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Preface

Nanohybrid systems have raised considerable interest in basic research as well as
potential applications due to their broad range of novel and enhanced physical
properties. As an important family of materials, nanoheterostructured e.g., core-shell,
dumbbell, or dimer architectures have attracted increasing attention. This is due to
their unique functionalities, arising from the synergetic combination of interesting
physical properties in the same nano-entity, which leads to appealing biomedical
applications especially cancer. Early cancer detection is one of the major limitations
of currently available techniques, magnetic nanohybrids as contrast agents provide
higher relaxation rates and increase the visibility of a portion of the biological sys-
tems. There are many reviews available where different magnetic nanoparticles and
their applications for magnetic resonance imaging (MRI) and treatment have been
discussed in a scattered manner. However, comprehensive data, where different types
of magnetic nanohybrids, their structures, magnetism and use for diagnosis, imag-
ining and treatment, is missing.

This book is aimed at highlighting the complexity of the nanoheterostructured
especially magnetic metal oxides, ferrites and doped magnetic nanomaterials and
their prospective applications for early detection, imaging and treatment of cancer.
It will serve as an overview for a wide audience: from beginners and graduate-level
students up to advanced specialists in both academic and industrial sectors.

St. Augustine, Trinidad and Tobago Surender Kumar Sharma
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Chapter 1
Liquid-Phase Synthesis
of Multifunctional Nanomaterials:
A Recent Update

Gopal Niraula, Navadeep Shrivastava, Kanwal Akhtar, Yasir Javed,
J. A. H. Coaquira and S. K. Sharma

Abstract The design of novel materials is a fundamental focal point of material
science research. Nanomaterials less than 100 nm in size have attracted significant
interest over several decades due to their unique properties led by surface effect and
finite size effect. Colloidal chemistry plays a key role in the controlled production
of different classes of nanoparticles, thus being a subject of growing interest in
several fields ofmaterials, inorganic, physical chemistry, biophysics, and biomedical.
Therefore, in this chapter, we sought to present an introductory outline of liquid-
phase synthesis, nucleation, and growth mechanism of nanomaterials focusing on
the magnetic nanoparticles. As per the broadness of this book, special attention was
devoted to nanoparticles based on iron oxide and rare earth compounds, due to their
rapid flourishing importance in biomedical field. Therefore, the work presents ideas
involved in themost commonly appliedmethodologies for the liquid-phase synthesis
of nanoparticles, such as co-precipitations and hydro/solvothermal techniques, as
well as precipitations into nanoreactors based on reverse microemulsions, with a
brief survey of the main advances in these fields in recent years. We have thoroughly
presented the synthesis routes of several hybrid nanostructures such as magnetic
silica/carbon, magnetic luminescence, magneto-plasmonics, and others. At last, the
importance of surface modification and further bio-conjugation has been discussed.
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Keywords Liquid-phase synthesis · Multifunctional nanoparticles · Nucleation
and growth · Post-synthesis chemistry

Introduction

One of the great promises of nanotechnology is the application to biology and
medicine. Nanometer-size protein particles called ‘self-assembling peptide nanofiber
scaffold’were used for the regeneration of axonal tissue of a hamsterwith severe optic
tract. Also, it is used for site-specific or targeted drug delivery applications (Matson
et al. 2011; Ellis-Behnke et al. 2006). Nanoparticles (NPs) selectively coated with
biodegradable polymer can carry the drug in vivo to the desired location such as
tumor cells or around inflammation sites as the polymer degrades. Superparamag-
netic magnetite particles coated with dextran are used as image enhancement agents
to detect small lymph-node metastases of prostate cancer in magnetic resonance
imaging (Sun et al. 2008). Certain nanoparticles integrated on chips, ‘laboratory-on-
a-chip,’ to work as tags or labels are used as biological tests measuring the presence
or activity of selected substances become quicker, more sensitive, and more flexible
(Jain 2003; Alharbi and Al-sheikh 2014).

Recently,magneticNPs are an emergingfield of study andhavegainedmuch atten-
tion among researchers due to their widespread applications in various fields includ-
ing catalysis, data storage, environmental remediation, magnetic fluids, electronic
communication, and biomedicine, etc. (Karatutlu and Sapelkin 2018; Alivisatos
1996). Among different types of magnetic NPs (MNPs), iron oxide NPs (IONPs)
are the most popular and widely used in the field of biomedicine due to their ease of
surface modification, synthesis, and low toxicity. Current studies and literature have
confirmed that magnetic IONPs are frequently used in the treatment of hyperthermia
or as drug carriers in cancer treatment, magnetic resonance imaging (MRI) agents,
bioseparation, gene delivery, biosensors, protein purification, immunoassays, and
cell labeling (Hurley et al. 2016; Ho et al. 2011; Lee et al. 2011; Mazumder et al.
2009; Sun et al. 2010).

Due to the unique properties like superparamagnetism, high coercivity, low Curie
temperature, and high magnetic susceptibility, magnetic iron oxide NPs have a great
importance for the researchers in a broad range of disciplines, including magnetic
fluids, data storage, and catalysis to bio-applications (Hergt et al. 2008; Bertotti
1998; Dias et al. 2017; Aivazoglou et al. 2018). Especially, iron oxide NPs with
appropriate surface chemistry have numerous in vivo applications in biomedical
area such as magnetic resonance imaging (MRI) (Ho et al. 2011; Bae et al. 2012;
Zhang et al. 2017), the deterioration of cancer cells via hyperthermia treatment (Hur-
ley et al. 2016; Hergt et al. 2006; Yang et al. 2015; Carrey et al. 2011), tissue repair,
immunoassay (Mattoussi et al. 2000), detoxification of biological fluids, drug deliv-
ery, and cell separation (Lee et al. 2011; Gao et al. 2004; Kim et al. 2008; Louie et al.
2000; Zhu et al. 2010). In this sense, an accurate choice of the nanomaterial with
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adjustable physical and chemical properties plays an important role for such kinds
of applications. In this consideration, magnetic NPs became the strong candidates.

The emergence of improved characterization techniques (such as the advances
made to transmission electron microscopy) has allowed researchers to probe the
precise nature of nanomaterials, enabling the relationships between size, shape, ele-
mental composition, and physical properties of a material to be investigated. As
such, the ability to develop ‘tunable’ nanomaterial syntheses (which can produce
a high-quality nanomaterial product with properties pre-determined for a particular
application) has emerged as a major research goal for scientists. Within nanoscale
research, a number of distinct research branches have emerged, each relating to the
study of a particular type of nanomaterial and its applications. It is therefore impor-
tant to understand the synthesis methods with biocompatibility, coating nucleation
and growth of NPs. Many efficient synthetic routes have been developed to pro-
duce shape-controlled, highly stable, and monodisperse magnetic NPs. Techniques
such as co-precipitation (Salavati-Niasari et al. 2012; Pereira et al. 2012), thermal
decomposition (Zhang et al. 2017; Salavati-Niasari et al. 2008; López-Ortega et al.
2015), reverse micelle synthesis (Vestal and Zhang 2003), hydrothermal synthesis
(Karatutlu and Sapelkin 2018; Hayashi and Hakuta 2010; Brown et al. 1994), laser
pyrolysis (Majidi et al. 2016; Reau et al. 2007), and microwave-assisted synthesis
(Karatutlu and Sapelkin 2018; Russo et al. 2012; Tsuji et al. 2005; Bano et al. 2016)
have been used to produce high-quality magnetic NPs.

This chapter dealsmainlywith the synthesis processes ofmagnetic NPs (andmag-
netic hybrid NPs) in detail for the sake of the entire book and coating methodologies
of suchNPs, in view of biomedical applications, alongwith several illustrative exam-
ples. Further, the physics of nucleation and growth of NPs have been provided with
few selected illustrations.

Synthesis Methodologies: Role of Chemistry

There are two general approaches to fabricating nanomaterials, commonly known
as the ‘top-down’ and ‘bottom-up’ methods. The top-down approach uses physical
methods and is so-called as it arrives at a nanoscale product by breaking up a bulk
material into smaller, nanosized parts. Conversely, the bottom-up approach ‘builds’
a nanomaterial from atomic or molecular precursors and is considered the chemical
approach.

Top-Down Approach

A common top-down approaches to fabricating nanomaterials involve using a high-
energy beam to ‘etch’ nanoscale features and patterns onto a substrate. This etching is
achievedusing a beamof high-energyparticles (photons, ions, or electrons) to achieve
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accurate site-specific sputtering and milling of a sample. Patterning of substrates
is used extensively by the semiconductor industry when fabricating circuits. This
technique is suitable for introducing fine detail onto a surface at the sub-micrometer
level, though cannot produce discrete nanomaterial (Stanford et al. 2017; Wang
and Xia 2004). Another commonly used top-down technique is ball milling. In ball
milling, a powder of bulk material is continually circulated in a cylindrical chamber
in the presence of a mixing agent (usually steel or stone balls) which grinds up the
powder to produce fine particles. High-energy ball milling has been used to produce
NPs with sizes as low as ~9 nm, though the disadvantage of this process is that there
is very little control over the final particle shape and size (Prasad Yadav et al. 2012;
Piras et al. 2019).

Bottom-Up Approach

The bottom-up approach involves building a nanomaterial in a step-by-step, atomic
approach, fueled by the decomposition of a molecular precursor or the generation
of atomic species. For example, in the pulsed laser decomposition (PLD) method
a target material is irradiated by a laser beam, causing the material to vaporize.
The vaporized material can be deposited on a nearby substrate, leading to thin-film
growth. PLD allows precise control over the composition and thickness of a thin
film, though the PLD apparatus is expensive and not suitable for producing large
quantities of material. The solution-based synthesis of nanomaterials has been the
subject of significant research interest in recent years, as this approach has the ability
to produce a range of nanomaterial products with a high level of size and shape
control (Wang and Xia 2004; Charitidis et al. 2014).

Liquid-Phase Synthesis

Over two decades,myriad breakthroughs have emerged following the advent of nano-
material research in natural sciences and engineering, due to their unique properties
depending upon shape and size. It is well known that reducing the size of materials
down to microscale to nanoscale leads to produce nanomaterials with profound and
significant changes in its physical, i.e., electrical, magnetic, and thermal properties,
and hence could be good candidates in different application, i.e., optoelectronics,
magnetic storage memory devices, and biomedical (Karatutlu and Sapelkin 2018;
Alivisatos 1996). The designer of such nanomaterial in nanoscale varying with shape
and size, depending upon application, is very complex and thus needs proper under-
standing of their architecture to synthesis. Usually, bottom-up approach, also referred
as solution-phase chemistry that consists of liquid-phase synthesis (LPS hereafter),
is used to prepare materials, rather than top-down approach in which bulk materials
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Fig. 1.1 Different methods
to prepare nanomaterials.
Reprinted with permission
from Charitidis et al. (2014).
Copyright 2014
Manufacturing Review

are etched in an aqueous solution for producing NPs or nanostructures, for exam-
ple, electrochemical etching and mechanical grinding. LPS methods have several
advantages over other gas-phase and solid-phase synthesis methods; for instance,
LPS helps to controlled size and shape of NMs at low temperature within a short
time from minutes to hours, reasonably low cost particularly compared to solid-
phase synthesis methods, simple with high mass yield, and surface modifications
with functionalization can be achieved in situ, even post-synthesis with respect to
the application field (Charitidis et al. 2014; Gutsch et al. 2004; Feng et al. 2015).

Figure 1.1 shows that different ways of preparing nanomaterials and prepared
nanomaterial in percentage until date through these ways (Charitidis et al. 2014).
NPs obtained by liquid-phase synthesis methods can remain in liquid suspension for
further/future use or may be collected by filtering or by spray drying to produce a
dry powder. Liquid-phase synthesis methods from a solution of chemical compounds
include chemical stain etching, colloidal methods, co-precipitation, electrochemical
deposition, direct precipitation, sol–gel processing, microemulsion method, reverse
micelle synthesis, hydrothermal synthesis, template methods, polyol method, and
laser ablation. Here, we attempt to explain the methods of the most common liquid-
phase synthesis as follows.

Precipitation

Co-precipitation was widely studied to prepare magnetic NPs due to its extraordi-
nary advantages, such as gram-scale production and facility. Co-precipitationmethod
based on the hydrolysis of a mixture of Fe2+ and Fe3+ ions is used to fix the A to B
molar ratio in the inverse spinel structure during the preparation of magnetite. Usu-
ally, the reaction is performed under an inert (N2 or Ar) atmosphere using degassed
solutions to avoid uncontrollable oxidation of Fe2+ into Fe3+ (Bandhu et al. 2009), as
shown in Fig. 1.2a. In this method, Fe2+ and Fe3+ ions are generally precipitated in
alkaline solutions, such as ammonium hydroxide, potassium hydroxide, or sodium
hydroxide. In most cases, the syntheses are performed at 70–80 °C (Ozkaya et al.



6 G. Niraula et al.

Fig. 1.2 a Co-precipitation method of synthesis, b application of hydrothermal technology, and
c most uses autoclave for hydrothermal synthesis. Reprinted with permission from Byrappa and
Adschiri (2007), Copyright 2007 Elsevier Ltd. All rights reserved

2009) or higher temperatures. The effects of mixing methods, stirring rate (Valen-
zuela et al. 2009), digestion time (Gnanaprakash et al. 2007), initial pH, and the
presence or absence of a magnetic field (Hu et al. 2009; Vereda et al. 2007) on par-
ticle size, morphology, and resulting magnetic properties should take an account as
an important factor. Co-precipitation methods performed under various precipitation
conditions. For example, when only Fe2+ was used for precipitation, then H2O2 (Hu
et al. 2009; Mizukoshi et al. 2009) or NaNO2 (Nedkov et al. 2006) were adopted
to partially oxidize Fe2+ into Fe3+ in the precipitated product. When only Fe3+ was
used for precipitation, then Na2SO3 (Qu et al. 1999) partially reduces ferric to fer-
rous ion in the precipitation product. Some co-precipitation methods are performed
in the presence of polymers (Pardoe et al. 2001), including polyvinyl alcohol (PVA)
and dextran to prevent both agglomeration and/or oxidation of the NPs. All these
co-precipitation methods are comparatively complex and require strict control of
precipitation conditions.

