
any significant peak, while MNPs coated with DMSA (blue line) presented the appearance of
peaks corresponding to the v(C=0), C-H, and O-H bands. MNPs@RGD (purple line) presented
the appearance of peaks corresponding to different amine groups, C=N and C-N................ 47
Figure 4.1. Schematic diagram for MHT application in vitro. 3 x 3 well arrangements were cut
and sterilized to cultivate cells for 24 hours. Then they were added with different MNPs



concentrations (0 - 1000 pg/ml) and incubated again for 24 hours. Finally, they were taken to
the MHT system for StImMULatioN. ......c.iein et e eaes 50
Figure 4.2. Order of assembly of a transfer cassette. The stack is assembled between the
negative (-) and positive (+) electrodes of a transfer apparatus. From cathode to anode, the
stack consists of: the cathode transfer clip slide, a sponge, a sheet of filter paper, the
polyacrylamide gel, the PVYDF membrane, a second sheet of filter paper, a second sponge, and
the anode tranSfer CLP SUIAE. ..u.ii it eaesaeensen s e e e anns 53
Figure 4.3. Cellular viability percentages for different MNPs concentrations, bare Fe304, and
coated with DMSA. Both groups of MNPs present a linear tendency of toxicity as the particles’
concentration increases. Nonetheless, DMSA-MNPs only presented a 21 % cell death at the
highest concentration (250 pg/ml), while bare MNPs reached a 53 % cytotoxicity. ............... 55
Figure 4.4. Combined PB and H&E staining of HCT-15 and HEK 293 cell lines treated with
increasing concentrations (0, 50, 100, 200 pg/ml) of MNPs@RGD. A, C, E, G (HCT-15 cells):
Show internalized MNPs@RGD (dark blue, indicated by arrows) and cytoplasm (pink). B,
D, F, H (HEK 293 cells): Show minimal MNP uptake, with only occasional agglomerations
outside cells (arrows) and pink cytoplasmic staining. .......ccceevviieiiiiiiiieeenieecee e 57
Figure 4.5. Temperature rise means in the cell cultures exposed to an AMF with different
MNPs@RGD concentrations. A) 0 ug/ml. B) 100 pg/mlL. C) 200 pg/ml. D) 1000 pg/ml. In the
absence of MNPs, there was only an elevation of 3 °C; in the following concentrations: 100, 200
and 1000 pg/ml, the temperature increased OVEer 5°C. ....c.iiiiuiiiiiiiiiiiiiiiieiieee e eeeeanes 59
Figure 4.6. WST-1 cell viability assay after exposing cells to MHT. The increase in MNPs
concentration in MHT significantly reduced their viability. In the absence of MNPs, but with
magnetic stimulation, cellular viability was reduced by ~ 10 %, it dropped by ~15 % with a 100
pg/ml concentration, and by ~ 45 and 80 % with concentrations of 200 and 1000 pg/ml,
FESPECTIVELY. 1uiiniitiiitiie ittt te e et eee et eee et et et eusassansensansansrnssussesssssessensensensnnesnnes 60
Figure 4.7. PB and H&E combination stain on cells treated by MHT with different MNPs
concentrations. A), B) 0 pg/ml. C), D) 100 pg/mLl. E), F) 200 pg/ml. G), H) 1000 pg/mLl. The cellular
morphology and integrity were lost as the MNPs’ concentration increased. ........ccccccovvvennenne. 62
Figure 4.8. Gel electrophoresis for evaluation of protein integrity after MHT. The control lanes
do not show significant protein degradation. Nonetheless, the lanes with proteins that were
treated with 100, 200, or 1000 pg/ml show the disappearance of high MW bands or protein
E=Yed={ Lo] a g 1=T =1 { (o] s PN PP TP PPN 64
Figure 4.9. Western blot for GAPDH (37 kDa). The band only appeared in the control lane and
the one with no MNPs. While in the groups treated by MHT with MNPs, the band did not appear,
indicative of protein denaturation. .......ccuiiue it ere e et sasasansanaanesnnas 64

Vi



List of Tables

Table 2.1. Temperature effect on Biological TISSUES.......cvvieeeeiece sttt et st r e 17
Table 2.2 Summary comparison of MNPs synthetic methods..........cccoveiniceece e, 19
Table 2.3. Effects of Oating 0N IMINPS..........coiiiiiie ettt ettt st st e e e et b s et nens ens 22
Table 3.1. Magnetic parameters of the M-H hysteresis I00ps.......cccccveeeinireneccece e e 42
Table 3.2. Coil settings and parameters SUMMAIY.......ccccoceeceinrieenece e eeste st eesaesaesaesasesesesressesnenes 43

Table 3.3 Temperature increase generated by MHT in MINPs.......cccccoiviveiveeie e ceseceeeeeesresreneene e, 43

Table 3.4 SAR ValUuES fOr IMINPS..........cui ettt sttt ettt eb e st eb b e s et b st e b s s 44
Table 4.1. Solutions for preparing electrophoresis gels........ccuviviveveiceeiece e e e 51
Table 4.2. BIOCKING CONAITIONS.......cviiiieeeecte ettt ettt ee e teste st e e ettt stesssresteetestesae s sensansesassenes 53
Table 4.3. Incubation conditions for primary antibodies.........cccceueeieieececie e 54
Table 4.4. Secondary antibody incubation coNditions...........cccceecieeeieiniccce e 54
Table 4.5. Cellular viability for cells exposed to MHT ...ttt 60

Vi



Abbreviations and acronyms

Alternating magnetic field (AMF)
Antiferromagnetic (AFM)

Blocking temperature (TB)

Coercivity (HC)

Colorectal cancer (CRC)

Curie temperature (TC)

Diamagnetic (DM)

Dulbecco’s Modified Eagle’s Medium (DMEM)
Electromagnetic (EM)
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC)
Ethyleneglycol (EG)

Extracellular matrix (ECM)

Far infrared (FIR)

Fetal bovine serum (FBS)

Ferromagnetic (FOM)

Ferrimagnetic (FIM)

Fourier Transform Infrared Spectrometry (FTIR)
Frequency (f)

Full width at half the maximum height (FWHM)
Glyceraldehyde-3-phosphate dehydrogenase (GADPH)
Hematoxylin and Eosin (H & E)

Hydrochloric acid (HCI)

Hyperthermia (HT)

Infrared (IR)

Magnetic field strength (H)

Magnetic fluid hyperthermia (MFH)

Magnetic hyperthermia (MHT)

viii



Magnetic nanoparticles (MNPs)
Magnetic resonance imaging (MRI)
Magnetic saturation (MS)

Middle infrared (MIR)
Meso-2,3-dimercaptosuccinic acid (DMSA)
Molecular weight (MW)

Molecular weight marker (MWM)
Nanoparticles (NPs)

National Cancer Institute (NCI)
Near infrared (NIR)
N-hydroxysuccinimide (NHS)
Nuclear magnetic resonance (NMR)
Octadecylamine (ODA)
Paramagnetic (PM)

Photothermal therapy (PTT)
Prussian Blue (PB)

Radiofrequency (RF)

Remnant magnetization (M)

Roswell Park Memorial Institute (RPMI 1640)

Scanning electron microscopy (SEM)
Superparamagnetic (SPM)
Tetramethylbenzidine (TMB)

World Health Organization (WHO)
X-ray diffraction (XRD)



CHAPTER1
INTRODUCTION



1. Introduction

1.1 Background
General information on cancer

Cancer is a disease characterized by a group of abnormal cells that grow
uncontrollably, ignoring the rules of cell division. Normal cells undergo cell signaling,
inducing division, differentiation, or apoptosis. On the other hand, cancer cells
develop a degree of autonomy over these signals, resulting in uncontrolled growth

and proliferation [1].

A single abnormal cell (clonal origin) can cause cancer due to an alteration in the
DNA sequence (mutation). The uncontrolled proliferation of these cells leads to a
second mutation, which continues and expands in these cells, causing the formation
of tumors (Figure 1.1). Subsequent rounds of mutation and expansion generate
growth and metastasis of the cancer, which breaks through the basal membrane
surrounding tissues and spreads to other parts of the body.

The onset and progression of cancer depend on external factors and lifestyle, such
as physical inactivity, overweight, diet, tobacco, alcohol, and drugs, as well as
intracellular factors like inherited mutations, hormonal, immunological conditions,
and metabolic mutations. These factors may act together or separately, resulting in
abnormal cell behavior and excessive proliferation. As a result, cell masses grow
and expand, which affects nearby tissues and may spread to other regions of the

body [2].
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Figure 1.1. Cancer cells progress by multiple mutations in their DNA. After a series of
mutations, cells are considered cancerous, as they start forming tumors.



Colorectal cancer

In colorectal cancer, growth initially occurs in the inner lining of the large intestine,
and then it may spread to the wall of the colon or rectum (Figure 1.2). Once the
cancer reaches the walls, it can penetrate the blood or lymphatic vessels. Cancer
cells usually spread to nearby lymph nodes first and can also be transported in blood
vessels to the liver, lungs, or other organs and tissues. The staging of cancer at the
time of diagnosis is known as its stage. This is essential for determining treatment
options and assessing prognosis [2].

In most cancers, the tumor takes months or years to be detectable. In colorectal
cancer, the growth from precancerous polyps to invasive cancer provides a unique
opportunity for prevention and early detection. Monitoring helps detect cancer early,
making treatment more successful. It also reduces mortality by decreasing the
incidence and increasing survival rates.

According to the World Health Organization (WHO), colorectal cancer is the second
leading cause of cancer-related deaths worldwide. In 2020, more than 1.9 million
new cases of colorectal cancer and more than 930,000 deaths due to colorectal
cancer were estimated to have occurred worldwide [3].
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Figure 1.2. Stages of colorectal cancer. It starts growing in the inner lining of the large
intestine, then it can penetrate the blood or lymphatic vessels to finally metastasize to other
organs.

Treatments

As with other cancers, the treatment of colorectal cancer is delicate and requires
good follow-up since, in addition to the removal of the tumor, in most cases, it is
necessary to supplement the treatment with chemotherapy and radiotherapy. The
treatment of patients with colorectal cancer is mainly based on the stage at which it



occurs, emphasizing the importance of a comprehensive strategy for diagnosis,
evaluation, and treatment [4].

Current cancer treatments can cause side effects, problems that occur when
treatment affects healthy organs or tissues. These vary from person to person, even
when receiving the same treatment. Some people have only a few side effects, while
others have many. Factors that influence this include the type of treatment, the
frequency or amount of treatment, age, and other health conditions present in the
patient [5]. However, it is important to note that, at this stage, any cancer treatment
results in the death of a large number of normal cells. Therefore, developing new
therapies is crucial.

Hyperthermia

Hyperthermia (HT) is defined as an abnormally high body temperature. This may be
caused by infection, exposure to heat, or treatment. In hyperthermia treatment, body
tissue is exposed to high temperatures to damage and eliminate cancer cells, either
alone or as an adjuvant by sensitizing cells to radiation and certain anti-cancer drugs

[6].

Since the late 19th century, doctors have observed that patients with high fever had
an unusual reduction in the number of cancerous cells. In addition, some studies
have shown that at moderately elevated temperatures (< 45 °C), there is a significant
regression or destruction of the tumors. Therefore, heat treatment originated as an
option for the destruction of cancer cells.

HT treatment is divided into two types: external and internal hyperthermia. In the
external type, heat is applied from outside the body using microwaves, radio
frequencies, ultrasound, and other methods. Conversely, the internal type introduces
substances into the body that act as sources of heat [7]. The National Cancer
Institute (NCI) recognizes three types of hyperthermia.

1. Local HT: exposes a small area, such as a tumor, to high temperatures.

2. Regional HT: heat is applied to a large area of tissue, such as an organ, cavity,
or limb.

3. Whole-body HT: used to treat metastatic cancer that has already spread
throughout the body

HT is classified according to the source of heating and the nature of the heated
target, ranging from whole-body to local and interstitial levels (Fig. 1.3). The basis of
magnetic hyperthermia (MHT) modalities is the insertion of heating sources where
macroscopic mediators are inserted into the body by precise interventions. In
contrast, micro- or nano-scale mediators are injected in the form of a colloidal
dispersion of magnetic particles, called magnetic fluid hyperthermia (MFH).
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Figure 1.3. Types of HT used in cancer therapy, depending on their extension, they are
classified as local HT, whole body HT, and Regional HT. Abbreviations: alternating magnetic
field (AMF), hyperthermia (HT).

MFH involves the use of a magnetic nanofluid in an alternating magnetic field of a
specific intensity and frequency, causing the particles to heat through the loss of
magnetic hysteresis or Neel relaxation.

Nanoparticles (NPs) are particles with a nanometric dimension range (between 1
and 100 nm). NPs have a high surface-to-volume ratio, which makes them very
reactive, versatile, and strong compared to bulk material. These properties provide
many possibilities for improving the mechanical, optical, and magnetic properties of
NPs [8]. Magnetic nanoparticles (MNPs) have garnered significant attention due to
their capability for functionalization in biomedical applications. [9]

MNPs are inorganic, zero-dimensional materials with metal-based configurations.
These NPs have gained significant importance because they can be easily
manipulated using an alternating magnetic field (AMF) and subsequently used in
various applications. MNPs exhibit intrinsic and unique properties, such as high
magnetic saturation (Ms), biocompatibility, and low toxicity.

It has been proposed that MNPs give HT a safe, easy, and practical approach to
cancer treatment. This is due to the use of MNPs with high Ms, which produce heat
to improve treatment efficiency. The route of administration may be by local injection
or in the nearby intravascular region while an external AMF is applied. This leads to
heat being concentrated in the affected cells, known as magnetic hyperthermia or
magnetic nanofluid hyperthermia (MNFHT). In which magnetic fluids are used as
stable colloidal suspensions of NPs in liquid media.



1.2 Statement of the problem

The necessity of developing novel materials with multifunctional capabilities is vital
for technological advancement. Nanotechnology, a rapidly progressing field, offers
numerous applications within this size regime. For instance, in biomedicine,
nanomaterials can be engineered to perform singular or multiple functions,
contingent upon their composition, design, and preparation methodology.

Most routes to synthesize nanomaterials require complex systems and equipment
to apply and carry out determined conditions, such as high temperatures, pressures,
or atmospheres, among others. The cost of these devices tends to be high, and they
often require specialized installations, which also demand high energy consumption.

In this work, we synthesized magnetite nanoparticles using basic lab equipment to
obtain nanoparticles  with high  crystallinity, size  monodispersity,
superparamagnetism, and biocompatibility, excellent properties for using these
MNPs in MHT. In addition, the proposed methodology can be considered green
chemistry, as it does not require the use of toxic reagents and is performed at
ambient temperature, only requiring magnetic stirring and a nitrogen atmosphere.

