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Abstract In the past few years, due to the rapid development of the advances in the
pharmaceutical and biomedical field, the magnetic iron-oxide nanoparticles have
received considerable attention for their attractive properties. Magnetic nanoparti-
cles are perfect candidates for use in diagnosis and disease treatment because they
have properties as superparamagnetic behavior, a high superficial area that allows
functionalizing, biocompatibility, nanometric size (10—100 nm), low toxicity, pos-
sibility of in vivo manipulation by a low external magnetic field, and placement in a
specific place. The key point of magnetic iron-oxide nanomaterials is to develop
effective synthesis techniques that allow particles to have with a uniform size, high
magnetic saturation, and stability, preventing aggregation and oxidation with air
since these result in the loss of its magnetic properties. This chapter presents a
review of various strategies to synthesis of magnetic nanoparticles and their use in
pharmaceutical and biomedical field.
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5.1 Introduction

At present, magnetism plays an important role in the study and manufacture of
nanostructured and magnetic materials (Abolfazl et al. 2012). In order to make
nanostructured materials, it is necessary to manipulate objects with a similar size to
groupings of molecules and even molecules and atoms; the diameter of these mate-
rials is smaller than 1,000 nanometers (nm). The purpose of manipulating these
materials in nanometric scale, must to the possibility of creating devices and sys-
tems with new properties allowing specific functions that represent nature behaviors
(Martin et al. 2003; Abolfazl et al. 2012).

The use of magnetic iron-oxide nanoparticles (IONPs) offers advantages due to
the chemical, physical, and pharmacological properties. These properties include
magnetic behavior, chemical composition, the structure of the crystal, granulomet-
ric uniformity, properties related to adsorption processes, surface structure, and
solubility (Raz et al. 2012). Among the magnetic nanostructured materials, magne-
tite (Fe;0,) and maghemite (Fe,0;) are commonly used due to their strong magnetic
properties and low toxicity, which motivate their application in the field of biotech-
nology and medicine (Reddy et al. 2012; Wu et al. 2015).

In the past few years, due to the rapid development of the nanotechnology and
magnetic nanostructured materials in biotechnology and medicine areas, magnetic
particles of nanometric sizes have received considerable attention (Curtis and
Wilkinson 2001; Pankhurst et al. 2003; Tartaj et al. 2003). These particles may have
sizes that are comparable to virus (20-500 nm), proteins (5-50 nm), or genes (2 nm
to wide it and 10-100 nm along). Moreover, it is possible to control using an exter-
nal magnetic field and has a great surface area that can be modified to attach biologi-
cal species via chemical interactions (Tartaj et al. 2005).

For example, in the medicine field, drugs’ guided transport to a specific site has
been studied by the application of an external magnetic field, and this has been
achieved with a minimum amount of magnetic particles obtaining that magnetic
drugs are safe and effective (Reddy et al. 2012). The transport guided of biologi-
cally active substances to a specific organ allows creating an optimal therapeutic
concentration of the drug in the desired part of the organism while maintaining the
injection total dose at low levels (Kuznetsov et al. 1999; Koneracka et al. 2002). The
use of biocompatible magnetic particle as carrying drugs seems to be a promising
technique (Liibbe et al. 1999). The superparamagnetic properties of fine magnetic
particles have great importance from a practical point of view because it means that
these magnetic particles can be located in a convenient position, transported to spe-
cific places, and controlled in desirable parts of organs or blood vessels with the
assistance of an external magnetic field (Koneracka et al. 2002).

Some of the advantages of these magnetic materials in this area are (1) the size
of the particle because of tolerated small size in order to improve the tissular diffu-
sion, allow lower sedimentation rates, and obtain high effective surface areas. (2)
The superficial characteristics allow the particles to be easily functionalized and
encapsulated with various compounds (biomolecules, inorganic and organic
materials, polymers, surfactants). Consequently, the particles are more resistant to
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degradation, and their biocompatibility and stability are increased. (3) The good
magnetic response makes possible that the concentration of the nanomagnets
decreases in the blood and therefore decreases the collateral effects (Reddy et al.
2012; Wu et al. 2015).

The magnetic separation is a technological advancement recently developed and
used in the bioseparation area (Marszalt 2011). For example, magnetic particles can
be used for immobilization of molecules via binding to form a magnetic biocatalyst
that can be separated from the solution by an external magnetic field gradient.
Recently, this magnetic property of the particles allows using in the immobilization
of proteins, peptides, and enzymes (Bagheri et al. 2016; Gao et al. 2016), microor-
ganism detection (Shi et al. 2014; Du et al. 2016; Yin et al. 2016), bioseparation
(Paulus et al. 2015; Gu et al. 2016), immunoassays (Ahn et al. 2016; Vidal et al.
2016), pathogen detection (Brandao et al. 2015; Chen et al. 2015), controlled release
drugs (Hyun 2015; Miiller et al. 2017), biosensors (Xu and Wang 2012; Jamshaid
et al. 2016), cellular classification (Thornhill et al. 1994; Carinelli et al. 2015),
adsorption and purification of proteins (Mirahmadi-Zare et al. 2016), diagnostic
magnetic resonance imaging (MRI) (Valdora et al. 2016), magnetic fluid hyperther-
mia therapy (Yang et al. 2015; Farzin et al. 2017), and separation of nucleic acid
(Sun et al. 2014; Ali et al. 2016), among others.

