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Abstract

Hyperthermia treatment using appropriate magnetic materials in an alter-
nating magnetic field to generate heat has been proposed as a low-invasive
cancer treatment method. Magnetite iron oxide nanoparticles (Fe,O,) are ex-
pected to be an appropriate type of magnetic material for this purpose due to
its biocompatibility. Several polymers are used to Fe,O, MNPs to avoid or
decrease agglomeration, and in most cases increase dispersion stability. In
this review, we will give briefly how these coated magnetite nanoparticles
(PMNPs) are synthesized in the first part. The main characterization tech-
niques usually used to study the properties of these MNPs are prseneted in
the second part. Finally, most recent results on the heating ability of poly-
meric coated magnetite nanoparticles (PMNPs) are given in the last part of
this review.
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1. Introduction

Magnetic hyperthermia therapy is a cancer treatment method which uses the
ability of magnetic nanoparticles to generate heat when exposed to an alternat-
ing magnetic field. The elevation in the temperature of the tissue induces few
physical and physiological changes. As well known, the cancer tissue is more
thermosensitive than normal tissue at between 42°C and 45°C. Injection of
coated magnetic nanoparticles near the tumor followed by application of an al-
ternating magnetic field for 15 to 60 min to gain and maintain a temperature in
the range of 42°C - 46°C is enough to kill completely cancer cells with minimal
injury to normal cells.

The mechanisms for heating magnetic nanoparticles with an AC magnetic
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field include three types of loss processes (hysteresis losses, Néel relaxation, and
Brownian relaxation). The relative contribution of each process depends strong-
ly on the crystal size and composition of the particles. Nanoparticles with core
diameters of less than 20 nm or so, as used in most magnetic fluid hyperthermia
applications, are single-domain particles, meaning that they consist of only a
single organized crystal. In such small nanoparticles, magnetization relaxation is
governed by a combination of the external rotation (Brownian) and internal
(Néel) diffusion of the particle’s magnetic moment, with negligible contribution
of hysteresis loss.

Magnetic nanoparticles (MNPs), within the size of 1 nm and 100 nm, have
been an important nanomaterial for science and technology in the past three
decades. Their unique characteristics such as high surface to volume ratio and
size-dependent magnetic properties are drastically different from those of their
bulk materials. One of the most important MNPs is magnetite (Fe,0,), which is
more widely used than other magnetic nanoparticles due to its biocompatibility
[1] and low cost. Its structure gives it special properties so that it can be used in
many medical, pharmaceutical and therapeutic applications [2] [3] [4] [5]. To
prevent the agglomeration of magnetic nanoparticles and increase dispersion
stability, it is necessary to modify their surfaces with biocompatible coatings [6].
The coating of nanoparticles with biocompatible materials has been studied by
many research groups [7] [8] [9] [10].

In this review, we will give briefly how these coated magnetite nanoparticles
are synthesized, the different characterization techniques used to study the phy-
sico-chemical properties and finally few examples of heating ability of polymeric
coated magnetic nanoparticles (PMNPs).

2. Preparation of Magnetic Nanoparticles Coating with
Polymer by Co-Precipitation Method

There are many other methods (chemical or physical), which allow the synthesis
of polymerated coated magnetic nanoparticles such as hydrothermal, sol-gel,
co-precipitation, ball milling, etc. We will review briefly in this paper magnetic
nanoparticles coated by polymers synthesized by these methods.

For example, the simplest and the most used one is the co-precipitation me-
thod in which no organic solvents are required [11]. The typical co-precipitation
method for the preparation of magnetite is as follow: the salt of “FeCl,-4H,0”
was added to a distilled water that was previously purged by nitrogen, and
FeCl,-6H,0O was added after the good dissolution of salt. In this synthesis, the
stoichiometry of “FeCl,-4H,0”/”FeCl,-6H,0” was 1/2. Separately, a polymer so-
lution was prepared and sonicated with ultrasonic bath. The solution containing
polymer was mixed with the metallic ion solution while bubbling N, gas, and
NH; aqueous solution was added dropwise till a pH > 8 was achieved and stirred
for 1 hour. The sample was dried in an oven and then ground by a mortar.

It was well known that Fe(OH), and Fe(OH), are formed at pH > 8 by the hy-

droxylation of the ferrous and ferric ions under anaerobic conditions [12]. The

DOI: 10.4236/anp.2023.124012

148 Advances in Nanoparticles


https://doi.org/10.4236/anp.2023.124012

A. Sabik

possible reactions for the formation of Fe;O, MNPs are as follows:
Fe’* + 30H™ > Fe(OH),
Fe(OH), > FeOOH + H,0
Fe** + 20H™ > Fe(OH),
2FeOOH + Fe(OH), > Fe,0, § +2H,0

It is essential to note that the whole reaction mixture be free of oxygen, other-
wise magnetite can be oxidized to ferric hydroxide ()-Fe,0;) in the reaction me-

dium.