1.3 Justification

This work aims to develop magnetite nanoparticles that can act as heating agents in
MHT. Most of the particles reported in the specialized literature, used for this
treatment, are synthesized in organic solvents with high boiling points, making them
cytotoxic and water-insoluble; therefore, further functionalization steps are required
to enable their use in biological systems. Here, we developed nanoparticles capable
of performing MHT without requiring organic solvents or high temperatures for their
synthesis, making the synthesis route more eco-friendly than most currently
employed particle preparation methodologies. Additionally, our particles were tested
for MHT, yielding promising results in in vitro models.

1.4 Objectives

General

To develop magnetite nanoparticles (MNPs) by a modified method for their use in
MHT in in vitro cancer models.

Specific

e To synthesize and characterize superparamagnetic MNPs.

e To functionalize MNPs to enhance their biocompatibility and specificity toward
cancer cells.

e To determine the biocompatibility and target specificity of functionalized
MNPs.

e To evaluate the ability of MNPs in generating magnetic hyperthermia therapy.



e To identify proteins involved in cellular metabolic pathways that are affected
following magnetic hyperthermia therapy.

1.5 Hypothesis

Magnetite nanoparticles synthesized by the co-precipitation method at room
temperature exhibit superparamagnetic properties and show specificity toward
cancer cells after bioconjugation, making them suitable for inducing magnetic
hyperthermia and promoting cancer cell death through protein denaturation.
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2. Literature

In this chapter, it is presented the literature review of the main characteristics of
cancer, how it is treated, and how new technologies as nanomaterials and targeted
therapy, are being used to treat this disease. As part of these novel therapies,
magnetic nanoparticles are presented as the cornerstone of this work; they are
briefly described, and how they can be evaluated to achieve magnetic hyperthermia
treatment.

2.1 Cancer

Cancer is a life-threatening disease caused usually by environmental factors that
mutate genes responsible for coding proteins critical to cellular regulation. These
factors lead to aberrant cellular behavior, resulting in abnormal cell masses that
expand and destroy healthy tissue in the surrounding environment. The cancer then
spreads to vital organs, resulting in a disseminated disease that commonly leads to
death [1].

By 2040, it is expected to have 30 million new cases of cancer and 15.3 million
deaths. One of the leading causes of this is increased life expectancy and the fact
that most cancers are more common in older people, combined with the lifestyle
adopted (junk food, smoking cigars, and drinking alcohol), which are the causes of
about 30% of cases. Today, cancer treatment is very expensive, so it's crucial to
prioritize early detection. By identifying and classifying the type of cancer being
treated, a more accurate prognosis can be obtained, and a tentative treatment plan
can be developed [3].

Classification

Tumors are classified according to their behavior as 'benign' or 'malignant.' The
former are usually slow-growing masses that, instead of invading surrounding tissue,
only compress it. They generally do not represent a major threat and may be easily
removed. However, in some cases, they have malignant potential, especially those
developed in the large intestine, which must be eliminated before they develop
malignancy by invading nearby tissue [1].

Nomenclature

Usually, the suffix "oma" is used to denote a benign tumor. In the case of glandular
epithelium, it is called "adenoma," and the superficial epithelium is called
"papilloma." Malignant tumors of epithelium and connective tissue are called
"carcinoma" and "sarcoma," respectively. There are also some exceptions to this
nomenclature. Leukemia and lymphoma refer to tumors in the bone marrow and
lymphatic system, respectively [1].



Hallmarks of cancer

They are comprised of six biological abilities acquired during tumor development.
They are organized in such a way that they can rationalize the complexities of this
neoplastic disease (Fig. 2.1) [10]. They consist of sustaining proliferative signaling,
evading growth suppressors, resisting cell death, enabling replicative immortality,
inducing angiogenesis, and activating invasion and metastasis.

Sustaining proliferative signaling

It is the ability to maintain chronic proliferation by producing proteins that allow
them to continue with it.

Evading growth suppressors

Cancer cells disregard the inhibitory signals that regulate cell growth, allowing
them to continue their growth and proliferation.

Resisting cell death

Tumor cells develop several strategies to limit or prevent apoptosis, the most
common being the loss of the TP53 tumor suppressor function, which
eliminates this cell damage sensor that induces apoptosis. At the same time,
cells increase the expression of anti-apoptotic regulatory proteins.

Enabling replicative immortality

Tumor cells maintain telomeric DNA long enough to prevent senescence or
apoptosis by regulating telomerase expression or with a telomere
maintenance mechanism.

Inducing angiogenesis

Tumor cells require nutrients and O2, as well as the ability to eliminate
metabolic waste and CO2. These cells release pro-angiogenic factors to
produce neovascularization from nearby vessels.

Activating invasion and metastasis

Cells migrate from the primary tumor to another site through the blood or
lymphatic system, and metastases cause almost 90% of cancer deaths [10].
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Figure 2.1. The Hallmarks of Cancer describe fundamental capabilities acquired by cancer
cells as they develop tumors, including sustaining proliferative signaling, evading growth
suppressors, resisting cell death, enabling replicative immortality, inducing angioge
angiogenesis, and activating invasion and metastasis.

Treatment

The cancer treatment landscape has changed dramatically in recent years. The time
when surgery and radiation therapy were the only effective ways to combat tumor
growth is over. Currently, a scenario is emerging where the molecular characteristics
of tumors appear to be the cornerstone of any therapy. There is an overview of
different approaches to cancer treatment, including some classical therapies for
cancer, including surgery, radiation therapy, chemotherapy, and endocrine therapy,
among others [11,12].

Surgery is the most effective treatment for well-located primary and lymphatic
tumors. When used as a single treatment, surgery heals more patients than any
other cancer therapy used individually because surgery kills 100% of the cells
removed. On the other hand, chemotherapy and radiation therapy can only kill a
percentage of tumor cells with each treatment, so these processes are
complementary.

In the last couple of decades, there have been significant improvements in both
surgical technique and the use of combined modality therapy, which has significantly
reduced morbidity and mortality associated with surgery for solid neoplasms.

Surgery

Small, thin knives called scalpels and other sharp tools are used in surgery to cut
through the body during the process. Surgery often requires cuts through the skin,



muscles, and even bones. After surgery, these cuts may be painful and may take
some time to heal.

In this procedure, anesthesia prevents pain during surgery. This refers to drugs or
other substances that cause loss of sensitivity or awareness, depending on the type
of anesthesia used: local, regional, or general.

Other ways of performing surgery do not involve scalpel cuts, such as cryosurgery,
laser surgery, and photodynamic therapy, among others.

Radiotherapy

It is a cancer treatment that uses high doses of radiation to kill cancer cells and
reduce the size of tumors. Cancer cells whose DNA is damaged stop dividing or die.
When the damaged cells die, the body breaks them down and eliminates them.

This therapy does not destroy cancer cells immediately. Days or weeks of treatment
are needed before the DNA is damaged enough that cancer cells die.

There are two main types of radiation therapy, external and internal beam. External
beam radiation therapy comes from a machine that directs the radiation to the
cancer. Internal radiation therapy is a local treatment, meaning it treats a specific
body part. In it, a source of radiation, which can be solid or liquid, is placed inside
the body.

Chemotherapy

It is a type of cancer treatment that uses drugs to kill cancer cells. It works by
stopping or slowing the growth of cancer cells, which grow and divide rapidly. This
therapy can be used to treat cancer by decreasing the chance of it coming back after
another treatment and also by stopping or slowing its growth. This therapy can also
relieve some symptoms of cancer, such as reducing tumors that cause pain and
other problems.

Chemotherapy destroys rapidly growing cancer cells and kills or slows down the
growth of healthy cells that grow and divide quickly, such as oral and intestinal
mucosa cells and follicular epithelium cells. This treatment can cause side effects,
such as mouth sores, nausea, and hair loss. However, the side effects usually
improve or disappear after the chemotherapy ends.

Novel therapies have also recently emerged in the age of directed therapy, including
new antibodies, small molecules, antiangiogenic agents, viral therapy, gene therapy,
and hyperthermia.

Hyperthermia

Hyperthermia (HT), also known as heat therapy or thermotherapy, is used in addition
to surgery, radiation therapy, chemotherapy, gene therapy, and immunotherapy. HT
consists of raising the body's temperature or a particular region above a temperature
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threshold set by the body's thermoregulation system [13]. In oncology, an artificial
way to increase body tissue temperature is by supplying heat from external sources
to destroy cancer cells or prevent their growth. HT works in a temperature range
from 40 to 48 °C for one hour or more. Other thermal therapies are defined by the
temperature range in which they work; for example, coagulation is in ranges > 50
°C, thermal ablation between 60 and 90 °C, and carbonization at > 200 °C [14-16].

Biological principles of hyperthermia

Several studies have shown that high temperatures directly damage cancer cells
and sensitize them to other treatment modalities (radiotherapy, chemotherapy,
immunotherapy, gene therapy), usually producing minimal or no injury to healthy
tissue, so it is considered an adjuvant therapy [6,17]. HT can kill cells independently,
and it helps eliminate radiation-resistant cells deeper into tumors due to hypoxic
conditions. It also improves the effects of chemotherapeutic agents and increases
immune system reactions against the tumor.

Cell death depends on the heating duration and the temperature levels reached in a
determined number of treatment sessions. The higher the temperature and the
longer the tumor is exposed to heat, the more lethal the effect will be, and the cells
will generate no thermotolerance. By raising the temperature above its physiological
level, intracellular proteins are denatured, destabilizing the membrane, cytoskeleton,
enzymes, signal transduction, macromolecular synthesis, and nucleus, as well as
producing changes in blood flow, vascular permeability, and tumor oxygenation.
Finally, the heated cells are necrotic or apoptotic, dead or sensitized to radio or
chemotherapy [18,19].

Environmental and vascular conditions are also important. Damage to cancer cells
is promoted by chronic hypoxia, decreased pH, nutrient deprivation, and poor cooling
caused by pathological microvasculature found within the tumor (Fig. 2.2). These
conditions are not seen in healthy tissue and therefore it is not affected by heat
treatment [20].
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Figure 2.2. The difference between normal vasculature, which is a system of stable vessels
with consistent diameters and functions, whereas cancer vasculature is a chaotic, immature
network of abnormal, tortuous, and hyperpermeable vessels with inconsistent diamet
diameters and functions.

Methods of hyperthermia

There are three clinical methods of hyperthermia with high-temperature application,
depending on the location, depth, and tumor staging: local, regional, and whole-
body. In local hyperthermia, heat is transferred to localized neoplasms, where the
heating temperature can reach 80 °C for complete tumor ablation [21]. Regional
hyperthermia is used for advanced or deep neoplasms; the goal is to achieve specific
physiological effects, such as cell death, without causing serious injury to the
adjacent normal tissue, so the heating temperature is usually 41-45 °C [22]. In full-
body hyperthermia, a heating temperature of 39-41 °C is used to mimic the effects
of fever and not damage healthy tissue; this method, with more moderate
temperatures, is used in combination with other therapies to treat metastatic cancer
and widespread neoplasms [14].

Different types of energy are currently used for heat application and hyperthermia
induction. One of the most common methods is exposure to external stimuli, such
as infrared (IR) light, or immersing the tumor in a hot water bath. However, it is only
used for easily accessible tumors because of its difficulty in application and lack of
spatial control. Another widely used method is the insertion of metal probes into the
tumor and raising its temperature by supplying it with specified amounts of energy
using radio waves or microwaves, thus allowing rapid and substantial increases in
temperature, which is suitable for ablation [23]. Techniques such as high-intensity
focused ultrasound allow non-invasive warming of internal organs and are very
promising for local hyperthermia of deep tumors [24]. Recently, nanomaterials
activated by external energy sources have been used for local hyperthermia [25].
Distributing nanoparticles (NPs) evenly throughout the tumor allows better
temperature control and a more even temperature distribution [26]. These
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advantages facilitate studies on how local hyperthermia stimulates the antitumor
immune response.

2.1.1 Colorectal cancer (CRC)

Introduction

The adult large intestine includes the colon, rectum, and anal canal. The colon can
be divided into the right colon (cecum, ascending colon, and right 2/3 transverse
colon) and left colon (left 1/3 transverse colon, descending colon, and sigmoid
colon). The blood supply of the colon is mainly from the mesenteric artery; the veins
are accompanied by the arteries of the same name, and the lymphatic network
drains through the regional lymph nodes (Figure 2.3). The colon is innervated by the
vagus and pelvic nerves. The function of the right colon is mainly to absorb water
and some nutrients, while the main function of the left colon is to store and excrete
feces. Notably, the colon secretes gastrointestinal hormones and alkaline mucus
substances.

Based on sites of onset, rectal cancer accounts for 49.66%, colon cancer accounts
for 49.09%, and both sites combined account for 1.25%. Among colon cancers, the
most common sites are the sigmoid colon (55%), followed by the ascending colon
(23.3%), transverse colon (8.5%), descending colon (8.1%), cecum (8.0%), and
crossing site (2.1%) [27].

Overview

Colon cancer is a growth of cells that begins in a part of the large intestine called the
colon. The colon is the first and longest part of the large intestine. The large intestine
is the last part of the digestive system. The digestive system breaks down food for
the body to use.

Colon cancer typically affects older adults, though it can happen at any age. It usually
begins as small clumps of cells called polyps that form inside the colon. Polyps
generally aren't cancerous, but some can turn into colon cancers over time.

Polyps often don't cause symptoms. For this reason, doctors recommend regular
screening tests to look for polyps in the colon. Finding and removing polyps helps
prevent colon cancer.

If colon cancer develops, many treatments can help control it. Treatments include
surgery, radiation therapy, and medicines, such as chemotherapy, targeted therapy,
and immunotherapy.

Colon cancer is sometimes called colorectal cancer. This term combines colon
cancer and rectal cancer, which begins in the rectum [28].
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Figure 2.3. Anatomy, blood supply, and lymph node drainage of the large intestine. The
three major parts relevant to colorectal cancer are labelled: colon, rectum, and anal canal.
For the blood supply, only the arterial main supply is presented.

Symptoms

Many people with colon cancer don't have symptoms at first. When symptoms
appear, they'll likely depend on the cancer's size and where it is in the large intestine
(Figure 2.4).
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Figure 2.4. Colon cancer anatomy and internal view given by colonoscopy. It extends from
the small intestine, receiving processed material at the cecum, and includes the colon,
rectum, and anal canal. A polyp is shown as part of a colonoscopy, an exam of the whole
colon, performed by a flexible tube with a camera.

Symptoms of colon cancer can include:
e Achange in bowel habits, such as more frequent diarrhea or constipation.
e Rectal bleeding or blood in the stool.
« Ongoing discomfort in the belly area, such as cramps, gas, or pain.
« Afeeling that the bowel does not empty during a bowel movement.
o Weakness or tiredness.

e Losing weight without trying.

Causes

Colon cancer happens when cells in the colon develop changes in their DNA. A cell's
DNA holds the instructions that tell the cell what to do. The changes tell the cells to
multiply quickly. The changes let the cells continue living when healthy cells die as
part of their natural lifecycle.