On the other hand, in separation processes (in vitro), magnetic particles must be
stable units composed of a high concentration of superparamagnetic nanoparticles
(Medeiros et al. 2011). The main difficulty in the synthesis of these ultrafine parti-
cles is to control the size of the particles on a nanometric scale. This difficulty is the
result of the high superficial energy of these systems. The interface tension acts as
force guides for the spontaneous reduction of the superficial area by growth during
the initial precipitation step and during aging (Sugimoto 1987). Therefore, the
search for easy and flexible routes to synthesize and to produce magnetic iron-oxide
nanoparticles with the acceptable size distribution, with desired size, and with high
dispersibility, without having particle aggregate and low reactivity with the air, is of
extreme importance to understand the potentials that are these materials in biomedi-
cine and biotechnology (Tartaj et al. 2005).

5.2 Synthesis of Magnetic Iron-Oxide Nanoparticles (IONPs)

The synthetic methods used to synthesize magnetic IONPs are based on aqueous
and nonaqueous routes on coprecipitation (Wu et al. 2008), thermal decomposition
(Sun and Zeng 2002), hydrothermal and solvothermal syntheses (Wu et al. 2008),
sol-gel synthesis (Dong and Zhu 2002), microemulsion (Lépez Pérez et al. 1997),
ultrasound irradiation (Ali et al. 2016), and biological synthesis (Zhu and Chen
2014) approaches using microorganisms.

The actual challenge in the area is synthesized to lead and improve its magnetic
properties while keeping their small size, which is complex due to the colloidal
nature of IONPs. A high biocompatibility and stability are also required to extend
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Fig. 5.1 Summary comparison of the synthetic methods for the production of IONPs

the possibility of its applications. Figure 5.1 summarizes a comparison of different
reaction characteristics between the main methodologies used in the synthesis of
magnetic IONPs according to Wu et al. (2015).

5.2.1 Coprecipitation

The coprecipitation is the simplest and most conventional method and consists of
mixing ferric and ferrous ions in a 2:1 molar ratio (Fe**/Fe?*) resulting in magnetite
(Fe;0,) nucleus growth at very basic solutions (pH >11) at room or elevated tem-
perature, as the reaction mechanism below:

Fe** +2Fe™ +80H <> Fe(OH), +2Fe(OH), - Fe,0, 1 +4H,0

Magnetite (Fe;0,) may also be transformed into maghemite (y-Fe,Os) depending
on reaction conditions. Massart (1981) described for the first time the method for
peptizing magnetite both in alkaline and acidic media. Coprecipitation method has
been used to nanoparticle (NP) production, generally associated with different tech-
niques to making magnetic Fe;O, NPs, and, as these particles generated by this
method present a wide size distribution, a secondary size selection sometimes is
required (Wu et al. 2008).



5 Pharmaceutical and Biomedical Applications... 81
5.2.2 High-Temperature Thermal Decomposition

The nonaqueous thermal decomposition has been adopted to try to control the
particle size and distribution of IONPs formed. The IONPs obtained from high-
temperature thermal decomposition display superior properties since they present
narrow size distribution and high crystallinity in comparison to coprecipitation,
where the particles obtained exhibit low crystallinity once the reactions are car-
ried out at room temperature (Sun and Zeng 2002).

Thermal decomposition approaches include (a) hot-injection method (Tian et al.
2011), where the precursors of IONPs are injected into a hot reaction mixture, and
(b) conventional method (Wu et al. 2015), where a reaction mixture is prepared at
room temperature and then heated in a closed or open reaction vessel. Both methods
are based on the decomposition of different ferric sources as described in Table 5.1.

Organic molecules are also used as reaction stabilizers to obtain monodisperse
IONPs. Compounds as oleic acid or ether derivatives can affect the nucleation pro-
cess decreasing the time spent to growing nanocrystals growth time, favoring the
formation of small spherical IONPs (<30 nm) (Demortiere et al. 2011). The use of
specific solvents could contribute for the preparation of strongly faceted iron-oxide
nanocrystals with nanocube or octahedron structures (Shavel and Liz-Marzan 2009).

5.2.3 Hydrothermal and Solvothermal Synthesis

Many techniques of crystallization using high-temperature solution (130-250 °C)
under high vapor pressure (0.3—4.0 MPa) have been described. The hydrothermal
method allows a crystal growth through different crystalline phases resulting in
IONPs with controlled size and shape (Sun et al. 2009; Gao et al. 2010; Xu and Zhu
2011).