3. Characterization Methods

There is a wide range of experimental techniques to study magnetic properties of

PMNPs. We focus in this part on the main techniques.

3.1. Dynamic Light Scattering (DLS)

It uses Brownian motion to provide information about the hydrodynamic radius
(R,), size distribution (polydispersity, PDI), and the colloidal stability of nano-
particles in solution [13]. Quite often, PDI values from 0.1 to 0.25 are used to
confirm a narrow size distribution, whereas a PDI value higher than 0.5 is often
referred to as a broad distribution [14]. The size distributions resulting from
DLS are of high value concerning the aggregation behavior prior to and after
surface modification as well as the apparent changes in nanoparticle size. How-

ever, this method merely provides an average value.

3.2. Transmission Electron Microscopy (TEM)

It provides supplementary information about size, shape, and shell thickness of
individual nanoparticles. Especially regarding the latter case, TEM investigations
can be easily used to get an impression about the effect of the polymeric shell on
the MNP aggregation behavior. However, the results have to be interpreted with
care as aggregation of the nanoparticles and damaging of organic nanostructures
can occur during drying processes. For this reason, TEM and DLS are often used

in combination [15].

3.3. The Zeta Potential

It has tremendous influence on suspension stability of nanoparticles, eventual
secondary aggregation, or any interaction with other materials. The zeta poten-
tial is measured by laser doppler velocimetry as the electrophoretic mobility of
the respective colloidal suspension and represents the potential at the slipping
plane of a particle in solution during movement [16]. In general, high values re-
sult in an improved stabilization, while a value close to zero typically leads to fast

aggregation and eventual precipitation in aqueous media.

3.4. X-Ray Diffraction (XRD)

Powder x-ray investigations are most often used to obtain information about the
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crystal structure and phase of the magnetic core. This method provides informa-
tion regarding the crystallinity of MNPs, as well as their average crystallite size.
The average crystallite size, D, is calculated from Scherer’s equation [17]

without considering the effect of lattice strains as

Do KA )
Pcosd

where 1 is the incident wavelength (1.5406 A), &is the Bragg angle (in degree), K
is a constant whose value is approximately 0.9 and S (rad) is the full width at half
maximum (FWHM) of a diffraction peak or integral breadth [18] [19].

3.5. Vibrating Sample Magnetometry (VSM)

It determines the magnetic properties of magnetic nanoparticles. The magnetic
properties can be used to estimate the amount of diamagnetic material in the
sample, for example the organic material representing the shell. Comparison of
the weight of a sample with the corresponding magnetic properties allows calcu-
lation of the amount of diamagnetic organic material. Furthermore, this method
validates whether the investigated nanoparticles are (still) superparamagnetic.
The magnetic parameters (Ze., saturation magnetization (A4), remanence mag-

netization (,), and coercivity (H)) are determined from the M-H curves.

3.6. Thermogravimetric Analysis (TGA)

It can be used to determine the overall amount of organic material located at the
surface of inorganic nanoparticles. Thereby, one clear benefit is that small sam-
ples amounts can be used to verify the presence of organic surface coatings. This
tool is of utmost interest when it comes to a quantitative evaluation of coating

processes and/or the determination of biological adsorption processes [20].

4. Heating Efficiency

The heat generated per unit gram of magnetic material and per unit time under
alternating magnetic field is known as specific absorption rate (SAR). Previous
reports showed that the SAR values of the nanoparticles could be affected by
several parameters such as sample preparation method, size of nanoparticles,
magnetic properties, the amplitudes and frequency of the applied field, coating,
etc.

The amount of heat generated by magnetic nanoparticles is normally quanti-
fied in terms of the SAR, which can be calculated by:

sar = £C- (47 )
myp \ At

where C, is the specific heat capacity of water (4.185 J/g k), pis the density of the
colloid, m,,is the concentration of the magnetic nanoparticles in the suspension
and A7/At is the initial slope of the time-dependent temperature curve. This
gives SAR the units W/g [21]. The fundamental problem with this parameter is
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that SAR is extrinsic and varies depending on both H (field strength) and f (fre-
quency). Therefore, measurements are only comparable if made on the same
machine that has the same H and f [22].

5. Recent Results on Heating Ability of Coated Magnetite
Nanoparticles

Many research groups investigated the heating ability of polymeric coated mag-
netic nanoparticles (PMNPs) as function of many parameters such as prepara-
tion methods, field amplitude and frequency. We will summarize the most re-
cent works, which investigate the heating efficiencies of these PMNPs.