Recently, several modified co-precipitation methods have been developed; for
example, Wu et al. (2011) have synthesized magnetic NPsFe3O4 nanopowders with
an average diameter of 15 nm by ultrasonic-assisted chemical co-precipitation uti-
lizing high purity iron separated from iron ore tailings by an acidic leaching method.
The present synthesis method of Fe3O4 NPs easily yields SPIONPs without a pro-
tecting gas. Pereira et al. (2012) prepared superparamagnetic Fe3O4 NPs with sizes
of 4.9–6.3 nm, by a one-step aqueous co-precipitation route based on the use of
alkanol-amines as the base; the reported methodology provides a simple, versatile,
and cost-effective route for the high-yield synthesis of IONPs featuring improved
magnetic properties and small particle sizes (Pereira et al. 2012). Currently, the prob-
lems of aggregation and biocompatibility of IONPs perhaps hinder the applications
in biomedical fields. Therefore, many surfactants and biomolecules have been intro-
duced directly in the co-precipitation process. For instance, Salavati-Niasari et al.
(2012) have reported Fe3O4 NPs with a size range of 25 nm that were prepared by a
facile chemical co-precipitation method; the surfactant octanoic acid was present in
the reaction system to improve the dispersity. Liu et al. (2011) have prepared mag-
netic chitosan-coated Fe3O4 NPs by the co-precipitation method under 0.45 T static
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magnetic fields, which assisted the glutaraldehyde cross-linking reaction; the water
was replaced by 2% chitosan in an acetic acid solution during the reaction process.
The resulting NPs were used to immobilize lipase.

Hydro/Solvothermal Synthesis

The word ‘hydrothermal’ is self-defined, made by hydro plus thermal whose
meanings are water plus heat, respectively. Since the last two decades,
researchers/technologists of different fields have been attracted toward it to syn-
thesize the NPs. The nanomaterials prepared via this method in the diverse field are
shown in Fig. 1.2b.

Several definitions about hydrothermal preparation of materials using autoclave
and reagents in solutions at constant pressure and temperature have been mentioned
in the past. In conclusion of such several approaches can be summarizing as chemical
reactions in solvents contained in sealed vessels in which solvent temperature can
be brought to around their critical points (coexistence point of critical temperature
and critical pressure) through heating. The process is called ‘hydrothermal’ synthesis
method when water is used as the solvent, whereas the term ‘solvothermal process’
is used when organics are used as solvents (Byrappa and Adschiri 2007; Rabenau
1985; Morey and Niggli 1913; Byrappa and Yoshimura 2013). Hydrothermal syn-
thesis in supercritical water has advantages for the synthesis of multi-metal-oxide
compounds because the reaction rate is enhanced more than 103 times that under the
conventional hydrothermal conditions owing to the low dielectric constant (<103) as
well as products with high crystallinity (Hayashi and Hakuta 2010; Adschiri et al.
2000). The particle size of metal oxide depends on the hydrolysis rate and solubility
of the metal oxide. To achieve the control of the solvent field during nucleation and
crystallization of particles, hydrothermal conditions of temperature and pressure can
be varied in subcritical and supercritical water. Hydrothermal methods for preparing
fine metal-oxide particles in subcritical and supercritical water have been developed
using batch reaction and flow reaction systems (Yahya et al. 2001; Hakuta et al. 2004;
Sue et al. 2006).

In recent year, the hydro/solvothermal process has gained great success in manu-
facturing nanomaterials with crystallinity, crystal phase, morphology, and size con-
trol, due to its outstanding advantages (Higgins et al. 1998; Maslar et al. 2001). This
method is environment friendly and far away from high-cost instrumentation, energy,
and precursors than others. Besides for processing nanomaterials, the hydrothermal
technique offers special advantages because of the highly controlled diffusivity in
a strong solvent media in a closed system. Nanomaterials require control over their
physicochemical characteristics, if they are supposed to be used as functional mate-
rials. As the size reduced toward the nanometer range, the materials exhibit peculiar
and interesting mechanical and physical properties: increased mechanical strength,
enhanced diffusivity, higher specific heat, and electrical resistivity compared to their
conventional coarse-grained counter-parts due to a quantization effect (Gleiter 1989).
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Also, due to mild hydrothermal reaction, temperature (<300 °C) helps to overcome
the several encountered found in high-temperature reaction, i.e., poor stoichiometric
control due to volatilization of components in other synthesis methods. Moreover,
nanomaterials prepared through hydrothermal method help to improve the lumines-
cent properties due to the absence of Schottky defects, mostly present in materials
prepared by other high-temperature reactions, for instance Sr, Ta, etc. Thus, varieties
of size and morphology have been appeared in NPs synthesized by hydrothermal
method. The possibility of hybridization with other synthesis process is another
advantage to enhance the kinetics of reaction and to wax the ability to make new
material. However, this method includes the need for expensive autoclaves and the
impossibility of observing the crystal as it grows if a steel tube is used. The different
autoclave for different synthesis is essential as per the interest of nanomaterials. An
autoclave that uses at the material laboratory, mostly, is shown in Fig. 1.2c. The
laboratory with facility of reliable pressure and temperature is another challenge
(Byrappa and Adschiri 2007; Hamann 1981; Song et al. 2016; Cho et al. 1995). The
corrosion resistance is major factor to choose the autoclaves because most of the
nanomaterials under hydrothermal is prepared by corrosive salt. So autoclave must
have the capacity to sustain in highly corrosive solvent at high temperature and pres-
sure for longer time, i.e., hours to several days. The most successful autoclaves using
by researcher are stainless steel whose inside is coated with non-reactive material
having larger coefficient thermal expansion, called Teflon (also called The Liners),
helps to avoid the corrosion (Song et al. 2016; Gogotsi and Yoshimura 1995).

Effect of Time and Temperature on the Size of NPs

There are only some studies about the effect of parameters such as reaction tem-
perature and time on the growth of the NPs. Taniguchi et al. (2009) reported that
the average crystalline diameter of sodium oleate-coated iron oxide NPs increased
from 8.3 to 10.8 nm with the increase of reaction temperature from 100 to 230 °C
under the hydrothermal process. Later, to investigate the effect of the reaction time
and temperature on the nanoparticle size, Ozel et al. (2015) prepared the iron oxide
NPs with the reaction time 12 h, average size of particles from 14 to 17 nm were
obtained, and with increasing reaction time from 12 to 24 h at 150 °C, the size of
NPs increased from 16 to 23 nm, respectively. After this, they have studied the effect
of increasing temperature at 60 °C, 100 °C, 150 °C, and 180 °C for 12 h and found
the size of iron oxide NPs are 12 nm, 14 nm, 16 nm, and 21 nm, respectively. Thus,
we can conclude that from above discussion, the size of NPs is time and temperature
dependent. Moreover, the magnetic properties such as magnetization and coercivity
depend upon the size of NPs; it means that variation of time and temperature on the
NPs directly influences to its structural and magnetic properties.
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Synthesis of Magnetic NPs by Hydrothermal Method

Several workers have prepared theα-Fe2O3 (hematite) phase asNPs under hydrother-
mal conditions (using both aqueous and non-aqueous solvents) with or without sur-
factants (Li et al. 2002; Jing andWu2004;Zheng et al. 2005). These hematite particles
find extensive applications such as catalysts, pigments, recording medium, and sen-
sors. Surfactants like sodium dodecyl sulfonate (SDS), sodium dodecyl benzene sul-
fonate (DBS), cetyltrimethylammonium bromide (CTAB), and hexadecylpyridinium
chloride (HPC) have been used. Fecl2, Fecl3, FeSO4, Fe(NO3)3·9H2O, or FeC2O4,
etc., were used as the source of iron. NaOH or N,N-dimethylformamide (DMF) was
used as a solvent. The experimental temperature ranges from 180 to 250 °C in most
of the cases. The typical size of the products varies from 20 to 200 nm depending
upon the starting materials (reagents and solvents) and the experimental tempera-
ture. Iron oxides of spinel andmagnetic structures are very important for their unique
magnetic properties, which can be varied systematically through dopants like Co, Ni,
Zn, Mn, etc. Cote et al. (2003) have prepared CoFe2O4 NPs through hydrothermal
means within a temperature range 200–400 °C and pressure 25 MPa. A complete
mechanism of formation of CoFe2O4 has been discussed in (Cote et al. 2002). It
was found necessary to control the pH and experimental temperature to obtain the
desired phase with a size of 100 nm. Wu et al. (2005) have synthesized nanowire
arrays of Co-dopedmagnetite under hydrothermal conditions at 200 °C using ferrous
chloride, cobalt chloride, and sodium hydroxide. These nanowires are believed to
possess a single magnetic domain which can be regarded as small-wire like magnets.
A soft template-assisted hydrothermal route used to prepare single-crystal Fe3O4

nanorods with an average diameter of 25 nm and length of 200 nm at 120 °C in
20 h. The formation of these Fe3O4 nanorods has been ascribed to ethylenediamine,
which plays a crucial role not only as a base source but also as a soft template to
form single-crystal Fe3O4 nanorods (Byrappa and Yoshimura 2013).

Sattar et al. (2015) have synthesized the CoFe2O4@NiFe2O4 core–shell NPs by
hydrothermal synthesis method with core diameter of ~18 nm and shell thickness
3 nmas observed byTEM.They found thatCoFe2O4@NiFe2O4 core–shell nanocom-
posite is inwell-crystalline nature usingdifferent techniques.Themagnetic properties
of this core–shell have been studied via hysteresis loop. Themagnetization saturation,
coercivity, and retentivity of these NPs are 28.13 emu/g, 867.9 Oe, and 10.77 emu/g;
these values were between the magnetic properties of the core (CoFe2O4) and shell
(NiFe2O4) materials. Both of the saturation magnetization and coercive field are
decreased compared with CoFe2O4. The decreases in the saturation magnetization
and coercive field can be explained in terms of the existence of NiFe2O4 on the
surface of CoFe2O4 NPs (Kolhatkar et al. 2013). Sun et al. (2018a) synthesized of
Fe3O4@E-SiO2 core–shell nanostructure with a rough surface. Superparamagnetic
Fe3O4 nanosphere was first obtained with a hydrothermal process. It was found that
∼200 ± 10 nm in diameter and composed of aggregated Fe3O4 NPs. The hysteresis
loops with zero remanence and zero coercivity demonstrated that Fe3O4 core had a
superparamagnetic behavior with the saturationmagnetization value of∼72.4 emu/g
which could be attributed to its smaller grain size of aggregated Fe3O4 NPs than the
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critical size for superparamagnetic Fe3O4 at ∼25 nm (Zhang et al. 2008). After
coating by SiO2, the diameter of the nanosphere increased to ∼400 nm with an
∼100 nm silica shell. They heated the obtained Fe3O4@SiO2 core–shell NPs with
polyvinylpyrrolidone (PVP) for 1 h where PVP was adsorbed by the surface of
Fe3O4@SiO2 with the preservation of morphology of core–shell. This PVP on the
surface acts as protecting agent during etching that could be diffuse with pores of
SiO2 shell and become porous. The etched sample had a much larger specific surface
area of∼217.8 m2/g, and its total pore volume increased to∼0.175 cm3/g which also
indicated that the etched sample had a rough surface. Sheng et al. (2014) have devel-
oped one-step approach to prepare superparamagnetic NPs with silk fibroin (SF) as
the template and coating material, providing a simpler and more feasible way for
core–shell Fe3O4@SF nanoparticle fabrication by hydrothermal method. The syn-
thesized pure Fe3O4 NPs showed irregular morphologies with a size of about 20 nm.
However, the increase of SF in the reaction system and the Fe3O4 NPs became more
regular and finally transformed into nanospheres when the concentration of SF was
above 7%. They observed no evident differences in pure Fe3O4 and Fe3O4@SF NPs,
suggesting that the crystalline structure of theNPswas not affected by the SF coating.
The Fe3O4/SF NPs showed insignificant coercivity, suggesting the superparamag-
netic nature of the particles. The potential of Fe3O4@SF NPs as a contrast agent was
examined by using a 3TMR scanner. An obvious darkening of T 2-weightedMRIwas
observedwith the increasing concentration of Fe, showing a transverse relaxivity (r2)
of 40 mM−1 s−1. Thus, their results suggested that SF could be used to control the
morphology and size of Fe3O4 microspheres. The biocompatibility and transverse
relaxivity of the Fe3O4@SF core–shell nanomaterial, as well as its easy coupling
ability with antibodies, suggest its future in different biomedical applications.

Thermal Decomposition

Thermal decomposition is simple, easier, convenient, and an innovative method to
synthesize stable monodispersed NP product. In principle, synthesis strategies can
be subdivided into hot-injection approaches, where the precursors are injected into
a hot reaction mixture and conventional reaction strategies where a reaction mix-
ture is prepared at room temperature and then heated in a closed or open reaction
vessel. Above room temperature, higher monodisperse, narrow size distribution,
and highly crystalline magnetic IONPs are obtained from high-temperature thermal
decomposition of organometallic or coordinated iron precursors in organic solvents,
which display superior properties to those obtained by co-precipitation. It means
thermal decomposition helps to overcome some conventional method, for instance
co-precipitation (Li et al. 2008; Sun and Zeng 2002). As similar to other method of
synthesis, time of reaction, temperature, concentrations of the reactants, stabilizers,
capping agents (surfactants), and types of surfactants are factors to be considered to
obtain controlled nanometric size (Kino et al. 2008). To date, the thermal decompo-
sition method is mostly used to prepare iron oxide NPs with different shapes as per
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application required, such as nanocrystals, nanocubes, and nanospheres, etc. Usu-
ally, it is recommended to use of various organic molecules including oleic acid,
1-octadecene, 1-tetradecene, and oleylamine in the reaction process as stabilizers to
get monodisperse iron oxide NPs that can slow down the nucleation process and it
affects the adsorption of additives on the nuclei and the growing nanocrystals, which
may inhibit the growth of the IONPs and favor the formation of small IONPs often
below 30 nm. However, the nucleation of IONPs in thermal decomposition involves
boiling the solvents, so the accurate shape of the IONPs is not fully reproducible
(Lynch et al. 2011). Amara et al. (2012) have offered novel single-step thermal
decomposition method to synthesized Fe3O4 nanocubes and nanospheres with mix-
tures of ferrocene and PVP without solvent. Sun and Zeng (2002) have prepared
Fe3O4 NPs of narrow size distribution which have been synthesized by thermal
decomposition of Fe(acac)3 in phenyl ether in the presence of stearyl alcohol, oleic
acid, and oleylamine. Park et al. (2005) prepared monodisperse γ-Fe2O3 NPs with
average diameters from 4 to 16 nmwith controlling themolar ratio of metal precursor
to surfactant [Fe(CO)5], and oleic acid, respectively. The overall synthetic procedure
is similar to seed-mediated growth. These monodisperse NPs were obtained directly
without a size-selection process, and the synthetic procedure is highly reproducible.
Subsequent chemical oxidation produced monodisperse and highly crystalline iron
oxide nanocrystals. This concept of continuous growth without additional nucleation
could be applicable to other materials for the incremental, 1-nm size-controlled syn-
thesis of monodisperse NPs. Since several experiments have shown Fe(CO)5 is very
expensive and toxic, it is suggested to replace Fe(CO)5 with iron chloride (FeCl3)
and iron acetylacetonate [Fe(acac)3]. A growth scheme has been provided in Fig. 1.3.