This causes too many cells. The cells might form a mass called a tumor. The cells
can invade and destroy healthy body tissue. In time, the cells can break away and
spread to other parts of the body. When cancer spreads, it's called metastatic cancer.
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Risk factors

Factors that may increase the risk of colon cancer include: older age, inflammatory
bowel diseases, family history of colon cancer, low-fiber, high-fat diet, not exercising
regularly, diabetes, obesity, smoking, drinking alcohol, and radiation therapy for
cancer [28].

Prevention
e Screening for colon cancer

It is recommended that people with an average risk of colon cancer consider starting
colon cancer screening around age 45. But people with an increased risk should
think about starting screening sooner. People with an increased risk include those
with a family history of colon cancer.

There are several different tests that are used for colon cancer screening. Talk about
your options with your health care team.

o Lifestyle changes to reduce the risk of colon cancer

Making changes in everyday life can reduce the risk of colon cancer. For example:
eat a variety of fruits, vegetables, and whole grains, drink alcohol in moderation, if at
all, stop smoking, exercise most days of the week, and maintain a healthy weight,
among others.

2.2 Nanomaterials

Nanomaterials are materials with at least one dimension in the ‘nano’ scale, which
is a billionth part (10-°) of a unit. Within this range, materials present unique
properties that significantly differ from those presented at an atomic level and those
found in bulk materials. The properties of nanoparticles depend on their material,
size, geometry, and even the medium in which they are dispersed. Based on the
degree of spatial confinement, nanomaterials can be subdivided into four major
types: (a) zero-dimensional nanomaterials (0OD), all the dimensions are in nanometer
scale, e.g., nanoparticles, (b) one-dimensional (1D) nanomaterials, any one of the
three dimensions is of nanometer scale e.g., nanorods, nanowires, (c) two-
dimensional (2D) nanomaterials, any two of the three dimensions are of nanometer
scale e.g., nanosheets, nanoplates, and nano-coatings and (d) three-dimension (3D)
nanomaterials, their three dimensions are larger than 100 nm and electrons are not
confined in any direction [29].

Metallic nanoparticles (NPs) are widely used in different areas, such as electronics,
optics, catalysis, industry, and some biomedical applications, including drug delivery,
diagnosis, therapy, or the latter combination known as theragnosis [30-35]. These
particles are also known as inorganic NPs due to their composition based on gold,
silver, copper, iron, nickel, or cobalt, to mention a few [36,37]. For example, noble
metal NPs present surface plasmon resonances with absorption in the visible and
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infrared regions. This makes them suitable as sensing materials by controlling their
optical properties, such as absorption or scattering, which depend on the particle
size, morphology, and composition [38]. On the other hand, metallic NPs can also
be used as contrast agents, typically containing paramagnetic ions that influence the
nuclear magnetic resonance (NMR) of water protons in magnetic resonance imaging
(MRI) [39-43].

Besides detection, metallic NPs can be used in treatments, often modifying them by
adding other metals, biological molecules, or carbon-based substances [44]. For
example, in 2008, Liu et al. [45] used graphene as a nanocarrier, and since then, it
has been used in diverse biomedical applications. Another technique consists of
doping noble metals such as gold or silver to facilitate and deliver drugs precisely
[46—49] or use them directly as the treatment agents in photothermal therapy
(PTT), an increment in temperature after absorbing light at a resonant frequency
[50-53]. This heating has been recently used to treat cancer because it can be well
localized, avoiding damaging healthy cells nearby, and it can be done in different
ways: optical heating by lasers, heating microbubbles with ultrasound, or exposing
magnetic NPs to an alternating magnetic field (AMF) known as magnetic
hyperthermia (MHT) [54-57].

2.3 Magnetic hyperthermia

Thermal therapy, also known as thermotherapy, is based on the transfer of thermal
energy into or out of the body. The primary goal of this therapy is to achieve a
successful treatment outcome while minimizing damage to healthy tissue.
Depending on the power and thermal energy applied to the tissue, it can reach a
certain temperature with different effects (Table 2.1) [58].

HT works in a range between 40 and 46 °C, temperatures at which cancer cells are
vulnerable due to their pathological vascularization [8,13,58]. This therapy can be
classified into three main categories: localized, regional, and whole-body
hyperthermia. Depending on where the tumor is located, HT can also be classified
based on the energy source used to apply heat, such as microwaves, radio
frequency, and ultrasound [14,18,22,59].

Table 2.1. Temperature effect on Biological Tissues.

Temperature Time Physical effects Biological effects
‘°c) requirements
30 -39 No time limit None Growth

17



40-46

Change in optical

Increased perfusion,

30-60min properties thermotolerance

induction,
hyperthermic killing

47 -50 >10 min Necrosis, coagulation Protein denaturation,
not subtle effects

>50 >~2min Necrosis, coagulation Cell death

60-140 Seconds Coagulation, ablation Protein denaturation,
membrane rupture,
cell shrinkage

100 - 300 Seconds Vaporization Cell shrinkage and
extracellular steam
vacuole

> 300 Milliseconds Carbonization, smoke Carbonization

generation

MHT was first used in 1957 by Gilchrist et al. [60], using magnetic particles as
heating sources when exposed to a radio frequency field (RF). Three effects
generated the material heating:

e Dielectric loss occurs in poorly conductive materials when exposed to an
electromagnetic (EM) field

e Eddy's current loss for conductive materials in an EM field

e Hysteresis acts as a magnetic friction

This work served as a foundational step in utilizing magnetic particles, which have
greatly advanced with the development of nanotechnology to produce as a
foundational step in utilizing magnetic particles, which have greatly advanced with
the development of nanotechnology to produce MNPs [61,62].

MNPs have been synthesized in different sizes and morphologies. These kinds of
particles can be classified into two main categories depending on their structure:
magnetic alloy nanoparticles and magnetic metal oxide nanoparticles [8];
nevertheless, in the latter group, iron oxide nanoparticles (magnetite FesO4 and
maghemite y-Fe203) are more suitable for biomedical applications due to their low-
cost production, physical and chemical stability, biocompatibility and
biodegradability, besides they can be designed to accomplish certain tasks [63,64].

However, despite these advantages, MHT clinical use is limited by the magnetic field
strength (H) and frequency (f) applied. Due to AMF limitations, the thermal
conversion efficiency relies on the MNPs, so controlling their crystalline structure,
shape, and monodisperse size range is indispensable when synthesizing them
[8,61,65—72]. There are several protocols for synthesizing MNPs, which can be
categorized into two major routes: aqueous and non-aqueous. The first approach is
convenient due to its relatively low cost and sustainability; however, obtaining water-
soluble, monodisperse MNPs that exhibit excellent magnetic properties remains
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challenging. On the other hand, most non-aqueous routes generate MNPs that can
only be dissolved in nonpolar solvents [8,61,64]. Some of the most common
synthesis routes and their characteristics are presented in Table 2.2 [64].

Table 2.2. Summary comparison of MNPs synthetic methods.

Method Reaction temp. Reaction Size Shape
‘°c) time distribution control

Co-precipitation 20-150 Minutes Relatively Not good

narrow

Thermal 100-350 Hours-days  Very narrow Very good

decomposition

Hydro or 150-220 Hours-days Very narrow Very good

solvothermal

Sol-gel and polyol 25-200 Hours Narrow Good

When MNPs are below ~70 nm, they present superparamagnetic behavior, meaning
that thermal energy within them is enough to change their magnetization (Figure 2.5)
spontaneously. This means that they have no net magnetic moment at room
temperature in the absence of a magnetic field. In the presence of a magnetic field,
net magnetization originates from the alignment of the magnetic moments with the
field; however, this effect does not persist when the field is removed. This lack of
remanent magnetization is required for biomedical applications. This phenomenon
can be observed in the hysteresis curve (Figure 2.6); when the applied magnetic
field (H) is absent, the remnant magnetization (Mr) is zero. Then, when H is
increased, the dipoles within the material start aligning with the field, and the
magnetization increases. M reaches its maximum value at the saturation
magnetization (Ms) and cannot increase beyond this with increasing H. The absolute
value of H at which M becomes zero is called the coercivity (Hc) or the residual
magnetism of the material [57,73]. The performance of nanoparticles can be
enhanced by functionalization with suitable materials [57,74], either organic or
inorganic compounds [75]. Nanoparticles’ functionalization determines properties
such as wettability, stability, biochemical affinity, loading capacity, cell adhesion,
intracellular delivery, toxicity, and therapeutic performance [8,64].
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Figure 2.5. Schematic representation of superparamagnetic particles. The orientation of
their magnetic moments is randomly aligned in the absence of an external magnetic field;
they only get aligned in the presence of an external magnetic field and return to their
unaligned orientation after removing the external magnetic field.
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Figure 2.6. Hysteresis loop of magnetic materials showing the magnetization (M) as a
function of an applied magnetic field (H). The loop demonstrates that the material's
magnetization lags behind the applied field.

2.4 Synthesis methods of MNPs
Coprecipitation

Coprecipitation is the most common method and was first reported by Massar. It
consists of mixing ferric and ferrous ions at a 1:2 ratio in a room or at an elevated
temperature in the presence of a base. The nucleation of Fe3O4 occurs quickly when
the solution pH is below 11, while growing FesOa4 particles is easier when the pH is
above 11 [64,75,76]. It has been widely used since then for its numerous
advantages, such as its simplicity and high-scale production, besides the particle
tuning by changing the reaction temperature [77].

Different surfactants and biomolecules have been introduced to avoid aggregation
and biocompatibility problems. For example, Salavati-Niasari et al. [76] added
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octanoic acid as a surfactant, obtaining 25 nm monodisperse particles. Adding
surfactants directly during synthesis enables multiple surface functionalities for
subsequent coatings.

However, the coprecipitation method's control over particle size, morphology, and
composition remains limited. NPs properties are highly dependent on experimental
parameters, such as the nature of the iron salts, the Fe(ll) / Fe(lll) ratio, pH, and the
ionic strength of the medium. For example, in the presence of NaOH, Pereira et al.
improved some particles' properties by using alkanolamines as their alkaline agent
instead of regular bases [78].

Thermal decomposition

This synthesis route can be divided into two strategies: hot-injection approaches,
where the precursor is injected into a hot reaction mixture, and conventional
reactions, where the mixture is prepared at room temperature and then heated.
Contrary to the polydispersity and amorphous MNPs obtained by co-precipitation,
this route offers the possibility of obtaining a narrow-size particle distribution and
highly crystalline particles [64].

Thermal decomposition involves forming metal oxides by exposing organometallic
precursors to high temperatures (100-350°C) and adding organic molecules as
stabilizers. These molecules can slow down the nucleation process, affecting the
adsorption of additives on the nuclei and their subsequent growth, thereby allowing
smaller MNPs to form. Sun and Zeng [79] synthesized monodisperse MNPs from 3
to 20 nm by using Tris(acetylacetonate) iron (lll) (Fe(acac)s) in phenyl ether with
alcohol, oleic acid, and oleylamine by a seed-mediated growth method and then
dispersed the particles in nonpolar solvents. Using cupferron Fe(Cup)3 as a single
precursor, it produces monodispersed maghemite (y-Fe203) NPs [80], which can
also be synthesized by changing the precursor to Fe(CO)s in the presence of
residual oxygen of the system and by consecutive aeration [81]. Hyeon et al. [82]
also prepared highly crystalline and monodisperse y-Fe203 NPs by the aging of the
iron—oleic acid metal complex from iron pentacarbonyl (Fe(CO)s) in the presence of
oleic acid. This synthesis route is commonly used to prepare MNPs with different
shapes, such as nanocubes or nanospheres, using different precursors, additives,
and solvents during the process. Nonetheless, this method has many advantages in
controlling size distribution and morphology. However, MNPs can only be dissolved
in nonpolar solvents and require post-functionalization to be transferred to water.

Hydrothermal synthesis

The hydrothermal route involves various wet-chemical technologies for crystallizing
substances in a sealed container from a high-temperature aqueous solution and
elevated pressure, at 130-250 °C and 0.3 to 4 MPa, respectively. This method can
be divided according to whether or not to use specific surfactants, and it is suitable
for the growth of MNPs while maintaining control over their composition [64,75].
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Hydrothermal and solvothermal synthesis routes have been developed to prepare
MNPs with controllable size and shape [83—85]. For example, Ma et al. developed a
facile template-free synthetic route to fabricate various hematite (a-Fe20s3)
nanostructures by modifying synthesis parameters such as reaction time and solvent
[86]. This method has also been combined with co-precipitation to prepare
monodisperse magnetite MNPs at 70 °C from ferrous and ferric ions by an
N(CHs)4OH solution, followed by hydrothermal treatment at 250 °C [87].

Despite presenting advantages over thermal decomposition while obtaining a similar
size distribution and shape control, MNPs synthesized by this route are commonly
easily oxidized in contact with air.

2.5 Biofunctionalization of MNPs

MNPS should show extremely low toxicity when interacting with biological systems.
However, this does not always happen; for this reason, nanoparticles usually need
to be functionalized or even bioconjugated before they can interact with living
organisms (i.e., cells) in a desirable and controllable manner to reduce their side
effects.

Besides biocompatibility, additional advantages are obtained after functionalizing the
nanoparticles. Some of them have major resistance to oxidation, better colloidal
stability, and the ability to bind to desired biomolecules on cells known as targets
[88]. Among the most commonly used coating materials are biomolecules, including
proteins, DNA, carbohydrates, lipids, and peptides, as well as nanomaterials such
as quantum dots, carbon nanotubes, metal nanoparticles, and polymers. Table 2.3
shows some advantages of coated MNPs.

Table 2.3. Advantages of coating MNPs.

Improving physical and chemical properties of MNPs.

Become biocompatible and exhibit low toxicity.

Improves colloidal stability, dispersity, blood circulation enhancement, and specific
targeting

More resistant to oxidation.

Appropriate surface functionalization for protein absorption.

Prevention of opsonization of MNPs by the reticuloendothelial system for faster
blood clearance.

The synthesis routes utilized to prepare MNPs are fundamental for fabricating
monodisperse and superparamagnetic nanoparticles, which could later be
functionalized for different applications. Despite several synthesis techniques,
obtaining materials with suitable physical and chemical properties for safe
application in biological systems with minimal collateral effects remains challenging.
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Magnetic hyperthermia can be significantly enhanced by combining it with specific-
targeting ligands, luminescent molecules, and chemotherapeutic drugs, thereby
acting as a multifunctional material that facilitates diagnosis, drug delivery, and
efficient therapy.

MNPs bioconjugation

Bioconjugation refers to a group of chemical techniques used to ligate two
molecules, one of which is usually a biomolecule, as mentioned previously, thereby
combining the properties and characteristics of both starting materials in the final
structure (Figure 2.7) [89].