El Boubou et al. [23] reported the preparation of different Polymerylated MNPs
(PMNPs) capped with five widely used polymers (PVP, PEG, Dextran, HA, and
PAA) synthesized by hydrothermal method. The main results are summarized in
Table 1. Figure 1(a) depicted the magnetization-field (M-H) curves recorded at
room temperature for the different PMNPs. All the samples show superpara-
magnetic behavior with negligible coercivity and remanence. The saturation
magnetization (Ms) obtained for PVP-MNPs, PEG-MNPs, HA-MNPs, Dextran-
MNPs, and PAA-MNPs were found to be equal to 72, 62, 61, 49 and 9.5 emu/g,
respectively. The high saturation makes this PMNPs promising for heat dissipa-
tion under alternating magnetic. The authors investigated the heating ability
under alternating magnetic field of amplitude 170 Oe and frequency of 332 kHz
(Figure 1(b)). They found that all the PMNPS show high heating abilities and
reach magnetic hyperthermia temperatures (42°C) in relatively short times. SAR
values were found to be equal to 160, 70, 40, 36 and 2 W/g for PVP, PEG, HA,
Dextran, and PAA-coated MNPs respectively. PVP-MNPs showed the highest
SAR (160 W/g) compared to other samples (Figure 1(c)). El Boubbou and his
collaborators investigated the ability of these PMNPs to kill cancer cells under
AME. They found that PVP-MPNs were efficient to treat breast cancer cell with
more than 90% cell killed after applying magnetic field for thirty minutes
(Figure 1(d)).

Algessair et al. [24] studied the self-heating ability of PAA-coated magnetite
(Fe;0,) nanoparticles as function of concentration of PMNPs, field amplitude
and frequency. The authors characterize the as-prepared PMNPs by many tech-
niques including TEM, FTIR, DLS, TGA, and VSM. TEM images depicted in

Figure 2(a) show that the MNPs are uniform colloidal with ultra-small size of

Table 1. Main parameters deduced from the measurements [23].

Av. core

Zeta

Sample c.rystallite size Morphology Hy;dirz(;d(y;n;;nic PDI potential Polymer  Fe** (enhlAljlg) (‘Lsiz:(:;g-s)) (‘Lszz:(:;g-s)) (f:/l;) (nHTrII;l: /kg)
size (nm) (nm) (mV)
Bare-MNPs 12.5 quasi-spherical 150 0.232 1.15 2 (wt%) 70.9 (wt%)
PVP-MNPs 11 quasi-spherical 145 0.202 10 15 (wt%) 61.5 (wt%) 72 90 120 160 2.6
PEG-MNPs 9.5  quasi-spherical 120 0.27 -40 18 (Wt%) 59.3 (wt%) 62 180 260 70 1.15
PAA-MNPs 5 quasi-spherical 75 0.241 —45 60 (Wt%) 28.9 (wt%) 10  Not reachedNot reached 2 0.03
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Figure 1. (a) Field-dependent magnetization (M-H) curves for the various PMNPs. (b) Magnetization curves at low field from 50
Oe to 50 Oe. (c) Hyperthermia heating efficiency depicted by a plot of temperature increase vs. time of the different PMNPs (10
mg mL™") under an alternating magnetic field (HO = 170 Oe and frequency = 332.8 kHz). (d) Plot of SAR values as a function of
TEM core size [23].
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Figure 2. (a) TEM image, (b) Magnetization at room temperature, (c) Hyperthermia
heating efficiency at different concentration under an alternating magnetic field (HO =
170 Oe and frequency = 332.8 kHz), (d) Plot of SAR and maximum temperature [24].
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MNPs 5 nm, while magnetization at room temperature reveals superparamag-
netic behavior (Figure 2(a), Figure 2(b)). Heat dissipate by the MNPs under
AMF was investigated as function of concentration of MNPs, field amplitude
and frequency. They observed that temperature rise increases with increasing
concentration (Figure 2(c)). It can be seen also that magnetic hyperthermia
temperature is reached in short time for all the concentration. Interestingly, the
authors observed that SAR decreases with increasing concentration of MNPs
(Figure 2(d)). This decrease of SAR with increasing the concentration of PAA-
MNPs is due to the enhancement of interparticle dipolar interactions. Many re-
searchers reported similar results and explained such behavior by the interpar-
ticle dipolar interaction, which could influence the heating ability of MNPs by
reducing Neel-Brownian relaxation times [25] [26].

Miyazaki et al [27] investigated the effect of different types of polymers on the
size of MNPs, their magnetization and the SAR for magnetic hyperthermia. The
main structural, magnetic and heating ability parameters are summarized in Ta-
ble 2 below. They observed that the size of MNPs decreased with increasing po-
lymer molecular weight except for polyethyleneimine. All the coated samples
show a superparamagnetic behavior as indicated in Figure 3(a). Heating effi-
ciency under AMF reveals that the polymeric MNPs reached a high temperature,
but the SAR values are very low (Figure 3(b)). Optimization of some parameters
such as the size, the percentage of polymers will increase this value and make
them good candidate for hyperthermia.