Table 5.1 Common ferric salts used in high-temperature thermal decomposition reactions

Temperature
Ferric salts requirement (K) Reference
Fe(CO)s 300 Woo et al. (2004)
Fe;(CO);, 100 Maity et al. (2009)
Fe(acetylacetonate)s 200 Wang et al. (2012)
Fe(N-nitrosophenylhydroxylamine), 300 Rockenberger et al.

(1999)

Fe,[Fe(CN)s14H,0] (Prussian blue) 300-600 Hu et al. (2012)
[Fe(CON,H,)s](NO;); (Fe-urea) 470 Asuha et al. (2009)
Fe(CsHs), (Ferrocene) 770-970 Amara and Margel (2011)
Cs,HooFeOg (iron oleate) 650 Bronstein et al. (2007)
FeCl; 650 Park et al. (2004)
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The synthesis for y-Fe,O; involves a controlled oxidation of Fe;O, and direct
mineralization of Fe* ions and ensures a better crystallinity of single crystal parti-
cles of IONPs (a-Fe,0s, y-Fe,0s, and Fe;0,) (Daou et al. 2006). In the hydrother-
mal (aqueous) and solvothermal (nonaqueous) processes, Fe’* is used as the iron
source and acetate, and urea and sodium citrate are mixed in ethylene glycol, result-
ing in a homogeneous dispersion which is transferred to a Teflon-lined stainless
steel autoclave and sealed to heat at about 200 °C for 8-24 h (Hu et al. 2009; Lin
et al. 2012).

The solvothermal method (Walton 2002) is used to synthesize IONPs containing
ionic conductivity, magnetism, giant magnetoresistance, low thermal expansion,
and ferroelectricity, properties that make it advantageous in comparison to the tra-
ditional ceramic synthetic routes.

5.2.4 Sol-Gel Method

The sol-gel method uses a colloidal solution as a stable dispersion precursor for an
agglomeration of colloidal or sub-colloidal particles to form the IONPs through at
least a two-step phase: Fe(OH);—p-FeOOH—vy-Fe,0s. In sol systems, these parti-
cles interact by van der Waals forces or hydrogen bonds forming linking polymer
chains. In gel systems, interactions are of a covalent nature collaborates to an irre-
versible process (Qi et al. 2011; Lemine et al. 2012).

The precursors of hydrolysis and polycondensation reactions include iron alkox-
ides and iron salts, and the reaction is performed at room temperature following by
heating to obtain the IONPs in a final crystalline state (Dong and Zhu 2002; Pandey
and Mishra 2011).

5.2.5 Polyol Method

The polyol method consists of an inverse sol-gel method, since the sol-gel uses an
oxidation and polyol uses a reduction reaction. In this method, polyols act as sol-
vents and reducing agents, as well as stabilizers, controlling particle growth and
preventing interparticle aggregation (Lemine et al. 2012). In polyol synthesis, the
iron precursor compound is stirred in suspension and heated to a given temperature
of the boiling point of the polyol, generating different IONP sizes according to
polyol nature (Caruntu et al. 2007; Shen et al. 2009).

As the surface of IONPs produced by both methods contains many hydro-
philic ligands, the nanoparticles can be easily dispersed in aqueous solution and
other polar solvents (Fig. 5.2). These IONPs present also a higher crystallinity
and saturation magnetization obtained under high reaction temperature (Wu
et al. 2015).
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Fig. 5.2 Synthesis of iron-oxide NPs using two different polyols (Adapted from Dhand et al.
2015)

5.3 Microemulsion

In the microemulsion method, a monolayer of surfactant molecules forms an inter-
face between the oil and water, with the hydrophobic tails from surfactant molecules
dissolved in the oil phase and the hydrophilic head groups in the aqueous phase, or
vice versa, at room temperature. The aggregates formed are called as reverse
micelles, which can be formed in the presence or absence of water (Lépez Pérez
et al. 1997).

The aqueous phase may contain metal salts and/or other ingredients, and the
hydrophobic phase can be a complex mixture of different hydrocarbons and olefins.
The proportion of these components and the hydrophilic-lipophilic balance value of
the surfactant used may result in the formation of IONPs in different systems as oil-
in-water (O/W), water-in-oil (W/O), bicontinuous, and supercritical CO, micro-
emulsions (Malik et al. 2012).

5.4 Sonolysis

The sonolysis (sonochemical or ultrasound irradiation) method uses high-intensity
ultrasound for the production of IONP structures based on bubble/cavity formation
and oscillation, growing to a certain size. In this method, the IONPs are synthesized
by the sonication of an aqueous Fe** or Fe?* salt solution combined with different
polymers under room temperature. Another advantage of this method is the possi-
bility of the use of volatile organometallic precursors (Hee Kim et al. 2005; Laurent
et al. 2008). Sonolysis has been used also in the synthesis of superparamagnetic
iron-oxide nanoparticles (SPIONs) having high magnetization and crystallinity
(Mahmoudi et al. 2011; Yoffe et al. 2013).
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5.5 Microwave-Assisted Synthesis

The microwave-assisted synthesis is based on the intense internal heating of the
molecules under microwave radiation excitation, caused by the strong agitation in
phase with the electrical field excitation. This method has been utilized since the
late 1980s in the preparation of organometallics and can reduce the processing time
and energy cost. The method has been used to prepare magnetic IONPs increasing
yields and reproducibility (Hu et al. 2007; Ai et al. 2010; Qiu et al. 2011; Wu et al.
2011; Zhu and Chen 2014).