The bioconjugation of MNPs with peptides such as Arginylglycylaspartic acid (RGD)
can take advantage of the overexpression of cellular receptors on the membrane
surface that also allow molecular internalization by different mechanisms, such as
binding to membrane integrins [90].

Integrins are membrane proteins that play important roles in pathological and
developmental processes. This family consists of 24 a3 heterodimeric members that
are responsible for binding cells to the extracellular matrix (ECM), in addition to
participating in specialized cell-cell interactions. The a subunit is composed of a B
helix with seven blades, which is connected to a thigh, a calf-1 and calf-2 domain,
forming the structure of the leg supporting the integrin head (Fig. 2.8). A subset of
integrins recognizes the arginylglycilaspartic acid (RGD) sequence in native ligands.
In some ECM molecules, such as collagen and specific laminin isoforms, the RGD
sequences are exposed during denaturation or proteolytic cleavage, allowing cells
to bind to these ligands through RGD-binding receptors [91].
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Figure 2.7. Schematic illustration of biofunctionalization of materials by bioconjugation. This
diagram shows how different biomolecules, such as nucleic acids, carbohydrates, peptides,
and proteins, can be attached to nanopatrticles to perform a required task or enhance a
particle's property.
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Figure 2.8. Representation of the domains in an integrin. These proteins are formed through
noncovalent association of two type | transmembrane glycoproteins, the a- and the (3
subunits.
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2.6 Magnetization in the application of hyperthermia

Types of magnetism

Magnetism originates from the orbital and spin movements of electrons, and its
strength depends on the intensity of interaction between them. In some materials,
the interactions of atomic magnetic moments are not collective, and the interactions
of the other atomic materials are sufficiently strong, leading to a significant distinction
between all magnetic materials. Because of this, materials are mainly classified into
five categories according to their response to AMF: diamagnetic (DM), paramagnetic
(PM), ferromagnetic (FOM), ferrimagnetic (FIM), antiferromagnetic (AFM), and
Superparamagnetic [92,93].

Ferromagnetism

It is an inherent property that makes some materials naturally magnetic. FOM
materials are attracted to magnets in the presence of an AMF, which is insignificant
because this property makes them capable of attracting other FOM materials.
Transition metals (Fe, Ni, Co) and their alloys are commonly FOM materials at room
temperature or even higher; their atomic magnetic moments tend to be parallel. In
general, FOM materials can be classified according to their coercivity (Hc) as soft
(low Hc) and hard (high Hc). This classification implies that the hard group exhibits
a broader hysteresis cycle, requiring more energy for magnetization. These
materials have two distinct characteristics. The first is the net (spontaneous)
magnetization attributed to the internal molecular field, even after removing the AMF.
The second refers to the temperature-dependent magnetic order [93]. These
characteristics indicate that FOM materials retain magnetic properties even without
an AMF. The positive energy moment indicates that FOM materials show a high
positive susceptibility and magnetic permeability [9].

Below the Curie temperature (T¢), long-range FOM magnetic moments are aligned
in one direction, reducing the energy of material exchange. Above the T¢, the FOM
properties disappear, and the PM properties replace them, and consequently, the
magnetic moments become disordered. Thanks to these remarkable characteristics
of the FOM on the nanoscale, a monodomain can achieve the desirable magnetism
known as superparamagnetism [94,95], which is an essential requirement for
magnetic hyperthermia. It has been observed that graphene oxide can transform
from ferromagnetism to superparamagnetism if the magnetic domain of graphene
oxide FOM is decreased through the removal of functional groups [96]. Therefore,
FOM materials may be promising thermal agents for magnetic hyperthermia.

Ferrimagnetism

This state of magnetism can be observed in compounds with more complex
structures, but not in pure elements. Some Fe oxides combine with at least one
transition metal, such as Mn, Ni, or Zn, to produce FIM materials whose magnetic
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properties depend on electronic interactions related to metal ions. Ferrimagnetism
states, such as ferromagnetism, occur when the magnetic moments of a material
spontaneously align under the T¢ to produce net magnetization. In the absence of
a magnetic field, the FIM network consists of two distinct subnets with varying forces.
The magnetic moments of these subnets are randomly oriented with unequal
magnitudes and anti-parallel alignments, implying that the magnetic moments in one
direction are stronger than those in the opposite direction, which generates net
magnetization. Therefore, the FIM magnetic behavior, like FOM, involves net
magnetization, Tc, and hysteresis, but these vary depending on the magnetic
arrangement. FIM materials show the FOM properties below the T¢ but follow the
PM behavior above the Tc. Both FIM and FOM show superparamagnetic behavior
above the blocking temperature (Tg) [97]. This indicates that nanomaterials with
this type of magnetism demonstrate the FOM capabilities that can be achieved in
magnetic hyperthermia.

Superparamagnetism

It is a type of magnetism that occurs in very small FIM or FOM particles, in the range
of a few nanometers to a couple of tenths of nanometers. The aligned spin
orientations of large particles are arranged in domains; therefore, these domain walls
(multidomain) are present in most materials and require relatively little energy to
move them. However, in smaller particles (~2 - 20 nm), the number of domain walls
per particle decreases to one wall (monodomain), where superparamagnetism
(SPM) is observed due to the lack of limits and minimum energy.

Nanoparticles with SPM make sense if the temperature is below the T¢, because
their properties depend on the net magnetic moment. The NPs with SPM are aligned
in a preferred arrangement, thereby achieving magnetization faster than other
states. At the same time, each atomic magnetic motion retains its ordered state,
leading to a non-hysteresis curve with zero Hc and residual magnetization (Mr)
[98]. Unlike FOM NPs, SPM NPs ignore maintaining net magnetization when
removing AMF, indicating that these materials do not show magnetic memory or
magnetic hysteresis on the B-H curve. In addition, NP SPM usually shows two
different magnetic structures: a nucleus of magnetic particles (generally iron oxides),
which may be coated with organic materials or precipitated within a porous
biocompatible polymer [99]. Therefore, biocompatible SPM NPs are considered the
optimal candidate for magnetic HT, compared with other NPs with different
magnetism states.

Magnetic properties

Owing to their magnetic properties, MNPs can react to external magnetic fields.
SPM allows MNPs to be manipulated with an external field. The size of these
particles has a significant impact on their physical characteristics. Quantum effects
become increasingly noticeable as the particle size drops within the nanoscale,
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producing unique phenomena like improved surface-to-volume ratio and size-
dependent magnetic behavior [100].

Magnetic saturation (Ms)

The maximum magnetization of FOM and FIM materials can be obtained at Tb < Tc
when exposed to a strong AMF. Ms is considered a function of temperature, Ms(T),
since, by increasing the magnitude of the AMF, no further increase in the stabilized
magnetization occurs. The crystal size of MNPs negatively affects Ms by reducing
it. When the particle size of MNPs is reduced below the transition point (from
multidomain to monodomain), they become suitable for biomedical applications. In
such a magnetic state, the magnitude of Ms decreases due to the increased effect
of spin disorder on the surface of MNPs. Therefore, the magnitude of the Ms is
directly proportional to the size of the MNPs. Ms is a substantial factor in
hyperthermia for two reasons: First, MNPs with a high Ms result in a high SAR value,
indicating that the MNPs have a great heating power to destroy cancer cells;
secondly, the high Ms makes the movements of MNPs more controllable in the
bloodstream by using an AMF to keep them around tumor cells [101].

Curie temperature (Tc)

It is a defined transition of FOM materials at which ferromagnetism disappears, and
the material becomes PM. This transition temperature is called "Curie temperature"
or "Curie point." Many materials lose all their magnetism after being heated above
this point and then cooled. Some can return to a permanent magnet by placing them
in a strong magnetic field. Others require heat treatment in a strong magnetic
field. Below the Tc, the FOM material is ordered, and above it, it is
cluttered. Saturation magnetization reaches zero at the Curie temperature.

Coercivity (Hc)

It is the force required to return a FOM material to zero magnetization after being
stimulated with an AMF. This goes in the opposite direction to the applied field and
is where the flow density also decreases to zero. This process leads to a cycle
known as hysteresis. This cycle represents the correlation between the magnetic
field and the induced flux density, also known as a magnetization curve (B-H curve)
(Figure 2.9).

Residual magnetization (Mr)

It is a type of magnetization that remains in the FOM and FIM materials when the
AMF is removed. MNPs are magnetically saturated once AMF is removed. FOM
NPs use an auxiliary magnetic field to resist sudden change and maintain their
magnetization; however, SPM NPs possess large magnetic moments and behave
as PM NPs, for instance, to demagnetize with insignificant Hc and Mr.
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Figure 2.9. Hysteresis curves of various types of magnetic materials. The magnetization,
M, lags behind the applied field, BO, and traces out a characteristic curve known as the
hysteresis loop. The applied field strength at which the magnetization reverses is called the
coercive field. The width of the hysteresis loop indicates the hardness of the magnetic
material.

2.7 Characterization techniques for MNPs

Scanning electron microscopy (SEM)

Electron microscopy consists of the interaction between electrons and matter. These
types of microscopes use a high-energy electron beam that interacts with a material.
From this interaction, information can be obtained from the sample, such as
topology, morphology, chemical composition, and crystallographic structure. These
microscopes are capable of examining features on the nanoscale and are the most
widely used characterization instruments in nanotechnology.

Electron microscopes work similarly to optical microscopes, both having a light
source and magnifying lenses. Here, the source of illumination is a high-energy
electron beam. These microscopes have a significantly higher resolution than optical
ones, due to the interaction of the matter wave of an electron with the sample.
According to Bragg’s law, the minimum separation, d, which can be solved with any
microscope, is given by:
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Resolution can be improved by using shorter wavelengths. The wavelength
associated with an electron is given by the De Broglie relation:

y L (2)
) v2meEk ’

where me is the mass of the electron, EKk is its kinetic energy, and h is the Planck
constant. The electrons in the microscope obtain their kinetic energy from an applied
electric potential of the order of kilovolts or even megavolts. Depending on the
kinetic energy, a typical wavelength range may be between 1 - 0.005 A

The incident electron beam causes secondary electrons to be emitted from the
surface, which can be controlled to produce a topological and morphological image
at a nanoscale. In the scanning electron microscope, this electron beam is emitted
from a heated filament, which is commonly made of lanthanum hexaboride (LaB6)
or tungsten. The filament is heated by applying a voltage that causes electrons to be
emitted [102].

X-ray diffraction (XRD)

XRD is used to study the crystal structure of solids. In this technique, an X-ray beam
with a wavelength of between 0.07 and 0.02 nm is diffracted by the crystalline
sample according to the Bragg law:

(3)
A=2dsin0,

where d is the interplanar distance and A is the wavelength of the X-rays. The
intensity of the diffracted beam is measured as a function of the angle of diffraction
(20) and the orientation of the sample (Figure 2.10). The diffraction pattern can be
used to identify crystalline phases and their structural characteristics.

Homogeneity and heterogeneity in materials can be measured as X-ray intensities
and depend on the Bragg angle. The homogeneous or uniform elastic deformation
displaces the positions of the diffraction peaks, without changing their profile. A
change in the positions of the X-ray peaks indicates a change in spacing d caused
by a change in the crystal lattice constants. Heterogeneous deformations vary from
crystallite to crystallite or even within a single crystallite. Since XRD provides the
average of the total volume of crystallites, there is an increase in the diffraction
peaks, which increases with the increase in sin 8. The increase in the peaks may
also be due to the fine size of the crystallite, which is independent of the sen 8. The
contribution of crystallite size and crystal lattice deformation can be determined
independently by peak profile analysis.
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Figure 2.10. Geometry of X-ray diffractometer. In this configuration, an X-ray source with a
line focus emits a divergent incident beam that strikes a flat powder sample. The sample is
positioned such that its surface is tangent to the focusing circle. X-rays satisfying Bragg's
Law (nA = 2d sinB) for a given set of crystal lattice planes (hkl) are diffracted.

Since no heterogeneous forces are present, the size of the crystallite can be
determined. D by Scherrer’s formula:

D KA (4)
" BCos0y'

where A is the wavelength of X-rays, B is the maximum width at half the maximum
height (FWHM) of a diffraction peak, 6s is the angle of diffraction, and K is the
Scherrer constant, which is of the order of the unit for a spherical crystal. However,
nanoparticles often form twin structures, and therefore, the Scherrer formula may
not always give true particle sizes [103].

Infrared Spectroscopy with Fourier Transform (FTIR)

Infrared (IR) spectroscopy is the measurement of absorption of infrared radiation by
a material as a function of wavenumber. The resulting graph of absorption versus
wave number is called the FTIR spectrum. Infrared spectroscopy provides
information mainly due to the vibrational and rotational modes that accompany
molecules. Since absorption bands are associated with vibrations of particular
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functional groups within the molecule, band identification can result in the
identification of the molecules that make up a material.

With Fourier Transform Infrared Spectrometry (FTIR), high-resolution, fast, and
reproducible infrared spectra can be obtained in a wide variety of sample types,
including bulk gas, liquid, solid, powder, thin films, and nanomaterials. FTIR is used
for the identification of organic and inorganic materials, the quantitative
determination of species in complex mixtures, the determination of the molecular
composition of surface species, the differentiation of structural and geometric
isomers, and the determination of molecular orientation in polymers and solutions.

Infrared radiation is electromagnetic radiation in the region of approximately 0.78 pm
- 1000 ym wavelength. It is a wavelength longer than the visible range and shorter
than a microwave. The IR spectral region for material evaluation by absorption
spectroscopy can be divided into near-infrared (NIR), middle infrared (MIR), and far
infrared (FIR) [104].

2.8 MHT frequency determination

The frequency of an alternating current (AC) circuit with an inductor is primarily
determined by the inductance (L) and the capacitance (C) in the circuit, not by the
number of turns directly. The resonant frequency (f) of an LC circuit (inductor and
capacitor) is calculated using the formula:

(5)
1

"~ 2nvIC

The inductance itself is affected by the number of turns, and the formula for the
inductance of a solenoid is

f

(6)
pxN?xA

L
1

where y is permeability, N is the number of turns, A is the cross-sectional area, and
I is the length of the coil as shown in Figure 2.11 [105].
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Figure 2.11. Schematic diagram of a solenoid. A coil of N = 8 turns is wound around a high-
permeability (1) ferromagnetic core, forming a closed magnetic path with a cross-sectional
area A and a mean path length £. The core is constructed with a pole piece to direct the
magnetic flux.
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CHAPTER 3

SYNTHESIS, CHARACTERIZATION, AND APPLICATIONS
OF MAGNETITE (Fe3O4) NANOPARTICLES



3. Synthesis, Characterization, and application of
magnetite (Fes0.) nanoparticles

Here, it is described the whole process for the preparation and characterization of
magnetite (FesO4) nanoparticles; this section is the first experimental part of two. A
couple of synthesis routes, reduction and coprecipitation, were followed to obtain
particles capable of performing magnetic hyperthermia treatment, which requires at
least three fundamental characteristics that the particles must possess; they need to
be monodisperse, biocompatible, and superparamagnetic. To evaluate if the
particles have these characteristics, a series of characterizations were carried out,
among them, X-ray diffraction, scanning electron microscopy, magnetic hysteresis
loop, Fourier transform infrared spectroscopy, and heating tests, among others.