Kovalenko et al. (2007) reported at first the synthesis of nanocubes by decom-
posing an iron oleate precursor using a sodium oleate (NaOl) salt along with oleic
acid (OA) as ligands. It is well known that oleic acid is one of the most widely
employed surfactants for the synthesis of various nanomaterials from metals, semi-
conductors, and metal oxides. The presence of a carboxylic group with significant
affinity to various surfaces together with a nonpolar tail group for sterical hinder-
ing is the base for the excellent stabilizing function of this ligand. Commonly used
approaches to further tailor the ligand performance of carboxylic acids are those
based on the modifications of length or structure of the nonpolar group. They have
concluded their synthesis result with various oleic acid salts acting as stabilizers for
the size- and shape-controlled synthesis of iron oxide NPs. Their novel shapes for

Fig. 1.3 Growth scheme: direct- and atomic-scale controlled synthesis of monodisperse NPs



12 G. Niraula et al.

superparamagnetic iron oxide nanocrystals, such as cubes and bipyramids with dif-
ferent magnetization properties at low temperatures, were demonstrated, enlarging
the family of well-defined NP shapes for inverse spinel iron oxides. These results
suggest the general applicability of oleic acid salts as stabilizers in well-controlled
NP syntheses.

Microwave-Assisted Hydrothermal Method

In the recent years, researcher/scientist have attracted toward microwave-assisted
synthesis method and have been successfully applied in various laboratories of nano-
material synthesis (Nadagouda et al. 2011; Kou and Varma 2012), solid-state chem-
istry, nanotechnology (Virkutyte and Varma 2011), and organic synthesis (Polshetti-
war et al. 2009a), etc., and many more applications, shown in Fig. 1.4a. Recent time
has witnessed that the microwave heating technology is emerging as an alternative
heat source for rapid volumetric heating with shorter reaction time and higher reac-
tion rate, selectivity, and yield as compared to the conventional heating methods,
providing fast chemical reactions and quick material preparation in very short span
of time, usually inminutes/seconds, instead of hours or even days usually required by
the conventional heating methods, leading to relatively low cost, energy saving, and
high efficiency for material production (Galema 1997; Bilecka and Niederberger
2010; Kappe 2004). Beside, having large numbers of advantages of microwave-
assisted synthesis, the limitation of such synthesis is rapid heating that requires a
reaction component with a large loss tangent, denoted by tan δ (such as water, ethy-
lene glycol) than their corresponding reaction media/solvent, phenomena is called
selective heating (Baghbanzadeh et al. 2011). So it is always beneficial to use those
solvent having high microwave absorbing capacity to get high heating rates, water,
and alcohol for example. Also, the poor solubility of organic reactants in aqueous
media is another limitation for organic synthesis in water, which usually results in
immiscible or biphasic reaction mixtures. However, there were several attempts to

Fig. 1.4 a Application of microwave-assisted method, and b experimental setup of the present
MW-assisted flow reactor system with MW cavity part
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Table 1 Loss tangent (tan δ)
values at 2.45 GHz and 20 °C
and boiling points of different
solvents (Gawande et al.
2014)

Solvent Boiling point Tan δ

Ethylene glycol 198 1.350

Ethanol 78 0.941

2-propanol 82 0.799

Methanol 65 0.659

1,2 dichlorobenzene 180.5 0.280

N-methyl 2-pyrrolidone 202 0.275

Acetic acid 118 0.174

N,N-dimethylformamide 153 0.161

1,2-dichloroethane 84 0.127

Water 100 0.123

Chlorobenzene 131 0.101

Acetone 57 0.054

Tetrahydrofuran 66 0.047

Toulene 111 0.040

Hexane 68–69 0.020

overcome this problem by using surfactants, mixing with co-solvents, heating of the
reaction mixture, or grinding of reactants. Thus, in spite of those limitations, it has
great promise in microwave-assisted organic synthesis (MAOS) and in MW-assisted
nanomaterial synthesis (Bilecka and Niederberger 2010; Gawande et al. 2014).

Microwave-assisted chemical reactions depend on the ability of the reaction mix-
ture to efficiently absorb MW energy, which often depends on the choice of solvents
for the reaction. The ability of a specific solvent or material to convert MW energy
into heat is determined by the so-called loss tangent (δ). The concept of dielectric
loss tangent was introduced to compare heating efficiencies of microwave in mate-
rials with similar characteristics using, which is given by, tan δ = ε′′

ε′ , where ε′′ is
the imaginary component of the dielectric and represents the microwave radiation
absorption and conversion to heat and ε′ is the real component, which signifies the
ability of the material to reflect or store an electric field (Baghbanzadeh et al. 2011;
Mingos and Baghurst 1991). The solvents used in microwave heating can be clas-
sified on the basis of their loss tangent (tan δ): high (tan δ > 0.5), medium (tan δ ≈
0.1–0.5), and low (tan δ < 0.1) (Kappe 2004). The value of the loss tangent (tan δ)
according to solvent is different and briefly tabulated in Table 1.

Microwave Heat Generation and Mechanism

Simply, microwave heating is a process of transferring of electromagnetic energy
to thermal energy rather than transfer of heat. The basic principles of microwave
chemistry have been discussed in several review papers (Tsuji et al. 2005; Galema



14 G. Niraula et al.

1997; Baghbanzadeh et al. 2011; Mingos and Baghurst 1991; Nüchter et al. 2004;
Gabriel et al. 1998). As an example, Gabriel et al. (1998) have provided the theory of
the microwave dielectric heating, which consists of two main mechanisms namely
dipolar polarization and ionic conduction. Microwaves generally heat any material
containing mobile electric charges such as polar molecules or conducting ions in a
solvent or in a solid. During the microwave heating, polar molecules such as water
molecules strive to orientate with the rapidly changing alternating electric field; thus,
heat is induced by the rotation, friction, and collision of molecules (known as dipo-
lar polarization mechanism). Ions also move with the oscillating field, colliding, and
generating heat. These collisions of ions with other species in solution generatemuch
more heat than dipolar polarization. The studies on the mechanisms of microwave
heating are even complicated by the fact that the rate enhancements of chemical
reactions are dependent on many complex factors. Gedye et al. (1988) found the
effects of several factors, such as sample volume, solvent, homogeneous and hetero-
geneous reactions, size of reaction vessel, and power level, on rate enhancements
in microwave-assisted organic synthesis. In addition, higher pressure and tempera-
ture attained rapidly in MW-assisted processes may help increase the rate of reac-
tions via enhanced homogeneous mixing of the reactants (in water) and decreasing
the hydrophobic effects (on water). They proposed that the rate enhancements were
caused predominantly by the rapid superheating of the solvent bymicrowaves.More-
over, they found that the microwave heating rate increased due to the presence of
ions in the reaction mixture. In addition to these thermal heating effects, de la Hoz
et al.(2005) added the role of ‘non-thermal microwave effects’ also called ‘specific
microwave effects’ which is arises due to interaction of microwaves with materials
in the reaction medium and hence conclude that irradiation on microwave is due to
both thermal and non-thermal effects. So it is convoluted to separate discussion in
regard to the mechanism of heating factor in microwave.

The reported ‘non-thermal microwave effects’ include varied activation energy,
increased collision efficiency by mutual orientation of polar molecules and possible
excitement of rotational or vibrational transitions (Galema 1997; de la Hoz et al.
2005; Perreux and Loupy 2001; Stass et al. 2000). Single-mode microwave reactors,
also referred as monomode reactors, having only one reactor vessel can be irradiated,
a highly homogenous energy field of high-power intensity is provided, resulting in
fast heating rates (Dąbrowska et al. 2018). The simple experimental/instrumental
outlook of single-mode microwave reactors is shown in Fig. 1.4b. Such microwave
reactor was used for continuous flow reactions, wherein the power was controlled
by a temperature feedback module and resonance frequency auto-tracking func-
tion (Nishioka et al. 2013; Öhrngren et al. 2012). The continuous flow reactor is
capable of operating in a genuine high-temperature/high-pressure process window
(310 °C/60 bar) underMW irradiation conditions. The faster heating rate, small reac-
tor volumes, and rapid change in reaction temperature in real time are some of the
salient features of this continuous flow MW-assisted organic synthesis (CF-MAOS)
system, which aims to be a unique laboratory tool for safe and fast optimization of
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reaction conditions and scale-out synthesis. Thus, the fusion of MW and a flow reac-
tor system does offer unique features that can be adapted to organic and inorganic
material syntheses (Morschhäuser et al. 2012).

Microwave-Assisted Synthesis of NPs

MW-assisted synthesis of inorganic nanomaterials and the use of nanocatalysts are
growing rapidly. Inorganic nanomaterials include diverse classes of functional mate-
rials, namelymetals, metal oxides, sulfides, phosphates, and halides. Some important
examples of NPs are in brief below with the versatility of the MW-assisted approach
for accessing a variety of nanomaterials.

α-Fe2O3 was synthesized using hydrothermal technique by simply heating the
K4[Fe(CN)6] in water under MW irradiation condition at 150 °C for three hours.
The morphology of these particles appeared like a pine tree and hence the term
micropine particle. TEM and ESEM images of the synthesized micropine α-Fe2O3

particles show the single-crystal structure. A closer inspection of these particles
reveals well-defined and highly ordered branches shown in Fig. 1.5a–e distributed
on both the sides. The TEM observations also revealed that the micropine dendrites
self-assembled to form a sixfold snowflake-like structure.

There is a crucial role of concentration and time in the formation of different
morphology of iron oxide. They observed that decrease in the sharpness of the den-
drites, thicker the nanorod branches of dendrite with increasing the concentration
of K4[Fe(CN)6]. However, if we decrease the temperature below 150 °C, we need
to extend the time to get similar NPs. Thus, from these results, they suggest that
it is possible to control and tune the shape of dendritic nanostructures by control-
ling the kinetic parameters (temperature and concentration) of the reaction process
(Polshettiwar et al. 2009b). Hu et al. (2007) applied a rapid microwave-assisted
hydrothermal process to synthesize single-crystalline α-Fe2O3 nanorings in solu-
tion. Single α-Fe2O3 nanoring with a circular shape and an average outer diameter of
about 100 nm and inner diameters ranging from 20 to 60 nmwere obtained at 220 °C
for 25 min. In addition, they also reported the microwave hydrothermal method to

Fig. 1.5 TEM of a snowflake and b, c pine α-Fe2O3, SEM image of α-Fe2O3 (d, e) and TEM (f,
g) and FE-SEM (h, i) of cobalt oxide. Reprinted with permission from Polshettiwar et al. (2009).
Copyright 2009 American Chemical Society
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synthesize monodisperse α-Fe2O3 nanocrystals with continuous aspect-ratio tuning
and fine shape control. The initial molar ratio of Fe3+ to PO4

3− was found to play
a crucial role in the final morphology of the α-Fe2O3 products. A variety of mor-
phologies including ellipsoids/spindles with aspect ratios ranging from 1.1 to 6.3, all
nanosheets, nanorings, and spheres were obtained with pH of 1.8–2.3 at 220 °C for
10–25 min. MW-assisted hydrothermal heating of K3[Co(CN)6] in water fabricated
cobalt oxide in good yield. TEM and SEM studies, shown in Fig. 1.5f–i, revealed
the formation of octahedral NPs with sizes ranging from 200 to 500 nm. For an
octahedral crystal, every facet is close to an equilateral triangle. All the surfaces
are smooth, and there are no defects, with crystallite size 46.21 nm. The effects of
substrate concentration and reaction temperature on the morphology of the cobalt
oxide NPs were also studied; however, no significant changes were observed in NPs
(Polshettiwar et al. 2009b).

Kooti et al. (2011) synthesized maghemite NPs using Fe(acac)3 as an iron precur-
sor, PEG-200 as a size controller, and NaCl as an MW absorber. This mixture was
irradiated for 5 min at 1000 W. NPs were imaged by TEM and SEM, revealing an
average core size of 13 nm and NP agglomeration. Bano et al. (2016) carried out a
MW-assisted green synthesis of superparamagnetic NPs using fruit peel extracts as
a biogenic reductant. Mixtures were subjected to MW irradiation at 800-W power
in 30-s pulses. Obtained NPs were then surface engineered via carbodiimide (func-
tional group,RN=C=NR) chemistry to functionalize themwithPEG-6000or succinic
acid. Size ranged between 17 and 25 nm with an almost spherical morphology. NPs
presented a good colloidal stability and water dispersibility and a large r2 value of
225 mM−1 s−1. Synthesized samples were shown to be hemocompatible at concen-
trations as high as 400μg/mL. Their utility in photodynamic therapy was assessed in
HeLa cells, which showed 23% decreased survival. Sathya et al. (2017) synthesized
water-dispersible magnetite NPs by reducing Fe2(SO4)3 using sodium acetate as an
alkali, PEG (5–6 kDa) as a capping ligand, and ethylene glycol as a solvent and
reductant. Reactants were heated to 200 °C in 10 s in the MW and held at that tem-
perature for different reaction times (from 10 to 600 s). X-ray diffraction (XRD) data
showed magnetite crystalline samples with NP core sizes between 9 and 24 nm. The
hydrodynamic size of synthesizedNPs, measured by dynamic light scattering (DLS),
ranged from 35 to 141 nm, increasing with reaction time. Size distribution was nar-
row for all samples. Nanocluster size increased with reaction time from ~27 nm (10 s
reaction time) to ~52 nm (600 s reaction time). Aivazoglou et al. (2018) reported the
synthesis of magnetite and maghemite NPs, analyzing the effect of reaction time,
MW power, and capping agent on the properties of synthesized NPs. They have
carried out separate sets of syntheses. With several syntheses having different MW
powers, reaction time with capping and non-capping agents, their average size of
NPs ranged from 10.3 to 19.2 nm, with a faceted and crystalline morphology. Their
results showed that MW power and reaction time play a pivotal role in controlling
NP size and maghemite presence, whereas ammonia concentration is not as relevant.
PEG-assisted synthetic route rendered better results in terms ofNP size and oxidation
resistance. Mohamed and Hessien (2018) have synthesized nickel ferrite NiFe2O4

particles in nanosize scale using microwave-assisted hydrothermal method at 180 °C
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for different periods of time (from 2 to 24 h). The prepared samples had an average
particle size in the range of from 20 to 40 nm, as observed by using TEM and X-
ray diffraction. The nickel ferrite powders were all considered as superparamagnetic
materials. The values of coercivity and saturation magnetization were increased by
increasing the period of synthesis time.