This method has been successfully employed in the improvement of IONPs
applied in hyperthermia therapy as a direct or adjunct treatment for cancer (Blanco-
Andujar et al. 2015). In this study, the authors reported the effect of the synthesis
conditions on the properties of IONPs obtained by a coprecipitation method in a
microwave reactor and also the beneficial effects of the microwave route with regard
to the citric acid coatings that were produced.

Preparation of ferrite magnetic nanoparticles of different particle sizes by con-
trolling the reaction temperature using microwave-assisted synthesis was reported
with a temperature variation between 45 and 85 °C. These IONPs exhibited super-
paramagnetic behavior at room temperature, and their size could be varied by con-
trolling the reaction temperature inside a microwave reactor (Kalyani et al. 2015).

5.6 Biosynthesis

Biosynthesis of IONPs is based on reduction and oxidation reactions catalyzed by
microbial enzymes or plant phytochemicals. In this method, the special ability of
Gram-negative magnetotactic bacteria in biomineralize magnetosomes is exploited
in the obtainment of IONPs with uncontrolled shapes (Yan et al. 2012). The magne-
tosomes consist of intracellular crystals with high levels of purity and crystallinity
of magnetic iron mineral, such as magnetite (Fe;O,), which can oxidize into
maghemite (y-Fe,03), or greigite (Fe;S,) (Alphandéry 2014).

The magnetosomes present a great advantage in biomedical applications once
the biomembrane surrounding the crystals is composed of lipids and proteins, and
these functional groups make them suitable for use in living organisms (Prabhau
and Kowshik 2016).

It is known that the key functions of magnetosome biogenesis are encoded by
about 30 genes and, recently, a non-magnetotactic bacterium was capable of
expressing these genes and encoding the magnetosome biogenesis pathway (Uebe
and Schuler 2016).

Due to its ferrimagnetism propriety, bacterial magnetite magnetosomes have
been used in the immobilization of bioactive substances such as glucose oxidase
and uricase enzymes (Matsunaga and Kamiya 1987), antibodies for fluoroimmuno-
assays (Bazylinski and Schiibbe 2007), and immunoassays (Tang et al. 2012).
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5.7 Electrochemical

The electrochemical method generates IONPs with high purity and controlled particle
size by adjusting the current or the potential applied to the reaction system. In a gal-
vanostatic synthesis, the cell potential deviates by decreasing the reactant activity, and
the reaction is suitable to supply a pure single-phase product by chosen potential. On
the other hand, in a potentiostatic synthesis, a linear increasing of the cell potential
from an initial to a final value if the reaction occurs in an intermediate value first car-
ries out a linear voltammetry (Ramimoghadam et al. 2014).

In this method, IONPs are synthesized by an anodic polarization of iron in the
transpassive range of the potential generating mainly maghemite (y-Fe,O;) with a
certain addition of magnetite (Fe;0,) in neutral pH (~7) (Starowicz et al. 2011;
Ramimoghadam et al. 2014). In comparison to other abiotic methods as thermal
decomposition, the electrochemical method produced the largest iron oxide in terms
of mean particle size (Jung et al. 2007). IONPs have been synthesized within the
pores of mesoporous silica (MS) microspheres by an electrochemical method to
produce particles with a diameter of 20 nm inside the pore of MS spheres (Liberman
et al. 2014).

5.8 Flow Injection Synthesis

The flow injection synthesis (FIS) is a modified coprecipitation method based on
flow injection where different precursors can be added by pumping with a control-
lable flow rate in a capillary reactor under laminar flow. The advantage is the high
reproducibility and high mixing homogeneity in a continuous synthesis reaction
(Mohapatra and Anand 2010; Ramimoghadam et al. 2014).

A novel technique based on a flow injection was developed using continuous or
segmented mixing of reagents under laminar flow regime in a capillary reactor. The
obtained IONPs had a narrow size distribution in the range 2—7 nm. It was observed
that the variation of reagent concentrations and the flow rates allowed the manipula-
tion of the particle size and narrow down the particle size distribution without
decreasing the quality of the particles (Salazar-Alvarez et al. 2006).

5.9 Aerosol/Vapor

The aerosol method consists of using of spray and laser pyrolysis techniques for
the continuously controlled production of IONPs. In spray pyrolysis, ultrafine par-
ticles are aggregated into larger particles and are obtained from evaporation of
ferric salts, drying, and pyrolysis reaction of liquid drops (a reducing agent in
organic solvent) inside a high-temperature atmosphere. In laser pyrolysis, ultrafine
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particles are less aggregated and are obtained from a heating a flowing mixture of
gasses with a continuous wave CO, laser, which initiates and sustains a chemical
reaction (Wu et al. 2008, 2015).