Table 2. Parameters deduced from structure, magnetic and heating characterization [27].

Av. core size
Sample crystallite
- (nm)
size (nm)
Bare-MNPs 21.3
PEG 200 15.5 10 - 20
PEG 600 13.8 10 - 20
PEG 6000 11 10 - 20
18.3 100 - 200
PSSS 300,000 (y-FeOOH)  (needle)
100 - 200
PSS 500,000 14.4
(needle)
114 100 - 200
PAA 5000
(yFeOOH)  (needle)
100 - 200
PAA 25, 8.5
5,000 (needle)
PEI 600 19.3
Not
the | t
PEI 1800 measured s h:riiljessize
(a-FeOOH) P
Not
PEI 10,000 measured
(a-FeOOH)

Morphology

spherical + neddle

spherical + neddle

spherical + neddle

spherical + neddle

Zet:
typeof  Coordination  stability € a. Fe** Ms SAR
potential
polymer complex constant (mV) (conc/mM) (emu/g) (W/g)
. desirable for
spherical shape 11111 1111111 1 39.6 0.072 55.8 3 .
hyperthermia
non ionic
spherical shape 1111111 i 0.072 69.5 23
polymer
. non ionic desirable for
spherical shape 111111 i 0.072 i/ — .
polymer hyperthermia
. non ionic desirable for
spherical shape 11 M -17.4 0.072 38.1 4.5 .
polymer hyperthermia
anionic FeSO! 2.56 i 0033 3
polymer
anionic FeSO! 2.56 1 0017 NN 22
polymer
MO po(CH,CO0)™ 338 i 0042 I 02
polymer
anionic ”
Fe(CH,COO) 3.38 111111 0.065 11111117 0.49
polymer
tioni
spherical + neddle oo i e 0.038 55.9 23
polymer
tion
spherical + neddle 0 o¢ i i 0.049 873 029
polymer
cationic
neddle i i " 0.06 0.885 0.49
polymer
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Figure 3. (a) Magnetization at room temperature, (b)
Temperature rise under AMF [27].

Darwish et al [28] reported in their elegant work the synthesis of polyvinyl
alcohol coated magnetite for hyperthermia application with the objective to im-
prove the heating efficiency under an alternating magnetic field. The size, mag-
netization and the SAR values for bare-MNPs and PVA-MNPs are summarized
in Table 3. As can be seen from the data, the MNPS have small size with spheri-
cal shape. The authors observed that coating magnetite with PVA is benefit in
terms of magnetization and also SAR values. Saturation increases from 41 emu/g
for un-coated to 45 emu/g for PVA coated MNPs, this increase of saturation
leads to the improvement of SAR value which increase considerably. Darwish
and co-authors showed that heat dissipated by MNPs can be tuned by changing
the field amplitude or frequency of the applied field as shown in Figure 4(a)-(e).
The observed an increase of SAR and temperature rise with increasing field am-
plitude and frequency (Figure 4(f)).
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Table 3. The main parameters of coated and uncoated MNPs [28].

Sample core size (nm) Morphology Zeta potential (mV) Ms (emu/g) SAR (W/g)
Bare-MNPs 123+£32 spherical shape 41.98 4.84
MNPs@PVA 10+ 2.5 spherical shape —-11.49 45.08 163.81
(@ 7 (®) 10
6
8
5
O 4 ——MNPs O 6 ~—— MNPs
= ——PVA@MNPs | & .—— PVA@MNPs
g 3 < 4
2
2
0 — ——— 0 ; T 1 T
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© 12 Time/s (d) 1 Time/s
10 12
& O —— MNPs 1 ——MNPs
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< 5 s
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e 0
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Figure 4. Heating efficiency for MNPs and PVA@MNPs at the conditions: (a) f =
106.6 kHz and H = 20 kA-m™, (b) f = 159.8 kHz and H = 13.5 kA-m™, (c) f = 269.9
kHz and H = 13.5 kA-m™}, (d) f = 381.6 kHz and H = 12.7 kA-m ™' and (e) f = 614.4
kHz and H = 9.5 kA-m™" and (f) SAR corresponding [28].
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6. Conclusion

In summary, coating magnetite nanoparticles by polymers in an efficient ap-
proach to tune the structural, magnetic properties and subsequently their heat-
ing ability for magnetic hyperthermia. Types of polymers play a major role in
the desired properties. We observed that coating magnetite with PVA improved
the magnetization and leads to enhancement of SAR values. Similar effect was
observed when magnetite nanoparticles are functionalized by PVP. It was found
that both saturation and SAR increase drastically compared to the values of
un-coated MNPs. It was found also that coating with some other polymers such
as PAA or chitosan reduce the magnetization due the magnetic dead layers in-

duced by the polymers.
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