Polyol Synthesis

The polyol synthesis is reduction reaction method to prepare magnetic NPs with
different morphology, also recognized as an inversed sol–gel method (i.e., an oxida-
tion reaction) (Laurent et al. 2008). It designates the liquid-phase synthesis in high-
boiling, multivalent alcohols and is mainly directed to NPs. As chemically, ethylene
glycol (EG) is very common and simplest reagent in the polyol family. Based on
EG, the polyols comprise two main series of molecules: (i) diethylene glycol (DEG),
triethylene glycol (TrEG), tetraethylene glycol (TEG), and so on up to polyethylene
glycol (PEG) and (ii) propanediol (PDO), butanediol (BD), pentanediol (PD), and
so on (Table 2).

In such synthesis process, the polyols not only serve as solvents but also consider
as reducing agents, which apply as stabilizers to control particle growth and prevent
interparticle aggregation. The high quality of the as-prepared metal particles with
uniform size and shape as well as low degree of agglomeration leads toward a great
impact of the polyol synthesis. In the typical reaction process, an iron precursor
compound is suspended in a liquid polyol. The suspension is stirred and heated to
a given temperature that can reach the boiling point of the polyol. Usually, polyols
allow for enormous adaptability and flexibility of the polyol synthesis. In principle,
the boiling point of the polyols increases with the number of OH functionalities (see
on Table 2) and with increasing molecular weight and thus polarity and viscosity

Table 2 Summary of mostly use polyols for the synthesis of materials (Dong et al. 2015)

Polyol Acronym Boiling point (°C)

HO–CH2–CH2–OH EG 197

HO–CH2–CH2–O–CH2–CH2–OH DEG 244

HO–(CH2–CH2–O)2–CH2–CH2–OH TREG 291

HO–(CH2–CH2–O)3–CH2–CH2–OH TEG 314

HO–(CH2–CH2–O)n–CH2–CH2–OH PEG >350

HO–CH2–CH2–CH2–OH PDO 213

HO–CH2–CH2–CH2–CH2–OH BD 235

HO–CH2–CH2–CH2–CH2–CH2–OH PD 242

HO–CH2–CH2(OH)–CH2–OH GLY 290

C(CH2OH)4 PE 276
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of the polyols proportional with increasing molecular weight (Jokerst et al. 2011;
Cheng et al. 2011).

Cai and Wan (2007) fabricated monodisperse Fe3O4 NPs by using different types
of polyols, i.e., ethylene glycol (EG), diethylene glycol (DEG), triethylene glycol
(TREG), and tetraethylene glycol (TEG), to reduce Fe(acac)3. Among them, only
the TREG results non-agglomerated Fe3O4 NPs with uniform shape and narrow size
distribution. Their results illustrate that the polyol solvent plays a crucial role to
determine the morphology and colloidal stability of the resulting particles. Hachani
et al. (2016) have synthesized water-dispersible IONPs successfully via a simple and
reproducible polyol synthesis tuning the size and magnetic properties by modifying
the solvent, reaction time, and concentration of iron precursor Fe(acac)3. The as-
synthesized NPs had a high saturation magnetization (ca. 80 emu g−1) but were not
stable as indicated by the hydrodynamic diameter measurements and their precipita-
tion in solution. These unstable IONPs were coated by 3,4-dihydroxyhydrocinnamic
acid (IONP-DHCA) which demonstrated long-term stability, even when subjected
to various salt concentrations (up to 1 M NaCl). The potential of these novel par-
ticles as MRI contrast agents is demonstrated with better relaxivity values when
compared to commercial contrast agents. Miguel-Sancho et al. (2011) have syn-
thesized TREG-coated and dimercaptosuccinic acid (DMSA)-coated SPIONs via
polyol-mediated synthesis presenting particle size homogeneity (4.8 ± 2 nm) and
a good initial particle size distribution, with a mean hydrodynamic size of 15.7 ±
2 nm. The modification of the TREG coating by a multistep process yielded only
a moderate increase in stability of the SPION against prolonged exposure to 37 °C
(exposure against increased saline concentrations was not tested) but produced a
coating with terminal carboxylic groups capable of anchoring a bio-functional anti-
body, whereas comparatively best results were obtainedwith DMSA-SPIONs, which
yielded a well-dispersed suspension of particles and showed excellent long-term sta-
bility, even when subjected to variations in the temperature and saline concentration.
Miguel-Sancho and co-workewrs claimed that their methods to modify the surface of
the NPs by TREG-coating are relatively easy to implement and use well-established
chemistry and procedures and hence have the potential to be applied in a wide variety
biomedical application (Miguel-Sancho et al. 2011).

Liquid-Phase Synthesis: Hybrid Nanomaterials

There is rapid progress in the development of novel materials for multimodal imag-
ing applications, drug targeting, biosensing, and several therapies in nanomedicine
and have been a area of great interest. Multimodal magnetic nanomaterials could
be utilized as diagnostic, surgical, and drug delivery tools, which could help in the
diagnosis and treatment of cancer and many other diseases. Owing to their small
size, optional functionalization with specific biomarkers (e.g., antibodies, receptors,
etc.), and combination of magnetic and fluorescent or plasmonic properties, such
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nanocomposites open the unique possibility of controlled target-directed applica-
tions (Xie et al. 2017; Yu et al. 2017; Edel et al. 2016; Lim and Gao 2016; Giner-
Casares and Liz-Marzán 2014). The novel material development at the microscale to
nanoscale has progressed from single-particle synthesis to multi-component assem-
blies or hierarchical structures, where two ormore pre-synthesized nanomaterials are
conjugated to extractmultifunctionality. These ensembles are termed as nanohybrids.
The underlying focus of nanohybrids synthesis is property modulation, which results
in an alteration to inherent physicochemical properties, i.e., size, shape, composition,
and surface chemistry. Such changes also give rise to novel emerging properties. Size
and shape modulation alongside physical or chemical functionalization are used to
achieve hierarchical and heterostructures (Paek et al. 2011; Banin et al. 2014; Al-
Arbash 2006; Schumacher et al. 2009; Saleh et al. 2014). Such functionalization
has altered inherent surface attributes and extracted novel electronic configuration,
intrinsic hydrophobicity, dissolution properties, etc., from nanoscale materials. The
successes of such manipulations have further encouraged achieving a higher degree
of functionality by combiningmultipleNPs, each possessing unique and novel advan-
tages. For example, nanoscale iron oxide AuNPs, AgNPs, and PtNPs individually
possess plasmon resonance and superior charge carrying capability, respectively.
However, careful combination of two or more of these materials enhanced their
functional performance as observed in the development of the first sets of bimetallic
NHs. Silica, gold, and silver NPs (SiNPS, AuNPs, and AgNPs) as well as photolu-
minescence in the form of fluorescence (semiconductor quantum dots, e.g., CdSe or
CdTe (Deng et al. 2012)) or phosphorescence (doped oxide materials, e.g., Y2O3),
or magnetic moment (e.g., manganese or cobalt oxide NPs) (Vestal and Zhang 2003)
have emerged as a broad new research field in the domain of colloids not only for
their optical properties, but also for high chemical stability, catalytic use, and size-
dependent properties (Hostetler et al. 1998; Sardar et al. 2009; Moon et al. 2010)
and thus have gained interest over the decades because of appealing properties, such
as catalytic and antibacterial activity which open perspectives in biomedical appli-
cations (Xuan et al. 2012; Ding et al. 2012; Pan et al. 2018; Xu et al. 2010). The
merits of such NPs are aggregation phenomena can be avoided by protecting agents
such as thiols or aminic compounds (Moon et al. 2010). There are many methods
for the synthesis of small, monodisperse NPs as well as the control of the shape
of such SiNPs, AuNPs, and AgNPs, can be discussed below briefly. Such multi-
functional bimetallics were used as magnetic resonance imaging (MRI) agents with
added nanoheating capabilities, useful for laser-irradiated drug delivery systems.

Magnetic Silica/Carbon Interface

Silica-Coated IONPs (IONP@Silica)

Silica-coated IONPs (IONP@silica) are a classical and important compositematerial
for both fundamental study and bio-applications. Silica coating helps to enhance the
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Table 3 Summary of synthesis method with their merits and demerits

Synthesis method Merits Demerits

Stober process Controllable silica shell and
uniform size, high crystallinity

Lack of understanding of its
kinetics and mechanism

Microemulsion Control of particle size, highly
homogeneous

Poor yield, time consuming, and
more amount of solvents required

Aerosol pyrolysis Hermitically coated Complex experimental condition

dispersion in solution because the silica layer could screen the magnetic dipolar
attraction between magnetic IONPs and such coating would increase the stability
of IONPs and thus protect them in an acidic environment. Since silica contains an
abundant silanol groups on its layer, IONP@silica could be easily activated to provide
the surface of NPs with various functional groups. Silane has unique properties that
easily bind on the surface of IONPs through OH groups. For pragmatic applications,
IONP should be coated with a homogeneous silica layer without core-free silica
particles, regardless of the size of the NPs. For instance, as a heating source and
magnetic guidance, IONPs play an important role in hyperthermia and targeted drug
delivery, and the existence of core-free silica particles will lead to a loss in the
effective dose of IONPs. The major reason causing uneven heating in hyperthermia
and tissue distribution of the targeted drugs can be attributed to the unequal core
number and silica shell thickness. Until now, mainly, three different approaches
have been explored to designed IONP@silica nanomaterials; they are (a) the Stober
process, (b) microemulsion method, and (c) aerosol pyrolysis method as tabulated
in Table 3 with their merits and demerits (Zhu et al. 2018).

Generally, the IONPs were homogeneously dispersed in the alcohol, then after
added the silane, and finally the water or ammonia aqueous solution was dropped
into the mixed solution and IONP@SiO2 formed. Tetraethoxysilane(TEOS), vinyl-
triethoxysilane (VTEOS), and octadecyltrimethoxysilane are the most common used
silanes (Zhu et al. 2010; Cao et al. 2013). Lu et al. (2002) have shown that how fer-
rofluids can be directly coated with silica shells by the hydrolysis of TEOS. First,
they have taken water-based ferrofluid (EMG 340) and diluted with deionized water
and 2-propanol. Ammonia solution and various amounts of TEOS were added step-
wise to the reaction mixture under stirring. The coating step was allowed to proceed
at room temperature for about 3 h under continuous stirring. The coating thickness
could be varied by changing the amount of TEOS. Since the iron oxide surface has
a strong affinity toward silica, no primer was required to promote the deposition and
adhesion of silica. Owing to the negative charges on the silica shells, these coated
magnetic NPs are re-dispersible in water without the need of adding other surfac-
tants. Xuan et al. (2012) have synthesized monodispersed γ-Fe2O3@meso-SiO2 via
Stober process. The size of the magnetic core and the thickness of the shell were con-
trolled by tuning the experimental parameters. Themagnetic property of the γ-Fe2O3

porous core enabled the microspheres to be used as a contrast agent in magnetic res-
onance imaging with a high r2 (76.5 s−1 mM−1 Fe) relaxivity. The biocompatible
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composites possess a large Brunauer-Emmett-Teller (BET) surface area (222.3 m2

g−1); the composite NPs have been used as a bifunctional agent for both MRI and
drug carriers. Pinho et al. (2012) noted that the increase of the silica coating thickness
will cause a significant decrease in the r1 and r2 relaxivities of their aqueous suspen-
sions. Likewise, Pinho et al. (2010) concluded that the amount of silane used is a key
factor for tuning the silica shell thickness, and the adequate silica shell thickness can
therefore be tuned to allow for both a sufficiently high response as a contrast agent
and adequate grafting of targeted biomolecules. Zhao et al. (2005) have prepared
uniform magnetic nanospheres having diameter 270 nm with a magnetic core and
a mesoporous silica shell through Stober process. These NPs were double coated
with mesoporous silica shell by a simultaneous sol–gel polymerization of TEOS and
n-octadecyltrimethoxysilane (n-OTMS).

The microemulsion syntheses, in which micelles or inverse micelles, were used
to confine and control the coatings of silica over, core NPs. It is noteworthy that this
method requires much effort to separate the core–shell NPs from the large amount
of surfactants associated with the microemulsion system. Tartaj and Serna (2003)
reported a synthesis ofmonodisperse air-stable superparamagneticα-Fe nanocrystals
encapsulated in nanospherical silica particles of 50 nm in diameter. The iron oxide
NPs are embedded in silica by the reverse microemulsion technique, and the α-Fe is
obtained by reduction with hydrogen at 450 °C. Vestal and Zhang (2003) discussed
a reverse micelle microemulsion approach which was also reported to coat a layer
of silica around spinel ferrite NPs of CoFe2O4 and MnFe2O4. Cheng et al. (2012)
presented a straightforward synthesis method for magnetically functionalized silica
nanotubes, i.e. (Fe3O4-CNTs)@SiO2. First, they prepared Fe2O3-CNT@SiO2 and
reduced to Fe3O4-CNT@SiO2 in the presence of Ar at 800 °C for 8 h and finally
the obtained Fe3O4-CNT@SiO2 oxidized to γ-Fe2O3@SiO2. The method employs
carbon nanotube templates and can be easily scale up to achieve economic and fast
production of the material. The material exhibits a considerable magnetization and
has a hollow structure which suggests applications with multifunctional character.
Their experiments indeed show that local heating is induced by applied alternating
magnetic fields which showed the materials’ potential for magnetic hyperthermia
therapies, as increasing temperature with the application of magnetic field, as shown
in Fig. 1.6. However, this heating of nanoparticles in higher field (>50 kA/m) is
just to have an idea of change in temperature, not recommended for clinical test. In
addition, it can serve as a drug carrier system since a significant amount of rhodamine
B was loaded to the material and its release was studied. Interestingly, encapsulated
magnetic NPs divide into two differently sized portions, i.e., into particles in the
10 nm and in the 100–200 nm range, respectively. This behavior may be exploited
for different magnetic functions since small particles are beneficial when aiming at
magnetic hyperthermia while larger particles are needed if an external magnetic field
gradient shall exert force for moving particle.