5.10 Pharmaceutical Application of Iron-Oxide
Nanoparticles (IONPs)

The main disadvantage of most chemotherapeutic agents is its side effects since
these are non-specific compounds. For example, most of the anticancer drugs have
characteristics such as hydrophobicity, low water solubility, high clearance, short
residence time, and some systemic side effects (Akash and Rehman 2015).

As a way to bypass these negative effects, mainly avoid side effects, the use of
magnetic iron-oxide nanoparticles (IONPs) as carriers to target-specific drug deliv-
ery has been studied. Exploring the attraction of IONP carriers to an external mag-
netic field could increase delivery of a drug in a specific site. Such particles can be
also used to form complexes with other materials. Besides, those systems formed by
magnetic nanoparticles have also been evaluated to be used as theranostic, that is,
materials that combine therapeutic and diagnostic functions in a nanostructured
complex (Zhou et al. 2016).

In general, the use of target-specific drug delivery involves binding of a drug to
biocompatible IONP carrier, injection of magnetic target carries (MTC) as a col-
loidal suspension, application of magnetic field gradient to MTC be direct to the
specific site, and release of drug from MTC (Sun et al. 2008).

Magnetic delivery of drugs or magnetic drug targeting (MDT) is a technique that
adds drugs in nano-/micro-magnetic particles and then applies an external magnetic
field to direct and concentrate these particles in disease sites such as solid tumors,
infection regions, or blood clots. Magnetic drug targeting allows its dosage to be
increased without side effects in healthy tissues (Do et al. 2015).

Molecular transport employing nanoparticles has been used as a strategy to
improve the drug delivery and reduce its toxicity in different areas including cardi-
ology, hemostasis, ophthalmology, and oncology. Magnetic nanoparticles have been
developed because of their ability to respond to magnetic fields, including magnetic
hyperthermia, their controllable movements, and their utilization as contrast agents
in magnetic resonance imaging (Bhandari et al. 2016; Do et al. 2016; Zhou et al.
2016).

As reported by Bixner and Reimhult (2016), combining magnetic nanoparticles
with the liposome drug delivery technology could be a reasonable pharmaceutical
formulation technology alternative. Among the main advantages, one might point
out hydrolytic degradation in nontoxic ions, high compatibility with in vivo applica-
tions, and the low susceptibility of tissue to magnetic fields, favoring their use to
direct the drug delivery and in diagnostic bioimaging techniques (Liu et al. 2013;
Amjad et al. 2015).
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There are many types of target-specific drug delivery employing IONPs, most of
them with patents disclosed, as reported by Daniel-da-Silva et al. (2013). Here,
some examples of these systems are presented. Tehrani et al. (2014) related the use
of an electromagnetic system, composed by six electromagnets powered by cur-
rents, for directing magnetic nanoparticles in blood vessels, which presented reduc-
tion of cost and lower power consumption as advantages.

The use of IONPs also has been studied to deliver diclofenac, a drug used for the
treatment of inflammatory diseases. According to Agotegaray et al. (2014), chitosan-
linked magnetic nanocarriers have been studied to target diclofenac delivery, with a
satisfactory efficiency of drug loading in vitro assays. The authors affirmed that
system would be suitable for in vivo assays. Posteriorly, Agotegaray et al. (2016)
evaluated the effects of these magnetic IONPs on rat aortic endothelial cells. Results
demonstrated that even after different doses (1, 10, and 100 pg/ml), endothelial cell
metabolism was not affected by IONPs and these nanoparticles neither induced
cytotoxicity in the cells nor accumulated in the organs. According to the authors,
chitosan-linked magnetic IONPs could be a successful alternative to personalized
treatments with site-specific drug delivery.

Georgiadou et al. (2016) prepared CoFe,O, IONPs as carriers for the naproxen
(NAP), a nonsteroidal anti-inflammatory drug, and its biological behavior was eval-
uated in vitro in rat serum and in vivo in mice. The authors observed that the use of
magnetic [ONPs-NAP carriers avoided the undesirable drug release and their accu-
mulation at the inflammation site, possibly because of the increased vascular perme-
ability of the inflamed muscle.

Hybrid beads composed of magnetic nanoparticles and alginate (Alg-IONPs)
were synthesized and evaluated as a carrier for dopamine release, in the absence and
the presence of an external magnetic field. The results suggested that Alg-IONP
beads presented potential utility for loading of dopamine and its controlled release
in the presence of external magnetic field (Kondaveeti et al. 2016).

Stocke et al. (2015) reported the use of a spray drying formulated with magnetic
nanocomposite microparticles (MnMs) composed by IONPs and D-mannitol.
According to the authors, these materials presented moderate cytotoxicity in vitro
studies on a human lung cell line and have potential applications for thermal treat-
ment of the lungs through targeted pulmonary inhalation aerosol delivery of IONPs.

The combination of magnetic IONPs (Fe;0,) with amino acids (L-lysine and
L-arginine) to the construction of fluorescent magnetic nanoparticles was also
reported that could be biocompatible and nontoxic to be used in biological systems
(Ebrahiminezhad et al. 2013).