3.1 Introduction

Physical, chemical, and magnetic properties depend mainly on the particles’ size,
morphology, and composition, with their preparation method, or synthesis route,
being fundamental as it determines the size, shape, and composition within the
particles and on their surface. Controlling the size or growth of nanoparticles relies
on the selected route and the precursors; this property is generally affected by the
temperature used, the atmosphere of preparation, and the synthesis time.
Meanwhile, the precursor dictates the reaction rate and, hence, the formation of a
predetermined number of particles.

To synthesize nanoparticles in different shapes typically requires complex
procedures, often involving high temperatures, pressures, or both. In some cases,
organic solvents are necessary due to their high boiling points. After this, in most
cases, a second step is required to change the nanoparticles from a hydrophobic
state to a hydrophilic one, to make them suitable for working with biological systems.

The selection of particles’ core and surface is fundamental for applications where
the particles are used in biomedical applications, magnetic hyperthermia, and
analyte detection.

Here, two syntheses of Fe3Os nanoparticles with similar morphological
characteristics, such as shape and size, are described by two distinct methods,
coprecipitation and chemical reduction.

3.2 Materials

Ferric chloride hexahydrate (FeCls-:6H20), ferrous chloride tetrahydrate
(FeCl2:4H20), iron (Il) chloride (FeCl2) 98 %, octadecylamine (ODA) 90 %, sodium
hydroxide (NaOH, 97%), meso-2,3-dimercaptosuccinic acid (DMSA), 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC), and N-hydroxysuccinimide (NHS), and
ethanol (96%) were purchased from Merck; Cyclo(-RGDyK) peptide (= 95 %) was
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acquired from AnaSpec; sodium acetate 99 %, acetic acid 99.7 %, hydrochloric acid
(HCI) 37 %, hydrogen peroxide 30 % and ethylene glycol (EG) 99 %, obtained from
Karal S.A. de C.V,; 3,3',5,5' tetramethylbenzidine (TMB) purchased from Thermo
Scientific and Milli-Q water was used for the solution preparation and MNPs
cleaning.

3.2 MNPs synthesis and bioconjugation
Coprecipitation synthesis route

FesO4 NPs were synthesized following a previously reported method with slight
modifications [106,107]. Two samples were prepared at room temperature, the first
one under ambient conditions and the other under nitrogen atmosphere, by the
following protocol of synthesis: firstly, 1.387 g of FeCl2:4H20 and 2.2 g of FeCl3-6H20
were added to 100 ml of Milli-Q water under vigorous mechanical stirring (300 rpm).
Then, 25 ml of a NaOH solution (3 M) was added drop-wise to the solution at a rate
of 0.1 ml/min. When the addition of NaOH was finished, the colloidal solution
continued under agitation for twenty minutes more before adding 75.0 mg of DMSA
to the colloid, and the solution remained under mechanical agitation for twenty
minutes more (Figure 3.1). Finally, MNPs were washed several times with Milli-Q
water to eliminate free molecules or inert impurities by a series of magnetic
decantation and centrifugation (15 minutes at 4400 RCF) until the supernatant
became transparent.

Reduction synthesis route

FesO4 MNPs were synthesized by first preparing a 90 ml solution of ODA at 40 mM,
using either deionized water or ethylene glycol (EG) as solvent. Each solution was
heated at 90 °C under magnetic stirring and purged with nitrogen gas for 3 hours to
ensure an inert atmosphere. Simultaneously, a 10 ml solution of FeCl2 (10 mM) was
also being purged with nitrogen. When the FeClz solution was completely purged, it
was syringed into the ODA solution and was reduced immediately, as observed by a
color change from a white milky consistency to a deep black color. After this, the
solution remained under agitation for two more hours at 90 °C for the aqueous
system and 150 °C for the EG-based system, then the heating was turned off, and
the stirring continued until the solution was cooled to room temperature. Finally, the
MNPs were purified by magnetic decantation with water and ethanol several times
to remove ODA residues, and then redispersed in water. Figure 3.2 shows the
schematic diagram of the synthesis process.
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Figure 3.1. Schematic diagram of the MNPs synthesis system by coprecipitation. A
concentrated NaOH solution is added dropwise into an Fe?* and Fe* salt solution to form
FesO4 nanoparticles. They were synthesized A) under a nitrogen atmosphere, and B) under
ambient conditions .

Figure 3.2. Schematic diagram of the MNPs synthesis system by chemical reduction. A
solution of FeCl2 is added to an octadecylamine (ODA) solution under a nitrogen
atmosphere and almost at the boiling point of its solvent.

Bioconjugation

MNPs coated with DMSA contain carboxylic groups, making them suitable for use in
the EDC/NHS crosslinking method. Briefly, 0.2 M solutions of hetero-bifunctional
coupling agents EDC and NHS were prepared in MES buffer (pH 4). EDC was used
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to activate the carboxylic groups of the MNPs by mixing 1 ml of a 0.2 M solution of
EDC with 3 mg of MNPs@DMSA by sonication for 10 minutes, followed by 4 hours
of agitation. Then, this MNPs-EDC complex was mixed with the NHS solution and
agitated for 16 hours. After this, 1 ml of RGD peptide aqueous solution (2mg/ml) was
added and stirred for 24 hours [108,109]. Finally, the RGD-coated MNPs
(MNPs@RGD) were washed several times with water by magnetic decantation and
stored under refrigeration for future use.

3.3 MNPs characterization

MNPs prepared by coprecipitation under air and nitrogen atmospheres and coated
with DMSA were labeled as A-MNPs and N-MNPs, respectively. They were analyzed
using several characterization techniques, as well as MNPs synthesized by
reduction prepared in EG and water, labeled as EG-MNPs and W-MNPs,
respectively.

X-ray diffraction (XRD) patterns were acquired from dried MNPs powder to analyze
their crystalline structure with a Bruker D2 Phaser diffractometer, using a Scherrer
constant k = 0.9, a radiation Cu Ka A = 1.5418 A, in a measurement range from 20
to 70°, and a step size of 0.02°/s.

Scanning electron microscopy (SEM) images were acquired using a JEOL-JSM-
7800F microscope using a power of 15 kV. Image processing and analysis of MNP
size dispersion were performed on a series of micrographs using /mageJ software.

Additionally, dynamic light scattering (DLS) was employed to estimate the
hydrodynamic radius of magnetic nanoparticles prepared by the coprecipitation
route, either bare or coated with DMSA, on a Malvern Zetasizer Nano ZS using a
detection angle of 173 °. The average measurements were acquired ten times from
the distribution at 25 °C. The instrument uses a 4.0 mW He—Ne laser at a wavelength
of 633 nm. Intensity and volume correlations were obtained by using the equipment
software.

Magnetic properties were evaluated using a vibrating sample magnetometer,
Cryogenic, miniVSM, ranging from — 2 to + 2 T at temperatures of 2 and 300 K for
the particles prepared by coprecipitation, while a LakeShore 7300 vibrating sample
magnetometer (VSM), ranging from - 3 to + 3 T at 300 K, was utilized to measure
EG-MNPs and W-MNPs.

To determine the best parameters for MNPs heating, AMFs were tested at different
frequencies, obtaining that a frequency f = 100 kHz was the most adequate
frequency to achieve MHT in N-MNPs, while f= 85 kHz for EG-MNPs. Then, different
MNPs concentrations, 100, 250, and 500 pg/ml, were poured into Eppendorf tubes
positioned at the center of the coil, where the field intensity was the highest. After
turning on the equipment, the temperature was measured each minute by an Infrared
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(IR) camera (Fluke, TiS45). These concentrations were chosen to be applied to
biological systems without producing toxic effects before the MHT stimulation.

Finally, iron quantification was determined by ultraviolet—visible spectroscopy (UV-
Vis). This methodology was previously reported by M. Torras et al. [107]. The
method consists of two steps for the sample preparation: first, the addition of a
concentrated hydrochloric acid (HCI) solution to digest the sample and, second, the
addition of a complexation agent to generate iron complexes that can be detected
and quantified by UV-Vis spectroscopy, the spectrum was acquired in 1 cm square
quartz cuvettes using a StellarNet spectrometer EPP200 from 200 to 550 nm; each
spectrum was the average of three scans.

Fourier Transform Infrared (FTIR) spectra were also collected using dry powder
samples to determine the functional groups on the MNPs surface from an Agilent
Technologies Cary 670 FTIR Spectrometer, ranging from 3600 to 500 cm™.

3.4 MNPs characterization results

X-ray diffraction (XRD)

XRD patterns (Figure 3.3) show the characteristic diffractograms of magnetite of A-
MNPs, N-MNPs, W-MNPs, and EG-MNPs. Here, the positions of the narrow peaks
at 30.43, 35.81, 43.46, 53.78, 57.30, and 62.89° (+ 0.12°) together with their relative
intensities, corroborate the presence of a crystalline cubic spinel structure found in
Fes04 nanoparticles. Both syntheses produced magnetite NPs coated with DMSA or
amino groups (NHz2) for coprecipitation and reduction syntheses, respectively.
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Figure 3.3. X-ray diffraction patterns of MNPs synthesized by coprecipitation under air
(black line) and nitrogen atmosphere (red line), and by reduction in water (blue line), and
EG (green line). All of the patterns present the characteristic peaks of magnetite at 30.43,
35.81, 43.46, 53.78, 57.30, and 62.89°.

Scanning electron microscopy (SEM)

Morphology and particle size distribution were determined through the analysis of a
series of SEM images using the free software Imaged. The corresponding size
distribution histograms are presented in Figure 3.4. The MNPs synthesized by
coprecipitation exhibited average diameters of 15.0 £ 3 nm for A-MNPs and 23 + 5
nm for N-MNPs, with polydispersity indices (PDI = (standard deviation/average)?) of
0.04 and 0.03, respectively. These PDI values are < 0.1, implying monodisperse
particle size distributions (Figure 3.4). For MNPs synthesized by reduction, the
presented diameters of 35 + 9 nm and 34 + 7 nm for W-MNPs and EG-MNPs,

respectively (Figure 3.5).
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Figure 3.4. SEM images of MNPs synthesized by coprecipitation and coated with DMSA.
A) A-MNPs. B) N-MNPs. Size distribution histograms of C) A-MNPs and D) N-MNPs. The
average diameters for MNPs synthesized by coprecipitation were 15.0 £ 3 nm and 23 £ 5

nm.
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Figure 3.5. SEM images of MNPs synthesized by reduction and coated with NH2 groups.
A) W-MNPs and B) EG-MNPs. Size distribution histograms of C) W-MNPs and D) EG-
MNPs. The average diameters for MNPs synthesized by reduction were 35 £+ 9 nm and 34
7 nm.

Magnetic properties

Figure 3.6 A shows that the hysteresis loops exhibit a very low coercivity, a
characteristic behavior of superparamagnetic NPs (from — 10 kOe to 10 kOe). M-H
hysteresis loops of sample MNPs were also measured at a temperature of 2 K
through the zero-field cooling protocol, and the sample temperature was cooled
down from room temperature to the above temperatures in the absence of any
applied magnetic field. The saturation magnetization values were determined by
extrapolating the M versus 1/H curves to the limit when 1/H approaches zero. Table
3.1 summarizes the corresponding values of coercivity (Hc), saturation
magnetization (Ms), and remanence magnetization (MRr). Figure 3.6 B and Table 3.1
show the increase in coercivity as the temperature decreases. MNPs exhibit efficient
Ms compared with the typical values reported previously (30-50 emu/g) [8,110].
Additionally, it is well known that only MNPs with a smaller size of 15 nm and good
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crystallinity exhibit values closer to those of bulk magnetite (86 emu/g) (Figure 3.6).

On the other hand, Figure 3.7 shows the hysteresis loop of MNPs synthesized by
reduction in water and EG, and their Hc, Ms, and MR values are presented in Table

3.1.
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Figure 3.6. Magnetic characterization of MNPs synthesized by coprecipitation. A) M-H
hysteresis loops of A-MNPs and N-MNPs measured at 300 K. B) M-H hysteresis loops of N-
MNPs measured at 300 and 2 K.

M(emu/g)

80

1 —=— EG-MNPs

60 —e— W-MNPs

40

20 4

0

-20 4

-40 4

-60 -

-80 T T T T 1 T T T T
-4 3 2 -1 0 1 2 3 4

H(kOe)

Figure 3.7. Magnetic characterization of MNPs synthesized by reduction, M-H hysteresis
loops of EG-MNPs and W-MNPs measured at 300 K from a range from -3 to 3 kOe.

41



Table 3.1. Magnetic parameters of the M-H hysteresis loops

Sample Temperature (K) Hc (Oe) Ms (emu/q) Mg (emu/g)
N-MNPs 300 43.0 55.0 3.0
A-MNPs 300 41.0 62.3 3.3
N-MNPs 2 370.0 60.5 22.3
W- MNPs 300 58.0 66.0 7.1
EG- MNPs 300 120.0 60.0 8.4

Coil development

As mentioned in section 2.8, the frequency (f) given by the inductance (L) and
capacitance (C) in the circuit depends on the length (I), number of turns (N), and
diameter or cross-sectional area (A) of the coil. And are related by the following
equations:

1 ™, _uxN2xA ®)

 2nVIC L 1

f

The acquired ZVS equipment for performing MHT has a built-in capacitor bank,
which means it has a fixed capacitance that cannot be modified. The equipment
came with a coil which had 7 turns, a cross-sectional area A = 62mm, and a length |
= 58.0 mm, that gave a calculated inductance of L. = 2.4 yH, which was quite
approximate to the real value measured L, = 2.2 pH and a frequency f = 58.55 kHz.
As the frequency depends on both capacitance and inductance, we opted to vary
the inductance by building coils with different areas, numbers of turns, and lengths.

Although the frequency measured on the given coil is theoretically capable of
performing the MHT, it did not work with the synthesized nanoparticles, so it was
decided to work with higher frequencies. It was also needed to increase the magnetic
field intensity (B) at the center of a circular coil which is givenas B = (up, *n *1) /(2
* R), where , is the permeability of free space, n is the number of turns, / is the
current, and R is the radius of the coil.

Different coil designs were tested to optimize the MHT heating. Table 3.2 compiles
the most relevant values obtained with different coil models.
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Table 3.2. Coil settings and parameters summary.

Number of Cross-sectional Inductance Frequency Magnetic field
turns (N) area (A) (mm) (L) (mH) (A (kHz) intensity (B) (mT)
7 62 2.20 58.55 2.21
4 38 0.60 100.10 33.50

After testing different coil designs and sizes, it was found that reducing the area of
the coils was the most feasible approach, as this increased both the magnetic field
intensity and frequency, resulting in the heating described in the following section.