Ding et al. (2012) reported the coating regulations of Fe3O4 NPs by the reverse
microemulsion method to obtain Fe3O4@SiO2 core–shell NPs. Such regulation pro-
duces core–shell NPs with a single core and with different shell thickness and espe-
cially can be applied to different sizes of Fe3O4 NPs and avoid the formation of
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Fig. 1.6 aTemperature versus time upon application ofACmagnetic fields at various field strengths
and a frequency of f = 120 kHz and b corresponding SAR value for the γ-Fe2O3@SiO2. Reprinted
with permission from Chen et al. (2012). Copyright 2012 American Chemical Society

core-free silica particles. They found that the small aqueous domain was suitable
to coat ultrathin silica shell, while the large aqueous domain was indispensable for
coating thicker shells. To avoid the formation of core-free silica particles, the thicker
silica shells were achieved by increasing the content of either TEOS through the
equivalently fractionated drops or ammonia with a decreased one-off TEOS. Ye
et al. (2012) have synthesized Fe3O4@mSiO2 NPs and performed an in-depth study
of the effects of surface coating on relaxivities of iron oxide particles for MRI. Tun-
able relaxivities were obtained by varying the thickness of the mSiO2 coating layer
of Fe3O4@mSiO2 NPs. It was found that r1 shows a dramatic decrease accompanied
by a smaller decrease in r2, with an increase in mSiO2 coating thickness. Conse-
quently, Fe3O4@mSiO2 NPs exhibit enhanced MRI efficiency, which is ca. 21 times
higher than that of the commercial T 2 contrast agents. They studied biocompatibility
of obtained NPs and found that Fe3O4@mSiO2 NPs have no negative impact on
cell viability, which supports the potential application of these particles as a highly
efficient and biocompatible MRI T2 contrast agent.

Carbon-Coated IONPs (IONPs@C)

Carbon has unique chemical, thermal stability, and high electrical conductivity prop-
erties. Due to this reason, carbon and its isomer have been used widely in material
science as protecting agents.

The carbon coating provides an effective oxidation barrier and prevents corrosion
in magnetic core materials. Hydrophilic carbon coating on iron oxide nanoparticle
cores endows better dispersibility and stability than those shown by bare IONPs
(Bae et al. 2012). Park and Myung (2014) have shown schematic synthesis process
regarding the carbon-coated magnetite nanoparticles, as shown in Fig. 1.7. They
proposed that, as soon as the crystal seeds of Fe3O4 are formed under the synthesis
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Fig. 1.7 Schematic synthesis of Fe3O4@C. Reprinted with permission from Park and Myung
(2014). Copyright 2014 American Chemical Society

condition, the seeds are simultaneously encapsulated by sucrose in the solution and
carbonization of the sucrose is consequently progressed andfinallymagnetite covered
by carbon layer. As it can be clearly seen in Fig. 1.7, there is no possibility of contact
among Fe3O4 seeds after the carbonization; particle growth such as carbon-free
Fe3O4 would be inhibited.

Bae et al. (2012) have synthesized highly water-dispersible carbon-coated core–
shell iron oxideNPs for use as contrast agents inMRI. The coatedNPswere observed
to be spherical in shape, and they showed a uniform size distribution with an average
diameter of 90 nm. They found the ratio of two relaxivities, i.e., T 1 and T 2, was close
to unity which shows that carbon-coated iron oxide NPs are suitable as both T 1 and
T 2 contrast agents in MRI.

Graphene oxide (GO) has recently attracted substantial attention in biomedical
field as an effective platform for biological sensing, tissue scaffolds, and in vitro
fluorescence imaging.However, the targetingmodality and the capability of its in vivo
detection have not been explored. In this scenario, to enhance the functionality of
GO, Gonzalez-Rodriguez et al. (2019) synthesized GO/Fe3O4 NPs with average size
of 260 nm having low cytotoxicity and higher r2/r1 relaxivity ratios of ~10.7 than of
GO as shown in Fig. 1.8.

The pH-sensing capabilities of GO used to detect cancer versus healthy environ-
ments in vitro and exhibit fluorescence in the visible for bioimaging. On the other
hand, as a drug delivery platform,GO/Fe3O4 showed successful fluorescence-tracked
transport of hydrophobic doxorubicin non-covalently conjugated toGOwith substan-
tial loading and 2.5-fold improved efficacy. With these results, Gonzalez-Rodriguez
et al. (2019) concluded that GO/Fe3O4 NPs as a novel multifunctional magnetic tar-
geted platform for high efficacy drug delivery traced in vitro by GO fluorescence and
in vivo via MRI capable of optical cancer detection.

Magnetic Plasmonic Interface

Plasmonic NPs have unique properties involving surface plasmon resonance phe-
nomena and enabling to achieve the intensive selective absorption or scattering of
light that is widely used in sensing, bioassays, diagnostic tools, photothermal and
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Fig. 1.8 a 1/T1 versus iron concentration [Fe] of GO-Fe3O4 conjugates and b 1/T2 versus [Fe] of
GO-Fe3O4 conjugates, the bars represent the standard deviation. Reprinted with permission from
Gonzalez-Rodriguez et al. (2019). Copyright 2019 Gonzalez-Rodriguez et al.

photodynamic therapy, and other biomedical applications (Xie et al. 2017; Yu et al.
2017; Edel et al. 2016; Lim and Gao 2016; Giner-Casares and Liz-Marzán 2014).
Nowadays, a range of synthetic methods is utilized to produce monodisperse, stable
suspensions of magnetic plasmonic nanocomposites. Generally, magnetic plasmonic
nanomaterials consist of an inner magnetic core and an outer plasmonic layer which
are synthesized by chemical co-precipitation, thermal decomposition, and the sol-
vent thermal method, etc., as discussed above in synthesis portion. In principle, one-
step route to prepare magnetic plasmonic nanoparticle is Fe3−xO4 surface directly
coated by an Au/Ag layer. This implies that Au atoms are directly deposited onto
Fe3−xO4 through the reduction of Au(III) precursors. If the system is reverse, i.e.,
Au/Fe3−xO4, then Fe3−xO4 core surface must be appropriately charged to attract
the dissolved molecular Au(III) precursors. The schematic view of the formation of
magnetic/plasmonic core–shell/satellites is shown in Fig. 1.9a. This method can be
accomplished in the absence of surfactant and completed in a one single step, but it
does not allow a simple control of the final morphology of the built heterostructures
(Nguyen et al. 2018). Pan et al. (2019) proposed an innovative method for the syn-
thesis of magnetic Fe3O4 nanostructures without any capping agents. The synthesis
strategy was based on plasmon-driven anti-replacement reaction. The complete syn-
thesis process was completed in several steps. First, fabrication of Au nanoparticles
by 1064-nm pulsed laser ablation in water; then after, a mixture solution containing
the Au nanoparticles and FeCl3 was irradiated by a laser with a specific wavelength.
The plasmonic-driven anti-replacement reaction between Au and Fe3+ ions occurs.
Finally, the spindle-like single-crystalline Fe3O4 nanocrystals were collected after
the reaction. The prepared Au NPs are single crystalline with average diameter of
ca. 220 nm, well-defined lattice fringes with an inter-planer spacing of 0.236 nm,
which is well consistent with that of the Au(111) crystalline planes. After irradiating
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Fig. 1.9 a Schematic view of the formation of magnetic/plasmonic core–shell/satellites. Reprinted
from Nguyen et al. (2018), Open access, b schematic illustration of several strategies used for
surfacemodification ofUCNPs,which include inorganic surface silanization, ligand removal, ligand
oxidation, ligand exchange, and amphiphilic polymer coating. Reprinted with permission from Sun
et al. (2018b). Copyright 2018 Elsevier B.V. All rights reserved

the mixture of FeCl3 and Au NPs by 532 nm laser, spindle-like nanostructures of
ca. 100 nm in length and ca. 15 nm in diameter attached on Au NPs were occurred.
The spindles accumulate on the surface of Au NPs. The saturation magnetization
and coercivity of Fe3O4 spindles are 48.7 emu g−1 and 218.9 Oe, respectively.

Lee et al. (2012) have been developed a simple but efficient route for the synthesis
of spherical Fe3O4@Au NPs. The resulting Fe3O4@Au NPs have a size of ∼20 nm
and strongmagnetization via sodiumcitrate-coatedFe3O4 NPs; sodiumcitrate is used
as the sole reducing agent. Cui et al. (2005) presented a syntheticmethod for the core–
shell NPs with a typical size of 50 nm in diameter and practical use of the particles
in a solid-phase immunoassay. Zhichuan et al. (2007) described facile synthesis of
Au- and Ag-coated Fe3O4 NPs with controlled plasmonic and magnetic properties.
The plasmonic properties of these core–shell NPs can be fine-tuned by varying the
coating thickness and coating material. Bao et al. (2009) reported the synthesis of
Fe2O3@Au NPs with varying Au shell thickness by reducing HAuCl4 on the surface
of α-Fe2O3 NPs. Bao et al. (2007) reported that the synthesis ofmultifunctional core–
satellite Fe3O4@Au NPs (Type IB) occurs via the chemical bonds of two separate
prepared nanomaterials, not via a chemical deposition process. This synthesis can be
used for the isolation of a protein, which would still retain strong catalytic activity
afterward. The as-prepared bifunctional NPs combine the merits of both gold and
Fe3O4 NPs and are formed via chemical bonds. Containing approximately 12% gold
by weight, the resulting bifunctional NPs maintain excellent magnetic properties.

Magnetic Luminescent Interface

Those materials having the properties of absorption and conversion certain types
of energy into radiation of light can be considered as luminescence materials (also
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called phosphors).When luminescent particles (organic compounds, polymers, quan-
tum dots, rare earth-based UV-excited or upconversion phosphors) are incorporated
into the shells, which could bind withmicroorganisms (binding with antibodies, anti-
gens, polypeptides, etc.) or tumor tissue, the biocomplex can be localized by irradi-
ation with UV or NIR light. After that due to luminescent and magnetic (optionally)
properties, the biocomplex can be cured or removed. Also, drug delivery could be
enhanced using magnetic NPs (Wang and Xia 2004; Nyk et al. 2008; Selvan et al.
2010; Yang et al. 2009). Rare earth (RE) ions (including lanthanides plus scandium
and yttrium) are trivalent, an important and attractive candidate for several applica-
tions due to having better luminescence properties than other materials. It is known
that lanthanide (Ln) ions are widely used as emitting species in many phosphors.
However, direct excitation of lanthanide ion (Ln3+) is a relatively inefficient pro-
cess due to the forbidden character of the 4f transitions. So, a doping technique is
widely applied to synthesize Ln3+-doped inorganic materials with desirable lumi-
nescence. So far, although a series of luminescent materials including fluorescent
proteins (Shcherbakova et al. 2015), organic dyes, metal complex (He et al. 2014),
semiconductor quantum dots (QDs) (Deng et al. 2012), etc., have been developed
for luminescent contrast agents and bio-applications, upconversion NPs (UCNPs)
have emerged as more appropriate nanomaterials for bio-applications, for instance
biomarkers, drug delivery, cells’ labeling, sensitive to magnetic field NPs for the
photodynamic therapy (PDT) and photothermal therapy (PPT) (Sun et al. 2010; Mi
et al. 2010).

Generally, UCNPs synthesized by the several known methods (i.e., chemical co-
precipitation, thermal decomposition, and the hydro/solvent thermal), as they are
capped by oleic acid (OA) or oleylamine (OM), which delimit their bio-applications
in vitro and in vivo. To be successfully used in biomedical (usually bioimaging
and therapy), UCNPs should have good dispersibility and biocompatibility in aque-
ous solution by using surface modification to provide them with hydrophilic groups
such as –COOH, –NH2, –OH for further conjugation with various biomolecules.
Recently, several strategies have been reported, including inorganic surface silaniza-
tion, ligand removal, ligand oxidation, ligand exchange, and amphiphilic polymer
coating, as shown in Fig. 1.9b (Sun et al. 2018b). Mou et al. (2017) have suc-
cessfully synthesized a new Luminescence Resonance Energy Transfer (LRET)-
based nanoprobe by using the mesoporous silica-coated lanthanide upconversion
NaYF4:Yb, Er@NaGdF4 UCNPs as the luminescence energy donor and Cu2+-
responsive rhodamineBderivativeDFPP-RhBas energy acceptor, shown in Fig. 1.10.
The limit of detection is as low as 54 nM. Meanwhile, a color change from color-
less to pink can be observed by naked eye with the addition of Cu2+. The synthetic
LRET nanoprobe shows high specificity and selectivity for detecting Cu2+. They
synthesized such multifunctional nanoprobe, i.e., UCNPs@mSiO2-P by dissolving
UCNPs@mSiO2 with toluene as per requirement. When the mixture was heated to
110 °C, 3-(Triethoxysilyl) propylisothiocyanatewas added. Themixturewas refluxed
under argon for 24 h. After cooling to room temperature, DFPP-RhB was added and
the mixture was refluxed for another 24 h. The NPs were washed several times with
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Fig. 1.10 (1) Schematic illustration of synthetic procedure of the nanoprobeUCNPs@mSiO2-P and
(2) its interaction with Cu2+ ions (2) and TEM images of UCNPs@mSiO2 (A), UCNPs@mSiO2-P
(B) dispersed in ethanol. Elemental mappings (O, Si, F, Na, Gd, Y, Yb) of UCNPs@SiO2-P (C) in
ethanol. Reprinted with permission fromMou et al. (2017). Copyright 2017 Elsevier B.V. All rights
reserved

anhydrous ethanol. As a biomedical test, the effective T 1-weighted MRI enhance-
ment reveals the concentration-dependent brightening effect due to the presence
of Gd3+ ions. It was successfully applied for magnetic resonance imaging and as an
excellent indicator for Cu2+ sensing. According to authors, this is the first example of
a DFPP-RhB-modifiedUCL nanostructure for both sensing and imaging application.