There are many works related to the use of magnetic IONPs for the treatment of
diseases of central nervous system (CNS) and cancer. Do et al. (2016) reported that
magnetic nanoparticles (MNPs) could be directed by external magnetic forces to
cross the blood-brain barrier and delivery drugs to a disease region.

Akash and Rehman (2015) reported the use of polymeric-based targeted particu-
late carrier system, which has been showed efficient in delivering anticancer encap-
sulated drug directly at the desired action site avoiding interaction of encapsulated
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drug to normal cells. According to the authors, the use of pluronic F127 (PF127)
conjugated with MNPs could result in increased stability of incorporated hydropho-
bic drugs with higher cytotoxicity in vitro, improvement of cell assimilation of anti-
cancer drugs, and higher specific distribution with minimum toxicity.

Montha et al. (2016) described that poly-lactide-co-glycolic acid-coated chitosan
stabilized (Mn, Zn) ferrite nanoparticles could be used as an efficient carrier of the
doxorubicin (anticancer drug) because the carrier presented biological activity and
pH-responsive controlled release, i.e., low pH around the tumor (pH 4.0) favored
drug release.

Chen et al. (2016) studied a cis-diamminedichloridoplatinum(II) (CDDP), also
known as cisplatin, loaded magnetic nanoparticle system as an intelligent drug
delivery system that target malignant tumors of the head and neck, particularly
nasopharyngeal cancer. This system showed stable and exhibited magnetic respon-
siveness, which released CDDP in a low pH environment.

Farjadian et al. (2016) evaluated the production of hydroxyl-modified magnetite
as a nanocarrier for methotrexate conjugation (an anticancer drug). The in vitro cell
assays in the presence of free methotrexate and conjugated form showed an excel-
lent anticancer effect of magnetic IONPs when compared with the soluble drug.

Another anticancer chemotherapy medicine, docetaxel, had its targeted delivery
evaluated employing magnetic IONPs prepared with poly-N-5-acrylamido isoph-
thalic acid grafted on to Fe;O, magnetic nanoparticles and conjugated with
B-cyclodextrin and tumor-targeting folic acid to increase the site-specific intracel-
lular delivery (Tarasi et al. 2016). The effect of magnetic IONPs on the cell viability
was evaluated for the human embryonic kidney normal cell line and in different
cancerous cell lines. According to authors, the new magnetically nano-drug delivery
system did not show any apparent cytotoxic effect and besides reduced the growth
of cancerous cell lines.

Tariq et al. (2016) studied the effect of surface decoration on pharmacokinetic
and pharmacodynamic profile of epirubicin (EPI), an anthracycline drug used for
chemotherapy, which elicits poor oral bioavailability. EPI-loaded poly-lactide-co-
glycolic acid nanoparticles (PLGA-NPs) were prepared, and their superficies were
decorated with polyethylene glycol (EPI-PNPs) and mannosamine (EPI-MNPs).
Cytotoxicity studies were performed against human breast adenocarcinoma cell
lines. The results showed that epirubicin linked to the nanocarriers had superior in
vitro and in vivo activities than free epirubicin solution. Besides, EPI-MNPs showed
better pharmacokinetic and pharmacodynamic profile when compared with
EPI-PNPs.

Kaushik et al. (2016) explored a noninvasive magnetically guided central ner-
vous system (CNS) delivery of magnetoelectric nanocarriers (MENCs) for on-
demand controlled release of anti-HIV drugs as a potential therapy against
NeuroAIDS (a neurodegenerative disorder), using in vitro model and in vivo assays
(adult mice). The results demonstrated that delivered MENCs were uniformly dis-
tributed inside the brain and were nontoxic to the brain and other major organs,
such as the kidney, lung, liver, and spleen, and did not affect hepatic, kidney, and
neurobehavioral functioning. The authors considered blood-brain barrier (BBB)
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delivery method as noninvasive and completely safe for in vivo application and the
nanocarriers as potential to deliver therapeutic agents across the BBB to treat CNS
diseases such as Alzheimer’s, brain tumors, and NeuroAIDS.

5.11 Biomedical Application

The development of magnetic nanoparticles (MNPs) has opened many opportuni-
ties for potential biomedical applications. The main reason MNPs are increasingly
being tested for such applications is their size itself: MNPs are smaller than cells,
but their size is comparable to those of viruses, proteins, or genes. Consequently,
many potential applications are related to considerably localized action in biologi-
cal systems (e.g., within cells). Additionally, their magnetic properties provide the
possibility of manipulation by an external field, improving the property of locally
interacting with biological systems and reducing side effects, caused by uninten-
tional interaction with other biological entities (Nikiforov and Filinova 2009).

Reported biomedical applications of MNPs include its usage as alternative con-
trast agents in magnetic resonance imaging (MRI), due to their low toxicity, better
colloidal stability, and magnetic properties. Other properties of MNPs, such as the
possibility of functionalization, surface modification, and the potential use of heat
sources, provide other applications.