MNPs heating

Figure 3.8 shows the MHT system utilized to stimulate MNPs with an AMF while the
temperature change was measured with an Infrared (IR) camera (Fluke, TiS45). The
system consisted of a 24 V power supply, with a 12 A current, inducing an AMF of
100 kHz through a 4-turn coil while it was cooled with water.

After turning on the equipment, the temperature was measured every minute for 12
minutes. Figure 3.9 A shows the temperature elevation of A-MNPs and N-MNPs at
100, 250, and 500 ug/ml. Here, both groups of particles presented the highest
temperature with the 250 ug/ml concentration, reaching a rise of 7.2 and 8.9 °C for
A-MNPs and N-MNPs, respectively.

Figure 3.9 B shows the temperature change corresponding to W-MNPs and EG-
MNPs, which exhibited increases of 5.6 and 6.8 °C, respectively. A comparative
analysis revealed that MNPs synthesized by coprecipitation, and within both groups
of syntheses, EG-MNPs and N-MNPs presented better heating than W-MNPs and
A-MNPs, respectively, where N-MNPs had the best heating (Figure 3.9).

Table 3.3 summarizes the values obtained by each group of nanoparticles at different
concentrations.

Table 3.3. Temperature increase generated by MHT in MNPs.

Coprecipitation synthesis Reduction synthesis
Label A-MNPs N-MNPs A-MNPs N-MNPs
Concentration | 100 250 500 | 100 250 500 | 100 250 500 | 100 250 500
(ng/ml)
AT (°C) 59 72 68|83 89 7 39 56 53|52 68 6

Besides the heating produced by the different synthesized MNPs, their specific
absorption rate (SAR) was calculated using the formula.
dT 9
SAR = CE — ®

mp dt t-0
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The values obtained are presented in Table 3.4.
Table 3.4. SAR values for MNPs.

Sample dT/dt SAR

(°Cls) (W/g)
A-MNPs 0.013 154.89
N-MNPs 0.016 231.58
W-MNPs 0.009 110.56
EG-MNPs 0.013 183.42

N-MNPs and EG-MNPs obtained the highest SAR values, indicating superior heating
efficiency.

Infrared camera

Power Supply

MNPs
suspension

Commercial ZVS Induction Heater

Figure 3.8. Diagram of the MHT heating system consisting of a commercial ZVS circuit
connected to a 24 V power supply and cooled with water. The temperature change of the

stimulated MNPs was recorded with an IR thermal camera.
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Figure 3.9. MNPs heated at different concentrations, 100, 250 and 500 ug/ml. A) MNPs
synthesized by coprecipitation, A-MNPs and N-MNPs. B) MNPs synthesized by reduction,
W-MNPs and EG-MNPs. C) The concentration of 250 ug/ml resulted to be the best in both
syntheses, reaching an elevation of 6.8 and 8.9 °C, respectively. N-MNPs (solid lines) and
EG-MNPs (dashed lines ).

Fourier Transform Infrared Spectroscopy (FTIR)

MNPs coated with DMSA were analyzed through FTIR in the spectral region from
2000 to 500 cm™. Figure 3.10 shows the FTIR spectra of two molecules, DMSA and
arginine, an amino acid, RGD, and MNPs at different stages of surface
functionalization, where the appearance of different peaks corresponds to specific
functional groups attached to MNPs. Each specific molecule can be divided into two
main FTIR regions, one below 1500 cm', which is considered the molecule
fingerprint, as it presents unique and complicated groups in its bending vibration
modes, and is different for each compound. On the other hand, above 1500 cm,
there are simple and functional groups on their stretching vibration modes, which
can be present in different compounds.
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For example, bare MNPs (black line) did not present any significant peak, this is
because there is only iron oxide, lacking of functional groups; these groups are
presented mostly in organic molecules, such as DMSA (red line) where are
presented as a series of peaks within the spectra, the bands at 1703 cm~' and 1623
cm™! are assigned to v(C = O), all in their stretching vibration modes as they are
presented in the range above 1500 cm'. Also, some deformation vibrations of C-H

groups are visible in the range of 1342—-1200 cm™'. Then, after being bioconjugated
with the RGD peptide, the band at 1641 cm™ is assigned to C=0O from Amide |
stretching vibration modes. The band at 1029 cm™' corresponds to the C-N from
aliphatic amines, and 628 cm™" to the C—H bending.

3.5 MNPs selection for MHT
MNPs

MNPs synthesized in this work by both of the previously mentioned routes presented
a morphology similar to spheres and a comparable -crystalline structure.
Nonetheless, the particles synthesized by reduction (W-MNPs and EG-MNPs) were
almost double the size of the particles synthesized by coprecipitation (A-MNPs and
N-MNPs). This last group has sizes below 30 nm, which makes them
superparamagnetic by being within the magnetic monodomain. Thanks to this
property, these particles show narrow hysteresis loops characterized mainly by low
remanence magnetization and coercivity, with coercivity as the most important
parameter, and it is inversely proportional, which means that with smaller particle
size, there is an increase in coercivity and vice versa. Thanks to this, A-MNPs and
N-MNPs presented a higher temperature elevation when stimulated with an AMF,
reaching a couple of degrees more than W-MNPs and EG-MNPs, which made them
the best option to be applied in MHT, and the addition of DMSA on their surface
showed other advantages that will be presented later.
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Figure 3.10. FTIR spectra of MNPs synthesized by coprecipitation. Bare-MNPs did not
show any significant peak, while MNPs coated with DMSA (blue line) presented the
appearance of peaks corresponding to the v(C=0), C-H, and O-H bands. MNPs@RGD
(purple line) presented the appearance of peaks corresponding to different amine groups,

C=N and C-N.
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CHAPTER 4
MAGNETIC HYPERTHERMIA



4. Magnetic hyperthermia

After characterizing the particles and testing their ability to perform MHT, they were
taken to the next level and they were evaluated in cell cultures. Here, two cell lines
were used to accomplish the treatment in in vitro models. A series of tests was made
to evaluate particles’ cytotoxicity, specificity and the effects of MHT within the cells
after being treated.

4.1 Materials

Dulbecco’s Modified Eagle’s Medium (DMEM), Roswell Park Memorial Institute
(RPMI 1640), fetal bovine serum (FBS), Penicillin-Streptomycin, and Cell
Proliferation Reagent WST-1 were purchased from Merck; Cyclo(-RGDyK) peptide
(= 95 %) was acquired from AnaSpec, and Milli-Q water was used for the solution
preparation and MNPs cleaning.

4.2 Cell Culture and Toxicity Studies

Cell culture

HCT-15 (human colorectal carcinoma) and HEK-293 (human embryonic kidney) cell
lines were cultivated in the following fashion: HCT-15 cells were cultivated in RPMI-
1640 medium, while HEK-293 cells were cultivated in DMEM. Both media were
supplemented with 10% FBS and 1% penicillin—streptomycin. Both cell lines were
grown at 37 °C in a 95% air and 5% CO2 atmosphere.

WST-1 toxicity test

The HCT-15 cell line was selected to assess the FezO4 nanoparticle’s toxicological
and magnetic hyperthermia effects since HCT-15 cells are one of the most frequently
studied cell lines when evaluating nanoparticle toxicity due to exposure to AMF. This
cell line exhibits adherent growth, epithelial-like morphology, and a rapid migratory
behavior. HCT-15 cells grow as adherent cells under the conditions described in this
protocol. 2.5 x 10* cells were suspended in 100 ul of RPMI-supplemented medium
for toxicity assay into 96-well plates (Costar, Corning, USA).

Some authors, as Soenen & De Cuyper [111] and Sun [112], mention a working
range between 20 and 500 pg/ml of nanoparticles, which are considered non-toxic.
In our case, we used four different concentrations (30, 60, 125, and 250 pg/ml) to
achieve low cytotoxicity and efficient heating, which was obtained with 250 pug/ml of
particles.

It is worth mentioning that the use of different coatings or bioconjugations enhances
the biocompatibility of the MNPs. Here, we compared the effects of FesOas-
MNPs@DMSA and bare Fes3Os-MNPs wusing the previously mentioned
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concentrations. A group of cells without MNPs was used as a control, and all groups
were prepared in quadruplicate.

Cell cultures were incubated for 24 hours at 37 °C and 5% COz2. Then, 10.0 pl of
WST-1 was added to each well and incubated for 2 hours at 37 °C and 5% CO..
Finally, the plate was shaken for 1 minute, and the absorbance was read on a
Thermo Scientific Multiskan FC spectrophotometer at 450 nm.

MNPs specificity tests

The two cell lines were used to test the specificity of RGD-coated MNPs: HCT-15 as
cancerous cells overexpressing avp3 and avp5 integrins, and HEK-293 as a control
group with a lower integrin expression [108]. 2 x 10° cells of each line were
suspended in 1 ml of its respective supplemented culture medium, RPMI-1640 for
HCT-15, and DMEM for HEK-293. Additionally, medium containing MNPs@RGD (0,
50, and 100 ug/ml) was added, poured into 24-well plates, and incubated for 24
hours at 37 °C and 5% COz2. After the incubation time, the medium was removed
from the wells, and cells were washed three times with PBS to remove MNPs that
were not attached to the cells, and then fixed with 4 % formaldehyde solution for 15
minutes. After this, the solution was removed, and the cells were washed with PBS.

A1 % potassium ferrocyanide (Prussian Blue (PB)) solution was prepared and mixed
with 0.2 M HCI (1:1). 300 pl of PB solution was added to each well, removed after
15 minutes of reaction, and then washed with PBS. Hematoxylin and Eosin (H & E)
solutions (10 %) were used to counterstain the PB dye [113]. First, hematoxylin was
added to the cells for 2 minutes and washed out, and finally, eosin was added for 3
minutes and washed out. Cells were observed using an inverted microscope with a
40x% objective.

4.3 Magnetic hyperthermia and protein assay

Magnetic hyperthermia: To demonstrate the effect of hyperthermia on the cells with
A-MNP stimulated with AMF. To organize the cells into the coil (D =3.5cm),a 3 x 3
well arrangement was prepared by cutting from 96-well plates and subsequently
sterilized (Figure 4.1). After this, 2.5 x 10* HCT-15 cells were suspended in 100 pl
of supplemented RPMI-1640 medium, and incubated for 24 hours at 37 °C and 5%
COg, after this time, the medium was removed from the wells and replaced with 100
Ml of MNPs@RGD diluted in RPMI medium at 0, 100, 200, and 1000 pg/ml
concentrations. After another 24 hours of incubation under the same conditions, the
well plate arrangements were placed in the middle of the coil of the hyperthermia
equipment, a commercial ZVS circuit with a frequency operation of 100 kHz, 2500
Watts, powered with 40 V and 8 A current. For this study, five samples of cells were
prepared; one sample (in triplicate) was selected as a positive control and was not
stimulated with AMF. The next four samples were prepared in triplicate and incubated
for 24 hours with 0, 100, 200, or 1000 pg/ml of A-MNPs and stimulated with AMF
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(100 KHz) for 100 minutes. After stimulation, all samples were taken into the
incubator for 24 hours for further analysis.

96 well plates cut into 3 x 3 arrangements and sterilized « HCT15 cells incubation

Control group }‘
outside the c;)il/—\ = ‘ {

= W o

z 24h Culture medium removal

MHT applied to HCT-15 cells

laced int il under an AMF .
pae=tinfo a.col inceran HCT-15 cells added with MNPs doped medium

(brown) and RPMI (pink) and incubation

Figure 4.1. Schematic diagram for MHT application in vitro. 3 x 3 well arrangements were
cut and sterilized to cultivate cells for 24 hours. Then they were added with different MNPs
concentrations (0 - 1000 ug/ml) and incubated again for 24 hours. Finally, they were taken
to the MHT system for stimulation.

4.4 Protein Analysis
Electrophoresis SDS-PAGE

Before protein separation and analysis, cell integrity was determined by SDS-PAGE
and Coomassie blue staining, which confirmed that the extraction, quantification,
and separation of proteins were carried out satisfactorily, following the Bio-Rad
protocol [110].

Electrophoresis is commonly used for the purification, analysis, and characterization
of proteins. It was carried out under denaturing conditions using sodium dodecyl
sulfate (SDS) as a detergent, which disrupts hydrophobic interactions with proteins.
The molecular weight of proteins can be determined by the amount of SDS binding
to them because it is proportional to their size, and each SDS-protein complex has
a specific charge-mass value [111].
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The procedure was performed using precast gels (4-15%) of Bio-Rad Mini-
PROTEAN TGX, which were mounted in a Mini-PROTEAN 3 Cell system for
electrophoretic adjustment with 1x run buffer (25 mM Tris, 190 mM glycine, and 0.1%
SDS) inside. Subsequently, 20 ug of protein per sample was loaded into each rail,
avoiding the formation of bubbles. After adding the samples to the wells, the camera
cap was closed, ensuring that the anode and cathode of the electrodes were
correctly connected. The cap was connected to a BioRad PowerPac HC power
supply with an initial voltage of 60V to allow samples to enter the gel, and once the
samples were properly loaded and aligned, the voltage was increased to 100V until
the separation was complete.

When the electrophoresis was completed, the gels were carefully removed from the
chamber with a spatula. Then the gels were placed in a container with distilled water
for 10 minutes to remove the excess SDS before the staining protocol.

Gel staining and scanning

The gels were placed in Coomassie’s blue solution under constant stirring overnight.
Then the dye was removed, and a bleaching solution was added and allowed to stir
until the protein bands were visible.

Once the gels were bleached, they were hydrated with distilled water and stirred for
10 minutes. Finally, the gels were scanned using a BioRad GS-900 densitometer,
and the images were processed using computer software.

Western blot protein analysis

Following an assessment of the proteins' integrity, biochemical analysis was
conducted to identify the proteins using the Western blot. This process was
performed using SDS-PAGE electrophoresis to separate proteins, with an
OmniPAGE Mini Modular System featuring 20 wells. For this, the glasses were first
assembled, previously washed with a detergent solution, rinsed with distilled water
and 70% ethanol, and placed on a rubber in the chamber support to form the gel
cassette, and allowed to align on a flat surface.

Subsequently, 5% concentrator gels and 12% separator gels were prepared for
protein separation following the specifications outlined in Table 4.1 of the Sambrook
protocol [114].

Table 4.1. Solutions for preparing electrophoresis gels

Components Concentrator gel (10 ml) Separation gel (30 ml)
H>O 6.8 9.9
Acrylamide 30% 1.7 12.0
Tris 1.5M (pH 8.8) - 7.5
Tris 1.0 M (pH 6.8) 1.25 -
SDS 10% 0.1 0.3
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Ammonium persulphate
(APS) 10% 0.1 0.3
TEMED 0.01 0.012

First, the solution of the separator gel was prepared (15 ml for each gel), mixed
gently, and added between the glasses with a micropipette, so that the level reached
approximately 1 cm before the edge of the glasses. Immediately, 70 % ethanol was
added to remove bubbles, align the gel, and avoid contact with air, about 15 minutes
after the solution was polymerized, and the ethanol was carefully removed.