Zhang et al. (2013) prepared iron oxide NPs of about 10 nm coated with flu-
orescent mesoporous silica for neutral progenitor cell MRI. The material demon-
strated high magnetic resonance sensitivity and excellent cell labeling efficiency.
Zhang et al. (2017) have presentedmultifunctional core–shell (CoFe2O4@MnFe2O4)
nanostructures coated with tetramethylrhodamine-5-carboxamidecadaverine labeled
poly(isobutylene-alt-maleic anhydride), PEG via thermal decompositionmethod and
functionalized with folic acid for targeting demonstrated good biocompatibility, high
T 2 relaxation values, and long-term fluorescence stability. These fluorescent mag-
netic nanocomposites have been used to effectively enhance the targeted MRI and
fluorescent labeling in vitro and in vivo.

Xu et al. (2010) prepared highly biocompatible luminescent superparamagnetic
nanocomposites that consisted of Fe3O4@SiO2-QDs, as shown in Fig. 1.11. First
of all, silica shell was coated onto the magnetic particles to form the Fe3O4@SiO2

structure by a hydrolysis sol–gel process and these functional NPs were combined
with CdSe/ZnS by thiol coordination. The water-soluble QD solution was then added
quickly to the Fe3O4@SiO2-SH solution, and the product was left to stir in a 35 °C
water bath for 12 h. Finally, orange particles were separated with a magnet from
the solution, and this phenomenon indicated that nanocomposites with magnetic IO
particles and fluorescent QDs had been assembled successfully. These NPs acted as
a high-efficiency radio frequency (RF) absorber and showed optical ability for cell
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Fig. 1.11 a Schematic structure of iron oxide quantum dot, b absorption spectrum and fluores-
cence spectrum of CdSe/ZnS. Insert picture is the orange QD solution under the UV radiation and
c absorption spectra of different nanomaterials. Reprinted with permission from Xu et al. (2010).
Copyright 2010 American Chemical Society

labeling that make it an interesting material for use as a hyperthermia agent in pan-
creatic cancer therapy. Ortgies et al. (2016) have synthesized fluorescent magnetic
nanomaterial with interesting properties to be used in hyperthermia in the combi-
nation of magnetic NPs and IR emitting. The nanocomposite allows monitoring of
the distribution of the NPs in vivo, which is important for MRI and optical imaging-
based tomography and also presents potential for magnetic hyperthermia treatments.
de Paula et al. (2017) designed magnetic nanoemulsions loaded with citrate-coated
maghemiteNPs and chloroaluminumphthalocyaninewhich have been used as agents
for in vitro combined magnetic hyperthermia and photodynamic therapy (at 670 nm
wavelength) in the treatment of different cancer cell line models. They found that the
use of magnetic hyperthermia resulted in only 15% of the cell viability reduction,
while the use of only photodynamic therapy treatment yielded a 52% decrease in the
cell viability. Interesting is the total reduction of the cell viability about 70% was
achieved by combining the magnetic hyperthermia and photodynamic therapy treat-
ments, and hence, the combined treatment of HPT and PDT represents a promising
paradigm for brain cancer intervention, such as glioblastoma.

Shrivastava et al. (2017) have designed magnetic luminescence nanocomposites
containing triply-doped Fe3O4/ZnS@LaF3:xCe3+, xGd3+, yTb3+ (x = 5; y = 5, 10,
15 mol%) successfully by a multistep synthesis procedure in which ZnS was used as
a spacer between the direct linkage of Fe3O4 and green LaF3:RE3+ phosphors played
its role well. First, they prepared magnetite (Fe3O4) through simple hydrothermal
method. Then after, certain amount of obtained magnetite dispersed in the mixture
of n-propanol and Zn(O2CCH3)2(H2O)2 in balance condition and stirred 24 h at
room temperature. Thereafter, thioacetamide in milli-Q water was added dropwise
to the above solution. Such resulting solution was heated at 65 °C under vigor-
ous stirring for 5 h and cooled to get Fe3O4/ZnS. Finally, the optical and magnetic
Fe3O4/ZnS@LaF3:xCe3+, xGd3+, yTb3+ (x = 5; y = 5, 10, and 15 mol%) nano-
materials were prepared by the chitosan-assisted co-precipitation method through
a general procedure using a specific amount of Fe3O4/ZnS NPs and stoichiometric
amounts of LaCl36H2O, Ce(NO3)3·6H2O, GdCl36H2O, and TbCl36H2O precursors.
The complete synthesis protocol is shown in Fig. 1.12 (Shrivastava et al. 2017).
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Fig. 1.12 Synthesis scheme for the Fe3O4/ZnS@LaF3:xCe3+, xGd3+, yTb3+ (x = 5, y = 5, 10,
15 mol%) bifunctional green emitting magnetic nanocomposites (Shrivastava et al. 2017)

Frommagnetic and luminescent experimental investigation, they concluded that their
magneto-luminescent bifunctional nanocomposite may act as a good candidate for
the preparation of emitting layers inmagnetic and light-convertingmolecular devices
(MLCMDs) and radiation detection or in downshift applications through magnetic
manipulation.

Nucleation and Growth of NPs in Solutions

To understand unique properties and classic laws followed by NPs, many researchers
from different areas of physics, chemistry, biology, and material science have been
synthesizing the particles in nanoscale. However, complete cognition of different
phenomena of magnetic NPs, for instance, finite size effect and surface effect are still
remains and area of great interest (Hergt et al. 2006; Nalwa 2004). Finite size effect
discusses with superparamagnetism, single/multi-domain and quantum confinement
of electron. On the other hand, surface effects result from the symmetry breaking of
the crystal structure at the surface of the particle, oxidation, dangling bonds, existence
of surfactants, surface strain, or even different chemical and physical structures of
internal ‘core’ and ‘surface’—shell parts of the nanoparticle. Due to suchwell-known
effect, the design of magnetic NPs for different biomedical applications is not easily
implemented. There are many factors that should be taken into consideration at
each and every step of the synthesis which can dramatically change the expected
outcome. Both physical and chemical properties of particles can be controlled to fit
various applications, so such applications have been surprisingly slow to emerge.
This is partially due to the difficulty in the development of reliable and reproducible
methods for producing large quantities of un-agglomerated, uniformly sizedmaterial.
NPs can be produced via vapor and liquid-phase synthesis methods. The problems
such as agglomeration and non-uniformity of particle size appeared in vapor phase
synthesis can potentially be reduced by following the liquid-phase synthesis route,
since variousmethods of this typeyield un-agglomerated and relativelymonodisperse
(σ < 10%) NPs (Murray et al. 2000). The classic studies of La-Mer et al. (LaMer
and Dinegar 1950) have shown that the production of monodisperse colloids requires
temporal separation between nucleation and nanoparticle growthNPs. Thus, we need
to understand themechanism of nucleation and growth of NPs in solution before start
to synthesis that might help to control NPs during synthesis. So we are discussing
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the theory of nucleation of NPs in solution and growth mechanism behind it with
some examples in the following sections.

Theory of Nucleation

Nucleation refers to the extremely localized building of a distinct thermodynamic
phase and represents the first stages during a crystallization process. Usually, the
first formation step of the solid phase from the solution is considered as nucleation.
More specifically, it is defined as the process by which building blocks (metal atoms
in the synthesis of metal nanomaterials) arrange themselves according to their crys-
talline structure to form a site uponwhich additional building blocks can deposit over
and undergo subsequent growth. In this context, nuclei correspond to infinitesimal
clusters consisting of very few atoms of the growth species. The growth process of
NPs in solution consists of two phenomena: (i) nucleation followed by (ii) growth of
NPs/crystals. To understand themechanismprocess to form colloids/NPs from super-
saturated and homogeneous medium, La Mer and Dinegar (1950) have been studied
the synthesis of uniform colloids/sulfur sol with nucleation and growth mechanism.
From this study, he introduced the concept of ‘burst nucleation,’ which pertains to
the formation of a large number of nuclei in a very short period of time, i.e., rapidly,
followed by growth without additional nucleation. This allows nuclei to have sim-
ilar growth histories and, therefore, yield NPs with the same sizes. This concept is
referred to as the separation of nucleation and growth stages during the synthesis.

Supersaturation is usually defined as the difference between the chemical potential
of the solute molecules in the supersaturated (μ) and saturated (μs) states, respec-
tively. In thermodynamic, the chemical potential is also known as the partial molar
free energy (Denis et al. 2009; Davey et al. 2015).

�μ = μ − μs = KBT ln S (1.1)

where KB is Boltzmann constant, T is temperature, and S is supersaturation which
dimensionless and can be calculated further as taking ratio between concentration
of the solute in solution Ci and saturated/equilibrium concentration of the solute Co,
i.e.,

S = Ci

cb
(1.2)

if S > 1, nucleus grows and solid phase formed; if S < 1, nucleus dissolves, and if S
= 0, nucleus and solution are in equilibrium. The supersaturation of growth species
comprises the first requirement for the occurrence of homogeneous nucleation.When
the concentration of a solute in a solvent exceeds its equilibrium solubility or tem-
perature decreases below the phase transformation point, a new phase appears with
the formation of a large number of nuclei in a short space of time. Such NPs thrive
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quickly and lower the concentration below nucleation level allowing further growth
at the slowest rate by which nucleation and growth have been separated in time. This
slow rate of growth leading toward long growth period compared to the nucleation
period. When an unknown form of material is crystalized during nucleation, it is
‘primary nucleation,’ and if nuclei are engendered in the vicinity of solid surface
in saturated system, it is referred as ‘secondary nucleation’ (Coquerel 2014; Mullin
2001). When the burst-nucleated supercritical particles are largely consumed by the
secondary aggregation, we can instead assume that these primary particles are cap-
tured fast enough by the growing secondary particles so that the effect of their aging
on the concentration of solutes can be ignored. Furthermore, the radius of the cap-
tured primary particles will be assumed close to the critical radius. The growth rate,
obtained from theoretical approach, allowed predicting the diffusion coefficient of
sulfur and they claimed that the method under which diffusion coefficient has been
calculated is applicable for all colloidal system which was characterized by small
particle size distribution. In addition, some qualitative approachwas drawn to prepare
the monodispersed colloids by both acid decomposition of sodium thiosulfate. This
mechanism is applied to prepare several monodispersed particles in homogeneous
solution; however, this is not a generalized approach to the synthesis of different
systems. Thus, La Mer mechanism of nucleation is suitable for is sulfur sols, and it
may not have significance as a general approach to a wide variety of systems (And
and Finke 1997; Oskam et al. 2003; Ji et al. 2007).

Classically, the formation of homogeneous nuclei is discussed by thermodynami-
cally.Maris (2006) discussed the concept of Gibbs free energy (G) nucleus formation
when the concentration of solute exceeds its supersaturated state. This energy is of
the system which would be reduced by isolating solute from solution and is equal
to sum of surface free energy μs and volume free energy μv, also called bulk free
energy. The free surface energy μs is directly varied by the interfacial tension γ

between the solid particle surface and the surrounding solution. When the radius of
nuclei increases, interfacial tension also increases, and hence, positive change can
be observed in free surface enthalpy. In contrast, volume free energy μv is propor-
tional to the negative of volume nucleus. The reduced free energy is considered as
driving force for both nucleation and growth. LetCi,Co, Vn, and S are the concentra-
tion of the solute, equilibrium concentration, atomic volume, and the supersaturation
respectively; then, bulk free energy�Gv per unit volume of solid phase is dependent
on concentration of solute and is given by,

�Gv = −kT

Vn
ln

Ci

Co
(1.3)

where S = Ci/Co, no nucleation if S = 0. When Ci > Co, �Gv is negative, and
nucleation occurs simultaneously. Let r be the radius of spherical nucleus; then
Gibbs free energy or volume energy is given by,

�μv = 4

3
πr3�Gv (1.4)
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And the surface free energy which counterbalanced the reduction energy during
the nucleation is given by,

�μs = 4πr2γ (1.5)

Thus, total free energy of nanoparticle is the sum of Eqs. (1.2) and (1.3) given by,

�G = 4

3
πr3�Gv + 4πr2γ (1.6)

Approximately, free surface energy is proportional to the size of nucleus and can
be expressed as

�μs ≈ An ≈ r2 (1.7)

whereas volume free energy �μv can be written as

�μv ≈ Vn ≈ r3 (1.8)

here, where An is surface of nucleus and Vn is volume nucleus
From Fig. 1.13a, we can say that newly formed nucleus is stable its radius exceeds

critical size r*. At r = r*, d�G
dr = 0 that gives critical free energy �G* called barrier

energy which must be overcome for the nucleation, i.e.,

R∗ = − 2γ

�Gv

and �G∗ = 16πγ

3(�Gv)
2 (1.9)

Fig. 1.13 a Schematically shows the change of volume free energy, �μv, surface free energy,
�μs, and total free energy, �G, as functions of nucleus radius, and b processes of nucleation and
subsequent growth of nanoparticle in solution. Reprinted with permission from Zhang et al. (2012).
Copyright 2012 American Chemical Society
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when the nucleus radius smaller than critical radius r* will dissolve into the solution
to reduce the overall free energy,whereas a nucleus larger than r* is stable and contin-
ues to grow bigger to the final crystallized particles. In the synthesis and preparation
of NPs or quantum dots by nucleation from supersaturation solution or vapor, this
critical size represents the limit how small NPs can be synthesized. To reduce the crit-
ical size and free energy, one needs to increase the change of Gibbs free energy,�Gv,
and reduce the surface energy of the new phase, γ. The Gibbs–Thomson equation
shows that the energy barrier for nucleation at the maximum supersaturation (Sm)
is proportional to temperature (Zhang et al. 2012; Thanh et al. 2014). Figure 1.13b
schematically illustrated the processes of nucleation and subsequent growth. From
Fig. 1.13b, as the concentration of solute increases as a function of time, no any
nucleation would occur even above the equilibrium solubility. The nucleation occurs
only when the supersaturation reaches a certain value above the solubility, which
corresponds to the energy barrier (�G*) for the formation of nuclei. After the initial
nucleation, the concentration or supersaturation of the growth species decreases and
the change of volume in Gibbs free energy reduces. If the concentration decreases
below this certain concentration, which corresponds to the critical energy, no more
nuclei would form,whereas the growthwill proceed until the concentration of growth
species reached the equilibrium concentration or solubility.

Growth Mechanism

Let us start with burst nucleation concept as introduced above by LaMer and Dinegar
(1950). The model of burst nucleation is appropriate for nanosize particles, typically,
crystals consisting of n monomers. For larger particles, nucleated in the initial burst
and then grown to dimensions typically over several tens of nanometers in diameter,
other growth mechanisms usually broaden the size distribution. We have already
mentioned in the above section that there must be two-stage mechanism whereby
the nanosized primary particles, burst nucleated and growing in solution, themselves
become the singlets and are ‘consumed’ by the singlet-driven aggregation that results
in uniform secondary particles of colloid dimensions clearly shown in Fig. 1.14a–c.