For biomedical applications, additional procedures for the preparation of MNPs
are required to increase their biocompatibility. Due to the importance of such pro-
cedures, this section begins with general considerations about biocompatibility of
MNPs. Afterward, each discussion of the biomedical and pharmaceutical applica-
tion of MNPs is started by a brief description of the basic principles of each applica-
tion, followed by a discussion of recently published papers on the subject.

5.12 Biocompatibility of MNPs and Its Relation to Surface
Modification

The concept of biocompatibility is more commonly related to medical devices,
which are intended to remain inside the body for a long time (e.g., implants, pace-
makers, etc.). Even though MNPs are not intended for such applications a priori,
their application in any treatment or diagnosis procedure must minimize or eliminate
possible side effects while performing the intended function; thus they must present
biocompatibility. MNP biocompatibility is related to the different paths they can be
eliminated from the body, which is in turn related to their physical and chemical
properties. In order to interact with its target, MNPs should undergo a coating pro-
cess, yielding a core-shell structure for MNPs. Different coating layers result in dif-
ferent MINPs for different applications. As expected, MNP biocompatibility is related
to their physical and chemical properties, which are related to their synthetic route.
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In addition to the general requirements for an effective performance of MNPs on
applications (as aforementioned in this chapter), MNPs should present additional
properties for biomedical applications, which can be attained by the choice of a suit-
able coating. Different coating materials for MNPs are compared and contrasted by
Gupta et al. (2007) and by Gun’ko and Brougham (2009). Common considerations
are (a) preventing the degradation of MNPs or particle agglomeration in physiologi-
cal conditions, such as intravenous media; (b) reducing MNP toxicity, even though
non-coated iron-oxide MNPs present IC50 (19.1 mm (red), 4.8 mm (yellow), 3 mm
(green) CdTe quantum dots) suitable for biomedical applications (Lewinski et al.
2008); (c) the necessity (or not) of opsonization of MNPs, i.e., adsorption of serum
proteins onto the nanoparticles, which is the first step required by the major defense
system (reticuloendothelial system, RES) to perform phagocytosis; and (d) increas-
ing specificity to certain cells by attaching, e.g., antibodies, hormones, etc., to its
surface (Gupta and Gupta 2005; Hola et al. 2015).

5.13 Magnetic Resonance Imaging (MRI)

Magnetic resonance imaging (MRI) is an in vivo imaging procedure, which pro-
vides detailed images of soft tissues. One of its main advantages over other imaging
diagnostic methods (such as X-ray or ultrasound techniques) is that the contrast
between different tissues is a consequence of the physicochemical environment of
water and also due to local biochemical and metabolic activity in each tissue, being
thus much more sensitive to tissue composition. Consequently, MRI allows a more
detailed tissue analysis. Another important advantage of MRI is that both spatial
and temporal analyses might be carried out, hence being capable of providing
dynamic imaging (Gun’ko and Brougham 2009; Qiao et al. 2009).

The physical basis for MRI is the reduction of magnetic relaxation times by MRI
contrast agents: hydrogen protons (mainly those from water) tend to align them-
selves with an external magnetic field. When another radio-frequency pulse
sequence is applied to the external magnetic field, a magnetic moment is created
onto particles. When the pulse sequence ends, the protons tend to align themselves
again to the previous magnetic field. This process of protons returning to the original
position is known as magnetic relaxation. Relaxation occurs by either longitudinal
(T1-recovery time) or transversal (T2-decay time) relaxation. Reduction in T1
relaxation times is observed for positive contrasts, whereas reduction in T2 relax-
ation times is observed for negative contrasts. More details of fundamental aspects
of magnetic relaxation are found elsewhere (Aharoni 1992).

The most commonly used MRI contrast agents are based on gadolinium chelates,
such as Gd-DTPA (gadolinium-diethylenetriaminepentaacetic acid). However,
MNPs are more efficient in promoting relaxation (Kim 2009), by reducing relax-
ation times in water even at nanomolar concentrations. Additionally, the possibility
of physical and chemical modification of MNPs enables the customization of their
properties, according to the applications (Gun’ko and Brougham 2009).
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Iron oxide-based MNPs for MRI applications are classified according to their
hydrodynamic size. Particles with hydrodynamic size larger than 40 nm are quickly
opsonized and uptaken by the reticuloendothelial system (as aforementioned in
Sect. 4.1) and are then processed, e.g., in the liver or spleen, in order to eliminate
MNPs from the body. Such materials are classified as small particles of iron oxide
(SPIOs) and are suitable for liver MRI applications. On the other hand, particles
smaller than 40 nm (typically smaller than 10 nm, known as ultrasmall particles of
iron oxide — USPIOs) are more difficult to opsonize; hence USPIOs have longer
blood circulation times and have the tendency of accumulation within lymph nodes.
Such property renders suitability for the detection of lymph nodes metastases by
MRI (Qiao et al. 2009).