Then, the concentrator gel was prepared (2 ml for each gel). The mixture was added
between the glasses to its limit, and the comb was placed immediately to avoid the
formation of bubbles. Fifteen minutes later, the solution was polymerized, and the
comb was removed. Subsequently, the glasses with the gels were removed from the
supports and placed in the running chamber, which was filled with 1x running buffer.

As a next step, one of the wells was loaded with 5.0 ul of molecular weight marker
(MWM), and then the remaining samples were loaded according to the volume
corresponding to 10 ug of protein.

The system was connected to a BioRad PowerPac HC power source, and samples
were run at 60 V until they reached the separator gel. Then, the voltage was elevated
to 100 V until they reached the end of the gel.

Transfer to the wet chamber.

At the end of electrophoresis, the gels were removed by cutting the comb wells with
a spatula from the electrophoresis chamber and then placed in a container with
transfer buffer for approximately 20 minutes. The wet chamber transfer was then
performed using the Omni-PAGE Mini Modular Systems camera transfer equipment
and a 0.45 pM BioRad PVDF membrane previously activated with methanol for 2
minutes. A cold transfer buffer was added to a container by placing the open transfer
cassette and assembling it, as shown in Figure 4.2.

When the cassettes were assembled, they were placed inside the transfer chamber,
and a cold transfer buffer was added until the cassettes were covered. Then, the
camera was in a container with ice inside the cold room, and the transfer was carried
out at 1.15 h / 250 mA / 4 °C. Upon completion of the transfer, the membrane was
removed, stained with red Ponceau dye for approximately 10 minutes to identify
proteins and rinsed with TBS-Tween 0.05 % until faded.
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Transfer clip slide (-)
Sponge
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Figure 4.2. Order of assembly of a transfer cassette. The stack is assembled between the
negative (-) and positive (+) electrodes of a transfer apparatus. From cathode to anode, the
stack consists of: the cathode transfer clip slide, a sponge, a sheet of filter paper, the
polyacrylamide gel, the PVDF membrane, a second sheet of filter paper, a second sponge,
and the anode transfer clip slide.

Membrane blocking

Immediately after rinsing, the membranes were incubated in a blocking solution
using Svelty skimmed milk according to the specific conditions for each antibody,
according to Table 4.2. The blockade was carried out in constant agitation.

Table 4.2. Blocking conditions

Antibody Blocking conditions
GAPDH Milk 3% in TBS-Tween 0.05% for 1 h at 4 °C
Caspase 3 Milk 3% in TBS-Tween 0.05% for 1 hat4 °C
Alpha Tubulin Milk 3% in TBS-Tween 0.05% for 1 h at 4 °C
Beta Actin Milk 3% in TBS-Tween 0.05% for 1 h at RT
Beta Tubulin Milk 3% in TBS-Tween 0.05% for 1 h at RT

Incubation with primary antibodies

To determine the effect of hyperthermia, the proteins involved in the molecular
mechanisms were tested according to the respective antibody and their molecular
weight. After the membrane blocking was completed, the blocking solution was
removed and incubated with a solution containing the primary antibody according to
the dilution and incubation conditions detailed in Table 4.3. The antibodies were
incubated overnight at 4°C under constant stirring.
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Table 4.3. Incubation conditions for primary antibodies

Antibody Catalog number/Commercial Incubation conditions
house

GAPDH sc-25779, Santa Cruz Biotechnology 1:1000 in milk, 3% in TBS-
Tween 0.05%

Caspase 3 110543, Genetex 1:2000 in milk, 3% in TBS-
Tween 0.1%

Alpha Tubulin ab48389, abcam 1:2000 in milk, 3% in TBS-
Tween 0.1%

Beta Actin MAB8929, R&D Biosystems 1:2000 in milk, 3% in TBS-
Tween 0.1%

Beta Tubulin MAB8527, R&D Biosystems 1:2000 in milk, 3% in TBS-

Tween 0.1%

After incubation, the membranes were washed 3 times for 5 minutes each with their
respective buffer, TBS-Tween.

Incubation with secondary antibodies

The previously washed membranes were incubated with secondary antibodies at
room temperature under constant stirring, as described in Table 4.4.

Table 4.4. Secondary antibody incubation conditions

Antibody Secondary antibody Incubation conditions
GAPDH goat anti-rabbit 1:10,000 in milk 3% in TBS-Tween 0.05%,
at4°Cfor1h
Caspase 3 goat anti-rabbit 1:10,000 in milk 3% in TBS-Tween 0.1%,
at room temperature for 1 h
Alpha Tubulin goat anti-rabbit 1:10,000 in milk 3% in TBS-Tween 0.1%,
at room temperature for 1 h
Beta Actin goat anti-rabbit 1:10,000 in milk 3% in TBS-Tween 0.1%,
(45 kDa) at room temperature for 1 h
Beta Tubulin goat anti-rabbit 1:10,000 in milk 3% in TBS-Tween 0.1%,
(50 kDa) at room temperature for 1.5 h

Membrane development

The membranes were developed to identify proteins of interest marked with the
respective antibodies. For this procedure, the Millipore WBKLS0500 Immobilon
Substrate Quimoluminating Transfer Kit from HRP was used. Each membrane was
carefully handled, and 2 ml of the kit's solution mixture at a 1:1 concentration was
added to it. The membrane was then placed on Bio-Rad’s ChemiDoc MP Photo
Binder and exposed until the protein bands were visible.

Finally, the generated data was analyzed using BioRad’s Image Lab 6.1 software to
study the level of protein expression in each membrane.

54



4.5 Results of MNPs biocompatibility, specificity, and MHT in vitro

Biocompatibility tests

The viability of HCT-15 cells exposed to FesOs NPs at different concentrations, 30,
60, 125, and 250 yg/ml with and without DMSA was evaluated by WST-1 assay.
HCT-15 cell cultures were exposed to bare MNPs and N-MNPs, and the dose-
response curves were obtained (Figure 4.3). It was observed that FesO4 NPs without
DMSA significantly reduced cell survival from 89.8% to 47.2% at concentrations
ranging from 30 pg/ml to 250 ug/ml. On the other hand, MNPs coated with DMSA
improve the cell survival rate, with a value of 97.6% at 30 ug/ml, and it falls to only
79.0% at a concentration of 250 pg/ml. The results show that Fe3O4 NPs coated with
DMSA during the synthesis reduced the toxic effects of FezO4 core NPs.
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Figure 4.3. Cellular viability percentages for different MNPs concentrations, bare Fe304,
and coated with DMSA. Both groups of MNPs present a linear tendency of toxicity as the
particles’ concentration increases. Nonetheless, DMSA-MNPs only presented a 21 % cell
death at the highest concentration (250 ug/ml), while bare MNPs reached a 53 %
cytotoxicity.
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Specificity tests

The iron attached to cells was observed after the PB reaction, where MNPs appear
as dark blue stains surrounding or within the cancer cells. It can also be observed
that a pink-like staining of cells’ cytoplasm, by the H&E counterstain, where acidic
eosin counterstains the basic elements, such as the cytoplasm. As previously
mentioned, HCT-15 cells exhibited a dark blue coloration when the MNPs were
linked to the cells (Figure 4.4 A, C, E, and G). On the other hand, HEK-293 cells did
not present notorious blue staining, indicating a low or null adhesion of MNPs to
them (Figure 4.4 B, D, F, and H).

On the top row of Figure 4.4 (A and B), the morphology of both cell lines is
appreciated; in the left column, HCT-15 cells are observed to form projections, as
they are an adherent line and use their cell extensions to adhere onto the cell culture
dishes. On the other hand, in the right column, HEK 293 cells have a fibroblastic
shape with extensions that become thinner as they move away from the cell center.
In both cases, the pink and red coloration of the cytoplasm is appreciated, while the
nuclei and organelles appear darker due to the H&E stain counterstain.

On the second row of Figure 4.4 (C and D), dark blueish spots, marked with white
arrows, can be observed corresponding to the MNPs@RGD (50 pg/ml) added to the
cell cultures. In the case of HCT-15 cells, these dark spots appear around or within
most of the cellular membranes, as the RGD peptide has an affinity for integrins,
proteins overexpressed on these cells. Contrarily, there are just a few or no
MNPs@RGD attached to HEK 293 cells, which do not present as many integrins on
their membranes as the HCT-15 line.

The third row in Figure 4.4 (E and F) shows a higher area of dark spots, indicating a
major concentration of MNPs@RGD (100 pg/ml). In the case of HCT-15 cells, there
is a higher adhesion of particles to the cells, despite being present in several cells,
these did not present a significant change in their structure, it still can be seen the
membrane of each cell, while in HEK 293 cells some dark agglomerates are
observed, however most cells are not attached or surrounded by MNPs@RGD.

Finally, in the last row, Figure 4.4 (G and H), the nanoparticles have already
adhered to most of the HCT 15 cells, with particle agglomerates completely
covering the cells. On the other hand, in the case of HEK 293 cells, MNPs@RGD
still do not appear in large quantities, only some isolated stainings.
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50 pg/ml

200 pg/ml

Figure 4.4. Combined PB and H&E staining of HCT-15 and HEK 293 cell lines treated with
increasing concentrations (0, 50, 100, 200 ug/ml) of MNPs@RGD. A, C, E, G (HCT-15
cells): Show internalized MNPs@RGD (dark blue, indicated by arrows) and cytoplasm
(pink). B, D, F, H (HEK 293 cells): Show minimal MNP uptake, with only occasional
agglomerations outside cells (arrows) and pink cytoplasmic staining.
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Magnetic hyperthermia

Figure 4.5 presents the temperature elevations for different particle concentrations
after 100 minutes of magnetic stimulation. When cells without the addition of
MNPs@RGD (0 pg/ml) were set in the midpoint of the coil and then stimulated, the
temperature did increase 3 °C (Figure 4.5 A). This short variation in temperature is
due mainly to the heating induced by the hyperthermia equipment itself and was not
enough to cause significant damage to the cells.

When nanoparticles with a concentration of 100 pg/ml were added, a heating of 6
degrees was obtained after 100 minutes of stimulation (Figure 4.5 B). Approximately
1 hour after initiating the stimulation, the 5 °C necessary to induce cell death by MHT
was reached. After this time, the remaining 40 minutes of stimulation, the
temperature increased by only 1 °C.

When 200 pg/mL of MNPs were added (Figure 4.5 C), the temperature increase was
comparable to that observed at 100 ug/mL. However, it required approximately 20
minutes more to reach the 5 °C necessary to induce cell death by MHT, and at the
end of the stimulation time, it did not reach the 6 °C obtained with half of the
concentration. It is worth mentioning that by adding more MNPs to the culture
medium suspension, they tend to precipitate more quickly, which results in a lower
temperature increase.

Finally, a very high concentration of MNPs (1000 pg/ml) was used to ensure cell
death (Figure 4.5 D), not only due to the heating, but also due to the high particle
concentration that turns out to be toxic itself. In this case, the particles were
precipitated again, as in the previous case. They only performed some temperature
readings above 6 °C in the last minutes of stimulation, reaching 5 °C shortly after the
stimulation hour.

58



0 ug/ml 100 pg/ml
301 ri&-g-; %&/}-?i
25 Yi/ /}/%
i H
20 /i/ o i3
9 yi e },{’}/
'Zl 154 FE/ '21 g {/%
1.0+ ’i/}/ 2 4 }/
A {
05 {i 19 ﬁ
004 w -3 0 -/
0 20 40 60 80 100 0 20 40 60 80 100
Time (min.) Time (min.)
64 200 ug/ml 74 1000 pg/ml

HH'}'}/H’H}W W]'}']H%’H']'H'}'}
: {X# 1 I

/

0 |

0 |

T T T T T T T T T T T T
0 20 40 60 80 100 0 20 40 60 80 100
Time (min.) Time (min.)

Figure 4.5. Temperature rise means in the cell cultures exposed to an AMF with different
MNPs@RGD concentrations. A) 0 ug/ml. B) 100 ug/ml. C) 200 ug/ml. D) 1000 ug/ml. In the
absence of MNPs, there was only an elevation of 3 °C; in the following concentrations: 100,
200 and 1000 ug/ml, the temperature increased over 5 °C.

Cell viability test

Figure 4.6 shows the percentage of cell viability 24 hours after exposure to the MHT.
They exhibit an almost linear decline in viability as the concentration of MNPs
increases. To achieve greater similarity in the conditions of cells exposed to MHT,
positive viability controls were established by removing cells from the incubator and
placing them next to the stimulated cells, but outside the coil, to prevent them from
being affected by the magnetic field, as shown in Figure 4.1.

Additionally, a group of cells was exposed to the AMF without the presence of MNPs
in the medium to evaluate the effects of the magnetic field on the cells themselves.
In this group, labeled as 0 ug/ml, the highest rate of cell death was approximately
15%, given by the lowest viability percentage of 85.14 % (Figure 4.6), although it is
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not the temperature threshold required for the MHT, which could have induced
cellular stress and consequently reduced cell viability.

For the case where 100 ug/ml of MNPs were added to cells, a 33% decrease in
viability was achieved, which is slightly more than double that obtained in the case
where no nanoparticles were used. Subsequently, the concentration of particles at
200 ug/ml decreased viability to just over half; in this case, the achieved decrease
reached 55%, resulting in a viability of only 45% of cells (Figure 4.6).

Finally, as expected, the highest particle concentration (1000 pug/ml) reduced cell
viability by up to 18%, meaning that it induced cell death in approximately 4 out of 5
cells in the culture. Although the temperature reached did not exceed 6 °C, as in the
case of the 100 ug/ml concentration, the elevated number of nanoparticles was the
main contributor to the high cytotoxicity achieved. Table 4.5 summarizes the viability
values obtained for each group in the four experimental sets performed.

120 T T
[ MHT 1st test
[ MHT 2nd test
[T MHT 3rd test
I MIHT 4th test

100

Cell viability (%)
=3 @
3 3

IS
o

20

Control 0 100 200 1000
MNPs concentration (.g/ml)

Figure 4.6. WST-1 cell viability assay after exposing cells to MHT. The increase in MNPs
concentration in MHT significantly reduced their viability. In the absence of MNPs, but with
magnetic stimulation, cellular viability was reduced by ~ 10 %, it dropped by ~15 % with a
100 ug/ml concentration, and by ~ 45 and 80 % with concentrations of 200 and 1000 ug/mi,
respectively.

Table 4.5. Cellular viability for cells exposed to MHT.