The theoretical model given by LaMer’s for the synthesis of monodisperse parti-
cles is a concept of separating nucleation and growth and helps to predict the final
size distribution of NPs analyzing the actual growth of nuclei. Later, Reiss (1951)

Fig. 1.14 a Supersaturated solution, b primary particles, and c secondary particles, and d concept
of Ostwald’s ripening
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developed a growth model known as ‘growth by diffusion’ in which the growth rate
of spherical particles depends solely on the monomer flux supplied to the particles.
Reiss deduced that if the diffusional growth is only dependent on the monomer flux,
smaller particles will then grow faster in the presence of larger particles, leading to a
size focusing (narrowingof size distribution).However, this is a very simplifiedmech-
anism since it does not include other effects such as aggregation, coalescence, or dis-
solution (Ostwald’s ripening). Sugimoto (1987) extended Reiss’smodel qualitatively
by including dissolution effects obtaining a size-dependent growth rate by consid-
ering the Gibbs–Thomson equation. When the concentration of solutes/monomer’s
falls below certain nucleation level, called super-saturation, nucleation stops, but the
growth of NPs is continuing. Usually, in NPs, large surface area of NPs creates higher
surface energy which may play an important role in the particle growth. This growth
of NPs placed in two mechanisms: diffusion to the surface and surface reaction.

Let us consider r be the radius of particles, J be the total flux of monomers passing
through spherical surface having radius x, D is the diffusion coefficient, and C is the
concentration at distance x, and then total flux of monomers is given by Fick’s first
law,

J = 4πDx2
dC

dx
(1.10)

LetCb be the bulk concentration of monomers in solution,Ci be the concentration
of the monomers at solid/liquid interface, and δ be the distance between particle sur-
face to bulk concentration of monomers in solution, also called thickness of diffusion
layer, and J is the constant over diffusion layer at steady state; then, it can be written
as,

J = 4πDr(r + δ)

δ
(Cb − Ci ) (1.11)

Integrating (1.15) from r + δ to r, we get

J = 4πDr(Cb−Ci ) (1.12)

This flux can be equated to the consumption rate of the monomer species at the
surface of the particle. That is,

J = 4πDr2k(Ci − Cr ) (1.13)

where k is rate of surface reaction which is independent of particle size. But in
solution, it is difficult to find out the Ci, so it must be eliminated using the above two
equations.

Now if the growth process is controlled by diffusion of growth species from bulk
solution to particle surface, then growth rate is given by,
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dr

dt
= Dv(Cb − Cr )

r
(1.14)

where ν is the molar volume of the bulk crystal and Cr is the concentration on the
surface of solid particle. The growth controlled by diffusion promotes the formation
of uniformly particles size.

But, when the diffusion of growth species from the bulk to the growth surface is
sufficiently rapid, i.e., the concentration on the surface is the same as that in the bulk,
the growth rate controlled by surface process and the rate is given by,

dr

dt
= kv(Cb − Cr ) (1.15)

There are two mechanisms which consist of surface reaction process, i.e., mono-
nuclear growth and poly-nuclear growth. In mono-nuclear growth, the growth of
species is incorporated with layer by layer; i.e., next layer growth will be placed
only after the first layer growth is completed so that more time required to diffuse
on the surface. Conversely, poly-nuclear growth of species will occur when surface
concentration is high by which growth of next layer can be started before completed
the growth of first layer and growth rate is linear with time. According to William
et al., growth of NPs consists of these all three mechanism according to their size.
The mono-nuclear growth is occurred in small nuclei, poly-nuclear growth may
be predominant if the nuclei become bigger, and diffusion is predominant in case
of larger particles. Thus according to the growth condition of the NPs, different
mechanisms may be the predominant.

Thus, in summary, the crystal growth process in solutionmainly consists of nucle-
ation and growth, which are affected by the intrinsic crystal structure and the external
conditions including the kinetic energybarrier, temperature, time, cappingmolecules,
and so forth. The formation of nanostructures after nucleation in solution relates to
two primarymechanisms: the aggregation growth process and theOstwald’s ripening
process.Crystal growthby aggregation canoccur by randomaggregation andoriented
aggregation, and Ostwald’s ripening process involves the growth of larger crystals at
the expense of smaller ones (LaMer and Dinegar 1950; Reiss 1951; Sugimoto 1987;
Yin et al. 2009).

Ostwald’s Ripening

Ostwald’s ripening, also referred as ‘coarsening’, is a final stage of first-order phase
transformations following nucleation and growth stages and is often observed in syn-
thesis of NPs (Mantzaris 2005), two-phase mixtures composed of second phase in
matrix (Voorhees 1992), binary alloys (Porter and Easterling 1992), clusters on sur-
faces (Zinke-Allmang et al. 1992), oil–water emulsions, and during epitaxial growth
(Taylor 2003). Ostwald’s ripening represents (for instance, shown in Fig. 1.14d) the
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spontaneous and continuous evolution of precipitated NPs/clusters, during which
smaller NPs/clusters of atoms/molecules transfer mass to bigger clusters. Accord-
ing to Ostwald, the driving force for the process is the increased solubility of the
smaller particles due to surface tension between the precipitate and the solute. In
case of, solute is in local equilibrium with the precipitate, then the solubility differ-
ence induces a solute concentration gradient and leads to a diffusive flux from the
smaller to the larger particles. The objective to introduce the driving force for Ost-
wald’s ripening is theminimization of the interfacial area between the two phases and
as such depends intimately on the interface energetics and the system temperature.
The driving force for the ripening process is the well-known curvature dependence
of the chemical potential which, assuming isotropic surface energy, is

μ = μ0 + γ κVm (1.16)

where κ is the mean interfacial curvature,μ0 is the chemical potential of an atom at a
flat interface,Vm is themolar volume, and γ is the surface energy. The above equation
explains that the flowof atomswill be fromhigh to low curvature regions. This results
in the disappearance of surfaces possessing high curvature and an increase in the size
scale of dispersed second phase, which is consistent with the necessary decrease in
total energy of the two-phase system. Typically, the net effect of Ostwald’s ripening
is to broaden the size distribution of nucleated particles (Lifshitz and Slyozov 1961;
Chakraverty 1967). As ripening takes place in liquid-phase (Stoeva et al. 2002;
Smetana et al. 2005; Pan et al. 2013) and gas-phase (Bae et al. 2012; Zhang et al.
2017; Hergt et al. 2006; Yang et al. 2015) fabrication of two NPs and epitaxial
growth of quantum dot arrays (Ross et al. 1998, 1999; Tromp et al. 2000), it prevents
the highly desirable formation of narrow size distribution of particles. The study of
Ostwald’s ripening is important not only to understand the fundamental growth of
NPs/clusters but also to prepare uniform particles in the closed system for industrial
applications where large seed particles will grow at the expense of large amount of
small particles. The advantages of such closed system are to keep supersaturation
constant during particle growth, and its level can be controlled by changing the size
of small particles. The known mechanisms discussed in the literature for narrowing
a particle size distribution (PSD) are as follows: (i) digestive ripening (Smetana
et al. 2005; Prasad et al. 2002) and (ii) inverse ripening (Rizza et al. 2001, 2007;
Ramaswamy et al. 2005). Digestive ripening can be explained by taking into account
electric charges on the particle and by including the electrostatic energy in the free
energy minimum (Lee et al. 2007; Lee and Hwang 2009). Likewise, inverse ripening
has been described in gold inclusions in an amorphous SiO2 matrix irradiated with
MeV gold ions (Rizza et al. 2007; Ramaswamy et al. 2005). A major advance in
the theory of Ostwald’s ripening was made in a paper by Lifshitz and Slyozov and
followed by a related paper by Wagner (LSW) (Desai and Kapral 2009).
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Experimental Explanation

Baumgartner et al. (2013) studied the nucleation and growth mechanism of mag-
netite formed by co-precipitation, which is the concomitant precipitation from fer-
rous and ferric iron in alkaline aqueous solution. To observed the rapid nucleation and
growth, they developed an experimental setup for the precipitation under controlled
physicochemical conditions and investigated the early stages of the mineralization
by high-resolution cryogenic transmission electron microscopy (cryo-TEM), which
allows the imaging of the involved species in their quasi-native hydrated state as
present in solution (Pouget et al. 2009; Yuwono et al. 2010). The nucleation and
growth process of magnetite formation follows a crystallization pathway involving
the intermediate formation of nanometer-sized primary particles that fuse to form
the crystalline iron oxide phase. The formation of these primary particles occurred
from an unstable initial precursor phase within 2 min after the initial addition of iron
chloride to the dilute sodium hydroxide solution. The primary particles showed a sur-
prisingly monodisperse size distribution of around 2 nm and aggregated in branched
networks. Within six min, the aggregates locally became denser and spheroidal NPs
of 5–15 nm formed from them. With further reaction time, the NPs grew in num-
ber and size at the expense of the primary particles. They observed primary particle
attachment to the crystals suggesting a secondary nucleation and growth mechanism
through coalescence. The size of attached primary particles and respective surface
roughness features on the crystals was reduced to around 1.1 nm that indicates their
volume decrease in the course of accretion.

Liu et al. (2010) have studied the synthesis and growth mechanism of Ni–Fe
alloys nanostructures. They observed that random aggregation of the nuclei formed
spherical primary NPs due to the minimization of the surface free energy and the
strong magnetic dipole–dipole interaction. These primary nanospheres have many
protuberances on their rough surfaces. The subsequent growth is thermodynamically
favorable on such geometric curvatures which have higher chemical potentials than
geometric plane surfaces. The schematic growth mechanism is shown in Fig. 1.15. In
this growth mechanism, it is found that after primary spherical NPs, the subsequent
growth is subjected to a low rate because of the depletions of reactant and more

Fig. 1.15 Schematic illustration for the stepwise growth mechanism of the flowerlike Ni–Fe alloy
nanostructures. SEM images showing the morphology evolution of the intermediates collected after
different hydrothermal reaction times of a 3, b 4, and c 6 h. Reprinted with permission from Liu
et al. (2010). Copyright 2010 American Chemical Society
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Fig. 1.16 Schematic illustration of the possible mechanism for the formation of the α-Fe2O3
nanocrystals: (1–2–3) nucleation Aggregation-Ostwald’s ripening growth for nanoaggregates; (1–
2–3′–4) nucleation-aggregation recrystallization-aggregation growth (coarsening aggregation and
oriented aggregation) for nanospheres, and nanorhombohedra. FE-SEM images ofα-Fe2O3 samples
a obtained by only FeCl3 aqueous solution dissociating without the addition of SSA and ammonia
and b–d are image of growth with the pH of Fe-SSA complex to 3.10, 5.86, and 7.98. Reprinted
with permission from Yin et al. (2009). Copyright 2009 American Chemical Society

pronounced retarding effects by Fe3+. The nanorods grew along the [111] direction
to acquire a low magnetic anisotropic energy in the presence of a relatively slow
reaction rate. Therefore,many projecting nanorods grow out of the surface of primary
nanocores along [111] preferential direction shown in Fig. 1.15b and further grow
into Ni–Fe alloy nanorods with various diameters and lengths (Fig. 1.15c). At the last
stage, some nanorods continue to grow as the aging time increases, while a number of
smaller nanorods disappear, possibly because of ‘Ostwald’s ripening.’ The particles
finally develop into a beautiful flowerlike assembly with several nanorods sharing a
nanocore.

Yin et al. (2009) reported a facile, ‘green,’ 5-sulfosalicylic acid dihydrate (SSA)-
assisted hydrothermal process for controllable synthesis of α-Fe2O3 nanocrystals
with different morphologies and proposed the growth mechanism of different α-
Fe2O3 nanostructures as shown in Fig. 1.16. At a lower pH value (pH 4.10), the
relatively stable Fe-SSA complex [Fe(SSA)] +led to the slow release of Fe3+ cations
in aqueous solution; the nucleation rate is also relatively slow and the as-obtained
α-Fe2O3 nuclei are small. In contrast, with the increase of the pH value (i.e., pH 5.86,
7.98), the poorer stability of the Fe-SSA complex leads to the relatively rapid release
speed of Fe3+ ions in the solution, as a result of which nucleation occurred rapidly
and large quantities of α-Fe2O3 primary nuclei were formed in the solution. Once the
small α-Fe2O3 nuclei are formed, they are active because of their high surface energy
and tend to aggregate growth (Fig. 1.16, step 2, primary aggregation), leading to the
formation of larger aggregates tominimize the surface energies. The formed α-Fe2O3

primary NPs rotated and rearranged to find a place to minimize the surface energy
(ordered primary aggregation, Fig. 1.16, step 2), followed by further recrystallization
to form compact bulk crystals through fast simultaneous coarsening aggregation
growth for the nanosphere α-Fe2O3, and oriented attachment aggregation growth for
the α-Fe2O3 nanorhombohedra because the SSA may coordinate selectively to the
α-Fe2O3 crystal, hindering the growth of certain crystal surfaces (Fig. 1.16, steps
3 and 4). After the primary aggregation, the larger α-Fe2O3 self-aggregates were
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formed by aggregation of the smaller primary α-Fe2O3 particles at lower pH value,
which were probably driven by the Ostwald ripening process (Fig. 1.16, step 3).

Post-synthesis Chemistry of NPs

Surface Modification and Water Dispersion of NPs

Several reports since the last decade have been suggested that the MNPs were one
of the most basic materials in biomedicine. However, they still need to be further
modified to obtain high quality. Various strategies for surface modification had been
developed. Surface-active groups of MNPs can couple with bioactive substances
such as DNA, protein, or antibody, which will broaden their application scopes (Park
et al. 2011). The main purposes of surface modification of NPs are: (a) to improve
or change the dispersion of MNPs; (b) to improve the surface activity of MNPs;
(c) to enhance the physicochemical and mechanical properties; and (d) to improve
the biocompatibility of MNPs by preventing any toxic ion leakage from magnetic
core into the biological environment and serving as a base for further anchoring of
functional groups such as biomarkers, antibodies, and peptides.

Yan and Sun (2014) prepared the carboxylate-functionalized Fe3O4 NPs by a
one-step method and subsequently mixed it with HAuCl4 aquatic solution. After
that, added NaBH4 to the mixed solution to directly reduce the HAuCl4. Inspired by
the experimental results, they put forward a mechanism to synthesize bifunctional
Fe3O4@Au nanocomposites, as shown in Fig. 1.17 clearly. Carboxylic acid groups
adsorbed AuCl4 under acidic condition, and then, NaBH4 was added to form zero-
valent Au which attached to Fe3O4 NPs through the chemistry of the carboxylate
group, and gradually, the gold shell was formed around Fe3O4 NPs.