Novel applications of MNPs for tumor imaging commonly involve the addition
of antibodies to MNP surfaces, increasing their specificity to the affected region.
For instance, Tse et al. (2015) evaluated the potential MNPs conjugated with an
antibody to an extracellular epitope of prostate-specific membrane antigen. In com-
parison to MNPs without the attached antibody, preclinical imaging of prostate can-
cer was improved with MNPs coated with antibodies. The prepared MNPs were
proven to be nontoxic to prostate cells.

An MRI contrast agent for unstable atherosclerotic plaques was developed by
Meier et al. (2015). The researchers developed magnetoliposomes linked to an anti-
body, which targets activated receptors of platelets. The specific binding to such
receptors was confirmed ex vivo and presents an opportunity for further develop-
ment of a contrast agent for early detection of unstable atherosclerotic plaques.

There has been a tendency of including both antibodies and specific drugs onto
MNP coatings, in the context of the theranostics, a new research area which deals
with simultaneous therapy and diagnosis of tumors. Consequently, both drug
delivery and MR imaging might be carried out simultaneously, allowing an early
detection and treatment of degenerative diseases.

5.14 Magnetic Fluid Hyperthermia

In the context of this chapter, hyperthermia or thermotherapy is a treatment of
malignant diseases based on the increase of the temperature. Hyperthermia is a
medical procedure recognized by the US National Cancer Institute for the treatment
of tumors, despite being still under study in clinical trials. In general, such clinical
studies are carried out in combination with other forms of cancer therapy, as a com-
plementary treatment to traditional chemotherapy and radiotherapy (Wust et al.
2002).

Magnetic fluid hyperthermia (MFH) consists of the use of MNPs suspended in a
biocompatible fluid for local temperature increase. Such temperature increase is
based on applying external alternating current magnetic field onto magnetic par-
ticles (Nikiforov and Filinova 2009). The external magnetic field causes align-
ment of magnetic spins, thus reducing magnetic entropy. If the magnetic field is
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adiabatically removed, magnetic spins tend to their previous random orientation
(magnetic relaxation). Hence entropy is generated and temperature is increased
(Shull et al. 1992). An alternating magnetic field at frequencies of several hundreds
of MHz repeats the cycle of orientation and randomness of magnetic spins and is
responsible for the temperature increase on which MFH is based.

Heat is generated locally in MFH treatments by, e.g., implanted RF electrodes,
causing concentrated thermal damage on a pathological tissue (e.g., tumor cells).
Considering the local effect of MFH, side effects are reduced in comparison to other
common treatments such as chemotherapy or radiotherapy (Laurent et al. 2011).

Since the first applications of MFH, many papers on the subject have been pub-
lished. In fact, the International Journal of Hyperthermia is the official journal of the
Society of Thermal Medicine, the European Society for Hyperthermic Oncology,
and the Japanese Society for Thermal Medicine. Many articles have been published
in the Journal since its first issue in 1985, coping with clinical and biological studies
(either in vivo, ex vivo, or in vitro studies), including procedures for production of
hyperthermia, modeling analysis, and calibration and control of hyperthermia
equipment.

Di Corato et al. (2015) combined MFH and photodynamic therapy for the treat-
ment of tumors (human adenocarcinoma cells grown in vitro and epidermoid carci-
noma cells grown in vitro or inoculated in mice) by using photoresponsive
magnetoliposomes. The photoresponsive magnetoliposomes were synthesized by
alkaline coprecipitation of iron salts (magnetic core), followed by a reverse-phase
evaporation method, i.e., an addition of the magnetic suspension (MNPs suspended
in buffer) into an emulsion, sonication, and evaporation of organic solvents. Each
treatment — either photodynamic therapy or MFH — yielded similar tumor cell death
rates in vitro and in vivo when performed separately, whereas the combined MFH-
photodynamic therapy was able to completely eradicate the tumor.

A slightly different procedure for the synthesis of MNPs was carried out by
Munoz de Escalona et al. (2016). Solid lipid nanoparticles were formulated by the
authors by synthesizing magnetic nanoparticles embedded within a lipidic (glyceryl
trimyristate) solid matrix. Human HT29 colon adenocarcinoma cells were submit-
ted to MFH in vitro, and the particles presented promising hyperthermia
characteristics.

5.15 Conclusion

There are numerous applications for magnetics iron-oxide nanoparticles (IONPs) in
pharmaceutical and biomedical areas. The development of new methodologies for
the improvement of the synthesis techniques of these IONPs will allow progressing
in their utilization. Magnetic nanoparticles allow functionalization with various bio-
molecules without losing their magnetic properties or change in the original struc-
ture, and it is possible to prevent the formation of aggregates and biodegradation.
These features are useful for their application, for example, in magnetic resonance
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contrast media and therapeutic agents in cancer and neurodegenerative disorder
treatments, magnetic fluid hyperthermia, and drug and gene delivery, without side
effects. The field of iron-oxide nanoparticles has grown rapidly. Many types of
researchers have realized, and the results demonstrated that monitoring of the medi-
cation could be possible by magnetic resonance imaging and finally, drug delivery
in the specific area without affecting other tissue and/or organ, reducing dosages
and increasing rapid action.
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