MHT ‘ Control 0 pg/mi 100 pg/ml 200 pg/mi 1000 pg/ml
Experiment ‘ Mean Mean Std Err | Mean Std Err | Mean Std Err | Mean  Std Err
1st Test ‘ 100 98.48 3.13 84.09 9.68 58.49 4.026 | 19.71 9.41
2nd Test ‘ 100 88.83 10.58 | 78.34 1.36 66.51 14.03 | 22.59 3.15
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Prussian Blue / Hematoxylin & Eosin staining

Figure 4.7 shows the combination of PB and H&E staining for the cells treated with
MHT. It can be observed that increasing MNP concentration in the treatment affected
the cells’ structures. When the cells were exposed to the AMF without adding MNP's,
they did not exhibit significant morphological changes or visible malformations. The
outer edges of the cells can be seen in a darker reddish shade than the inside,
corresponding to the membrane that surrounds each cell; nonetheless, during the
cells' processing, there could be some cell damage due to their manipulation or
exposition to formaldehyde, which produced som red dying outside the cells, but not
considareble (Figure 4.7 A, B).

In the case of cells treated with 100 ug/ml of MNPs, most of them seem to preserve
their membrane intact, but their nuclei are hardly observed only in a few cells, the
cellular cytoplasm appears to be dispersed outside of cells, some of them seem to
have shrunk or in some cases fragmented when compared with the previous
micrographs (A and B), besides the shrinkage a dark coloration is observed on the
edges of the membrane that can correspond both to MNPs@RGD (Figure 4.7 C, D).

For cells to which 200 ug/ml of MNPs were added, it is observed how their cell
membranes disappeared almost completely, some of their cytoplasm is dispersed
outside the cells (red arrows), and denser structures are presented out of the cells
that could correspond either to cellular residues or MNPs@RGD (blue arrows)
(Figure 4.7 E, F).

Finally, the cells with the major MNPs concentration, 1000 pg/ml, seem to have lost
almost all of their cellular integrity, it is very difficult to observe a well-defined cell
membrane; the cytoplasm and cellular organelles are no longer inside the cells and
dark spots appeared that could correspond to the dispersed nucleic material and
MNPs (Figure 4.7 G, H).
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100 pg/ml

200 pg/ml \ 200 pg/ml

1000 pg/ml 1000 pg/ml
Figure 4.7. PB and H&E combination stain on cells treated by MHT with different MNPs

concentrations. A), B) 0 ug/ml. C), D) 100 ug/ml. E), F) 200 ug/ml. G), H) 1000 ug/ml. The
cellular morphology and integrity were lost as the MNPs’ concentration increased.
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Protein analysis

Figure 4.8 shows the electrophoretic migration pattern of two cell groups (A and B),
which were stimulated for 100 minutes under magnetic hyperthermia treatment with
different MNPs concentrations (0, 100, 200, or 1000 pg/ml).

As a lane overview (from left to right), lane 1 corresponds to the molecular weight
marker (MWM); here, the ladder shows distinct, evenly spaced bands indicating
accurate protein sizing that was used as a reference for estimating molecular
weights of experimental bands. On the second lane (control), there are strong and
sharp bands in the mid region (~37-50 kDa), indicating the presence of intact
proteins. However, there is also some fainting in the lower bands, indicating minor
protein degradation.

The appearance and intensification of a distinct band at higher nanoparticle
concentrations suggest the induction or accumulation of a specific protein
associated with magnetic hyperthermia. Likewise, the strong bands may correspond
to heat shock proteins (HSPs) or stress-induced proteins.

Lane 3 (0 ug) exhibits a pattern similar to the untreated control, validating that
magnetic field exposure alone does not cause significant molecular change,
suggesting that the effect is nanoparticle concentration-dependent. Some diffuse
bands indicate partial denaturation or aggregation; finally, the appearance of lower
MW species suggests proteolysis or thermal degradation (Figure 4.8).

Lanes 4, 5, and 10 correspond to the first series of applied MHT, labeled as A1oo,
A200 and A1oo0, respectively. In them, there is no show the appearance of any band
above a molecular weight (MW) of 50 kDa. This is due to the exposure to MHT,
where the proteins were broken down into smaller portions and thus with a lower
MW, which can be observed in the respective lanes.

For the second experimental group, named B, lanes 6, 7,8, and 9, corresponding to
concentrations of 1000, 0, 100, and 200 ug/ml, and labelled as B1ooo, Bo, B1oo, and
B2oo, respectively. This experiment seems to have maintained a better protein
integrity than experiment A; however, there was an accumulation of proteins around
the 50 kDa band, and it is even more prominent in the lane where no MNPs were
added.

In Figure 4.9, the western blot shows the band of Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) at a molecular weight of 37 kDa. These bands can be
observed in the control and Ao samples; however, the bands corresponding to
samples submitted to the AMF with different concentrations of MNPs disappeared,
indicating protein denaturation.
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Figure 4.8. Gel electrophoresis for evaluation of protein integrity after MHT. The control
lanes do not show significant protein degradation. Nonetheless, the lanes with proteins that
were treated with 100, 200, or 1000 ug/ml show the disappearance of high MW bands or
protein agglomeration.
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Figure 4.9. Western blot for GAPDH (37 kDa). The band only appeared in the control lane
and the one with no MNPs. While in the groups treated by MHT with MNPs, the band did
not appear, indicative of protein denaturation.
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4. Discussion

The presentation and discussion of the results obtained during the development of
this research work are divided into three major parts. The first one discusses how
the particles were prepared, from their synthesis to their characterization, and how
the results obtained are comparable with particles synthesized by other routes. The
second one describes how the synthesized particles were able to perform MHT and
their promising results as heating agents for their specificity and lethality. Finally, it
is discussed how the modified synthesis routes presented an enhancement in
particle properties and performance.

This study investigated a modified synthesis route by co-precipitation. This method
is commonly used in nanoparticle synthesis because it is simple, does not require
long reaction times or high temperatures, and hardly achieves a monodisperse
nanoparticle distribution.

The synthesized particles presented excellent properties to be employed in
biomedical applications, such as magnetic hyperthermia treatment. Among some of
their attributes, our MNPs are monodisperse, which indicates a narrow particle size
distribution; superparamagnetic, meaning that they do not maintain magnetization in
the absence of an external magnetic field; and biocompatible, thanks to the molecule
attached to their surface, because MNPs did not present a significant toxic effect on
cells by themselves, but until reaching elevated concentrations; these properties are
required to apply MHT in biological systems.

After analyzing the XRD patterns and the SEM images, it was found that indeed a
high percentage of the iron oxide prepared was magnetite by the characteristic
peaks in the diffractograms, besides the fact that both syntheses reached a low
polydispersity index, which is helpful when using them for MHT. It is also worth
mentioning that the obtained XRD patterns in the co-precipitation synthesis are
similar to the ones presented by Patel [107], and the peaks obtained showed a better
definition than the ones presented by Dheyab [106], which indicates a better
crystalline structure. As for the MNPs synthesized by the reduction route in both
solvents, deionized water, and EG the XRD patterns are very similar to those
presented by Aslam [115]. Also, the low values of coercivity, magnetic remanence,
and high magnetic saturation are characteristic of superparamagnetic materials,
which were intended to be obtained by the particles and confirmed by SEM images.

In addition, the use of DMSA as a coating agent provided several advantages, like
its biocompatibility enhancement, aggregation reduction, and functional groups
capable of performing a subsequent bioconjugation by a peptide that specifically
targets cancerous cells. The ability of this peptide (RGD) could be observed when
comparing the blue staining between cancerous and regular cells (HCT-15 and HEK-
293), where it can be appreciated how the MNPs@RGS attached to the cancerous
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cell line, while they did not adhere to the regular cells, despite having high particle
concentrations.

Taking advantage of this specificity, the MHT results were satisfactory because by
only using a low concentration of 100 pg/ml, MNPs reached a temperature elevation
above 5 °C, with similar results for the other two concentrations, 200 and 1000 pg/ml,
and which is enough to perform MHT. This is an advantage compared to previous
works, where the particle concentrations required to perform MHT are higher and
start from 0.5 mg/ml for spherical particles that are similar to those in this work [116].

The effects of the MHT at different particle concentrations can be observed in both
subsequent experiments on MHT, the cells’ staining, and their protein analyses. In
the staining micrographs, it is appreciated how the cellular structure of the
membrane and organelles was lost as the concentration of MNPs increased. Such
results are consistent with the protein analysis by electrophoresis, and the fact that
no GAPDH bands were found by western blot, possibly due to their denaturation.

Our MNPs were able to perform MHT and presented other good properties despite
the simplicity of their production; nevertheless, it is desirable to obtain a narrower
size distribution, and if possible, shape control when synthesizing the particles.
Additionally, better control of the environmental conditions when applying the MHT
would be helpful to reduce external variables such as additional heating by
convection or possible contamination.

Despite the reduction in viability and the denaturing of proteins following the
application of the MHT, further studies could investigate which specific proteins are
mainly affected by this treatment to better understand the metabolic pathways that
lead to cell death after heat exposure.

Our results were consistent in proving the effectiveness of MHT with the synthesized
MNPs; they not only reach the minimum temperature necessary to perform this
treatment, but the posterior analysis showed abnormalities in the treated cells. This
makes our particles good and novel candidates for MHT after only changing some
of the original procedure conditions and making it easier to perform.
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5. Conclusions

FesO4 nanoparticles can be successfully synthesized by the co-precipitation route at
room temperature by controlling the rate at which a determined volume of the
reducing agent (NaOH) is added to the iron precursor solution. Specifically, when
referring to magnetic nanomaterials for biomedical applications, these properties
include crystallinity, monodispersity, biocompatibility, and superparamagnetism,
which are essential for minimizing risks when used in biological systems.

The bioconjugation route is important to be considered since the particles’
preparation, as long as their surface molecules could be considered the first step
into a stable attachment that leads from the particle core to the most external
biomolecule, which will interact in a desired way with their specific target, and
avoiding changing the nanoparticle intrinsic properties.

A low concentration of MNPs is considered to be preferable as it reaches the same
or better temperature increment when exposed to an AMF, it decreases the MNPs'
cytotoxicity generated by themselves without MHT application, it reduces the “noise”
when taking micrography images, not to mention the reduction in the particles’ usage
and waste diminution.

MHT is a promising cancer treatment as it can be specifically designed to attack
cancerous cells with the advantages of targeted therapy, as well as regulated use in
temperature increase to only affect cancer cells, causing minimal damage to healthy
cells.
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ARTICLE INFO ABSTRACT

Kuywirds: In thiz ctudy, we report for the firt time the we of a dalyoiz method for simple pe ion of a flexible qul

tellulese membrane fior Surface-Enhanced Raman Spectroacopy (SERS). The method congists of synthesized citraze gold nanoparticles

IJ-'T;E - capped with palyiallylamine-hpdrochloride), poured into s commercial cellulose dialyzis membrans, and st ints

:_’:m"“m?”‘“ 2 glazs besker with water undar rgnetic stirring for 48 k for diskyzie. Then gold nameparticle: doped the cel-
luloge membrane wo get a SERS substrate, which was characterized by Raman spectroscopy wing 4-Aminothio-

phencl, and 4-Mescaptobezaic 2cid 2z 2 Raman probe in the sange from 15 107" to 1107 "M, Raman signal as
a function of logarithm concenration shows a linear behavior and estimated analytical enhancement factor of
the cubctrate wing 4-Aminothiophenol wag 4.3x 107, The fexibilicy of our SERS substrate can be helpful in
applications where solid SERS substrates have low performance. For example, when the surface nesds bending
for sample preparation or analyziz, cut out into zmall pieces or washed without locing im SERS propertiss.
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Abstract Superparamagnetic  magnetie  Fe 0,
nanoparticles  (NPs) were synthesized by the
coprecipitation method and stabilized with meso-
2 3-dimercaptosuccinic acid (DMSA) under ambient
conditions and a nitrogen atmosphere at  room
iemperature in one simple step. The X-ray diffraction
(XRD) analysis of Fe;0,; NPs confirmed their cubic
spinel structure with high erystallinity for both samples
prepared with or without nitrogen atmosphere. The
scanning electron microscopy analysis showed an
average particle size of 150+3 nm and 23.04 5 nm
in the absence and presence of nitrogen, respectively.
Ouwr particles have shown excellent magnetic properties
with a high saturation magnetization (35 emuw/g), low
remanence (3.0 emw'g), and low coercivity (43 Oe).
The method of synthesis proposed here offers excellent
reproducibility of superparamagnetic NPs  with
narrow size distribution and low aggregation despite
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the simplicity of its preparation. The dose-response
curves of the colorimetric assay MTT carried out in
HCT 116 cell cultures in a range from 30 to 250 pgf
mL meveal that magnetic nanoparticles coated with
DMSA significantly improve their biocompatibility
for applications like magnetic hyperthermia, magnetic
resonance imaging, or biosensing.

Keywords Magnetite - Superparamagnetic -
Nanoparticles - Coprecipitation - DMSA - Room-
temperature synthesis

Introduction

Superparamagnetic nanoparticles (NPs) have
acquired great attention for biomedical applica-
tions. Their preparation can be done at a low cost,
showing good physical and chemical stability and
biocompatibility. Besides, they can be designed to
accomplish specific tasks [1, 2], for example, as
a contrast agent in magnetic resonance imaging,
magnetic hyperthermia therapy. cellular labeling,
tracking in tumor therapy, targeted drug delivery
systems, and soil and groundwater remediation,
among other applications [3, 4]. These particles
can be classified into two main categories depend-
ing on their structure: magnetic alloy nanoparti-
cles and magnetic metal oxide nanoparticles. In
the latter group, we can find iron oxide NPs (mag-
netite Fe,0, and maghemite y-Fe, 05} which have
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Synthesis of magnetite nanoparticles by reduction in two different solvents
L.F. Gomez Caballero >, J.L. Pichardo-Molina™’, L. Aparicio-Ixta *®, -T. Cordova-Fraga®,
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ﬁRT[C].E]N]"q ABSTRACT

Kywirds: Magnetic nanoparticles (MNPz) hare been stndied in the lagt decades due to their properties and applications,
Analyte detsction acting az heating agent: in magnetic hyperthermia or amalytes detection, to mention a few. We developed
Magmetice magnetite (Fey0s) MNPo capable of accomplizhing previeuly mentionsd applications. When stimudated with an
Mixgmcic yparthermla alternating magnetic field (AMF), our particles reached a temperanire increment of 9 °C after being otimmulated

Gotadecplamlne for 12 min. Also, they served 2 2 peroxidase like agent for HyOy, detection, reaching a limit of detection of 5 «

107° M. Cur MNPs were synthesized by chemical reduction method using iran salts s precusors and ocmde
cylamine az the reducing agent under a nitrogen amosphere, in water or ethylens ghrool. MNPz were charse-
chowed an average particle size of 35.0 and 34.0 nm; vibrating sample mag ety was uzed to analy=s their
mognetic propertien, and UV-Viz spectroscopy to determine the Fe content of MMPo. The synthesio method here
presentz good reproducibility of MNPz with 2 moderate gize distribution.
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