In the architecture of MNPs, fine-tuning of surface modifying materials may have
a serious challenge for the pragmatic use of MNPs in clinical applications. The
modifying NPs consist of long-chain organic ligands or inorganic/organic polymers,
where these ligands or polymers can be introduced: (a) during synthesis (i.e., in situ
coating) in which the nucleation of magnetic core and the coating occurs simulta-
neously in the same reaction solution, (b) after synthesis (post-synthetic coating) in
which surface coatingmaterials are introduced after the formation of magnetic cores.

Fig. 1.17 Schematic illustration of the bifunctional Fe3O4@Au nanocomposites. Reprinted with
permission from Yan and Sun (2014). Copyright 2014 Elsevier Ltd. All rights reserved
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Fig. 1.18 An example of in situ coating of iron oxide NPs (Reprinted with permission from Hurley
et al. (2016). Copyright 2016 American Chemical Society)

Either end-grafting or surface encapsulation is followed in both processes in
order to link the surface molecules to magnetic cores. In end-grafting, the modi-
fying molecules are clamped on magnetic core by the help of a single capping group
at their one end, whereas in surface encapsulation, usually polymers which already
carrying multiple active groups are anchored on the surface of magnetic core with
multiple connections resulting stronger and more stable coatings. An example of
in situ coating of magnetic oxide NPs as shown in Fig. 1.18 (Hurley et al. 2016). It
is believed that surface modification of MNPs can dramatically change its magnetic
properties in some cases due to the formation of chemical bonds between coating
molecules and surface metal ions that could changes the surface spin structure and
hence the performance of such MNPs in biomedical applications depending upon
coating material is used and how these materials are linked on the magnetic core
surface as explained above. Actually, it is difficult to discriminate between surface
coating and finite size contributions, the latter being the effect of surface spin canting
due to the minimization of magneto-static energy at the surface and observed also in
uncoated particles (Kodama 1999). As we know in finite size effect, the canted spins
at MNP’s surface do not respond to an external applied magnetic field as the bulk
spins and give rise to a significant decrease in net magnetization, where this effect
becomes dominant in smaller MNPs, since the volume fraction of disordered sur-
face spins is increased. The physical origin of the surface coating effect on magnetic
properties is still under research, and different results were reported in several studies
for different kinds of magnetic cores and coating materials. For instance, Vestal and
Zhang (2003) have investigated the influence of the surface coordination chemistry
on the magnetic properties of MnFe2O4 NPs by capping the 4-, 12-, and 25-nm-
sized MnFe2O4 NPs with a variety of substituted benzenes and substituted benzoic
acid ligands and observed an increase in saturation magnetization. Another indirect
effect of the surface coating on magnetic properties, which should be mentioned,
is to reduce the magnetic interparticle interactions through decreasing the distance
between magnetic cores. This is important since strong interparticle interactions can
alter the MNPs’ overall magnetic properties, i.e., superparamagnetic behavior and
diverse it from the isolated one. The surface coating of MNPs plays a crucial role in
biomedical applications by fulfilling more than one function at a time.
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Bio-conjugation of NPs

Surface functionalization can render NP water solubility, functionality, and stabil-
ity in physiological environment. After that, NPs are required to conjugate with
biomolecules of interest (e.g., small bioactive molecules, peptide, proteins, and
nucleic acid) for further biomedical applications. Many conjugation strategies have
been developed. Aubin-Tam and Hamad Schifferli (2008) have discussed an ini-
tial choice of conjugation is usually determined by a variety of factors such as the
NM itself, along with its structure, size, and shape, the type of NM surface ligand,
and the presence of available functional end groups, in combination with the type
of biomolecule, their size, available functional groups, chemical composition, and
of course, what is ultimately required from the composites in practice. Here, some
commonly used methods are discussed below.

Direct Absorption

Biological species can interact directly with different kinds of NPs. Conjugates may
consist of NMs both with and without attached biomolecule or alternatively a nar-
row or broad distribution in the ratio or valence of attached biomolecule. The NPs
even without additional functionalization have been shown to attach to certain place
inside cell (Bruchez et al. 1998). However, the interaction is usually very weak and
nonspecific and has limited uses. On the other hand, also the signal generated from
nonspecific interaction may interfere with the real measurement. Thereby, the direct
absorption of biomolecules by NPs mentioned here refers to the specific attachment
of certain biological molecules to NPs with relative strong non-covalent interaction.
The general schemes routinely used for the conjugation of peptides to NP mate-
rials for direct absorption are shown in Fig. 1.19a. In direct interaction/absorption,
such peptide motifs can bind to coordinate with the NP surface with high affinity, and
examples include the interaction of free thiols with the surface of AuNPs and the high
affinity coordination of polyhistidine tracts with NPs (e.g., QDs) displaying Zn2+-
bearing surfaces (Sapsford et al. 2011). Biomolecules with special functional groups
can be directly linked to NPs. Depending upon the assembly chemistry utilized, there
may also be heterogeneity in the orientation of the attached biomolecules. For exam-
ple, thiol groups from cytosine amino residue can be used to coordinated peptides
or proteins to noble metal NPs and QDs (Mazumder et al. 2009; Hermanson 2008).
Zhou et al. (2007) have been used to couple NPs to functional molecules containing
a thiol group. This chemistry is particularly convenient for bio-conjugation to anti-
bodies, which have thiols outside of the affinity site so that coupling to NPs does not
disrupt specific binding to the targeted molecule. Non-covalent attachments can be
sub-grouped into those based on electrostatic interactions along with those based on
biological recognition/binding, affinity interactions, or enzyme activity. For instance,
negatively charged nucleic acid can be attached to the positively charged surface of
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Fig. 1.19 a Direct
attachment of biomolecules
and b covalent bond
attachment. Reprinted with
permission from Sapsford
et al. (2011). Copyright 2011
American Chemical Society,
and c formation of amide
bond. Reprinted with
permission from
Werengowska-Ciećwierz
et al. (2015). Copyright 2015
Karolina
Werengowska-Ciećwierz
et al.

NPs. Proteins, which have a natural positive (or negative) charge under physiochem-
ical environment, can also corroborate to NPs with negative (or positive) charges.
Neutral charged proteins could be engineered with charged domain to enhance the
adsorption to NP surface. Mattoussi et al. (2000) have developed maltose-binding
protein (MBP) and protein G with a positively leucine zipper domain. The engi-
neered proteins can then adhere to the surface of dihydrolipoic acid (DHLA)-capped
QDs. As the attachment is mediated by electrostatic interaction, the conjugation is
simple dependent on the surface charge of NPs, regardless of the material of NPs.
There are, however, some drawbacks with this approach, including sensitive to pH

and salt concentration, high degree of non-specific binding, and required engineering
of proteins in some cases.

Covalent Coupling

Covalent bonding through the amine groups present on biomolecules using amide
chemistry has been widely exploited to permanently attach proteins, oligonu-
cleotides, and small molecules to the surface of NPs. Covalent coupling allows spe-
cific and stable conjugation of biomolecules with NPs. Typically, functional groups
on the NPs surface including carboxylic group, amide group, and thiol group can
cross-link with biomolecules through various coupling strategies based on the func-
tional groups involved. The general schemes mostly used for the conjugation of
peptides to NP materials for covalent coupling is shown in Fig. 1.19b. In covalent
chemical coupling, these linkages utilize classical bio-conjugation chemistry such
as 1-ethyl-3-dimethylaminopropyl carbodiimide (EDC)-based coupling of amines
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to carboxyls or NHS- and maleimide-mediated conjugation to amines and thiols
(Sapsford et al. 2011).

Probably, the most commonly coupling methods for bio-conjugation of NPs
involve amine functional group. Primary amine can react with carboxylic group
to form a ‘zero length’ amide bonds. The linkage is usually mediated by carbodi-
imide agents, such as most commonly used EDC. EDC has good solubility in water.
This property enables direct application of EDC in aqueous solutions without the
addition of any organic compounds. These conditions are suitable for the attachment
of bioactive molecules to the carrier surface. During the reaction of EDC with car-
boxylic group, the active form of intermediate product O-acylisourea ester is formed.
The latter reacts with primary amine forming amide bond as shown in Fig. 1.19c.
The main advantage of this method is that applied ligand does not need any prelimi-
nary modifications usually causing the loss of its activity (Kocbek et al. 2007; Nobs
et al. 2004). The conjugation strategy has been applied to coupling of various pro-
teins (e.g., enzyme and antibodies), amine-terminated nucleic acid, small molecules
with amine groups, etc., to carboxylic group functionalized NPs (Gao et al. 2004;
Agrawal et al. 2006; Liu et al. 2007; Bagalkot et al. 2007; Kell et al. 2008). In some
cases, coupling found between amine functionalized NPs and carboxylic groups on
biomolecules. More specifically, the coupling efficiency can be enhanced by addi-
tion of stabilizing agents such as n-hydroxysuccinimide (NHS) or sulfo-NHS by the
formation of a succinimide ester intermediate (Hermanson 2008).

Future of Liquid-Phase Synthesis for Biomedical
Applications

In modern research era, colloidal NPs and bottom-up approaches of preparations
of NPs have made a big place irrespective of applications. An advance in colloidal
NPs synthesis encourages a great future for biomedicals due to several reasons. The
physicochemical properties of colloidal NPs (NPs) are influenced by their local envi-
ronment as, in turn, the local environment influences the physicochemical properties
of the NPs. In other words, the local environment around NPs has a profound impact
on the NPs, and it is different from bulk due to interaction with the NP surface.
The vicinity of NPs can be sensitively influenced by local ions and ligands, with
effects already occurring at extremely low concentrations. The local ion concentra-
tion hereby affects the colloidal stability of the NPs. This can have subtle effects, now
caused by the environment to the performance of theNP, such as for example a buffer-
ing effect caused by surface reaction on ultrapure ligand-free NPs, a size quenching
effect in the presence of specific ions and a significant impact on fluorophore-labeled
NPs acting as ion sensors. On the other hand, the advancement in biomedical, where
three aspects of application is important: therapy, diagnosis, and imaging; colloidal
NPs are future which is being termed as personalized nanomedicine, which is pre-
dicted as future in medical science. A huge literature is available regarding magnetic
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and hybrid magnetic NPs as in vivo and several of them are already in practices
at clinical level, and some are ready to transform in clinics. This is not an easy
task to make perfect biocompatible NPs, and several challenges/risk related to such
nanomedicines need to be tackled.
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Dąbrowska S, Chudoba T, Wojnarowicz J, Łojkowski W, Dąbrowska S, Chudoba T, Wojnarowicz
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Chapter 2
Iron Oxide Magnetic Nanoparticles (NPs)
Tailored for Biomedical Applications

Giorgio Zoppellaro

Abstract Many variables need to be considered and implemented in the NP systems
when these nanostructuredmagneticmaterials are tailored for biological applications.
In this chapter, we discuss the chemical basis that drives the selection of magnetic
cores and outer shell compositions, sizes, morphologies, to improve NP stability, low
cytotoxicity, and circulation time. Toxicity effects are dissected, with emphasis on
metal metabolism and ROS generation. NP biodistribution is analyzed, as well as the
possible interactions between NPs with cells, proteins, and redox molecules present
in vitro and in vivo experiments that can alter and limit NP functions as contrast
agent materials and as vectors in drug delivery.

Keywords Synthetic methods · Magnetic nanoparticles · Nanomaterial’s
metabolism · Nanomaterial’s biodistribution · Medical applications

Introduction

Tailoring the properties of magnetic nanosystems for biomedical applications is
a challenging ground of research for chemists, physicists of magnetism, and bio-
chemists (Figuerola et al. 2010; Xie and Jon 2012; Sapsford et al. 2013). Magnetic
nanoparticles (NPs) based on paramagneticmetal oxide, especially iron, such asmag-
netite (Fe3O4) or maghemite (γ-Fe2O3), have been extensively studied in biomedical
applications in the last three decades (Pankhurst et al. 2003; Corchero and Villaverde
2009), because of their effectiveness to act as magnetic probes in medical diagnos-
tic (magnetic resonance imaging, MRI) (Laurent et al. 2008; Maity et al. 2012), in
multimodal imaging (Thorek et al. 2006; Xie et al. 2010), as flexible vectors for the
transport of pharmaceutical compounds (McCarthy and Weissleder 2008; Basuki
et al. 2013; Wang et al. 2013a; Phan et al. 2013) and the potentiality to open doors
to new medical therapies (hyperthermia) (Cohen and Shoushan 2013; Kievit and

G. Zoppellaro (B)
Department of Physical Chemistry, Faculty of Science, Regional Centre of Advanced
Technologies and Materials, Palacky University in Olomouc, Slechtitelu 11, 78371 Olomouc,
Czech Republic
e-mail: giorgio.zoppellaro@upol.cz; zoppellarogiorgio@gmail.com

© Springer Nature Switzerland AG 2020
S. K. Sharma and Y. Javed (eds.), Magnetic Nanoheterostructures, Nanomedicine and
Nanotoxicology, https://doi.org/10.1007/978-3-030-39923-8_2

57

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-39923-8_2&domain=pdf
mailto:giorgio.zoppellaro@upol.cz
mailto:zoppellarogiorgio@gmail.com
https://doi.org/10.1007/978-3-030-39923-8_2


58 G. Zoppellaro

Zhang 2011; Le Renard et al. 2010; Kolhatkar et al. 2013). Historically, the large
attention devoted to superparamagnetic Fe3O4 or γ-Fe2O3 core-shell nanoparticles
by the material research community has been gated with the application of NPs as
contrast agent materials. These metal oxides are easy to obtain and have high mag-
netic moments (up to 94–96 emu/g for Fe3O4 and up to 84–86 emu/g for γ-Fe2O3),
characteristic that provides large enhancement of the transverse relaxivity (T 2 and
T 2*), which give the negative image contrast of the tissues where those materials
are located (Mahmoudi et al. 2011a; Tong et al. 2010; Ghosh et al. 2012). Several
reviews, especially focusing on the use and efficacy of magnetic nanoparticles in
the field of contrast agents, have been recently published (Lee et al. 2012a; Lee and
Hyeon 2012; Reddy et al. 2012) and the topic is not treated in detail here. In this
chapter, focus is drawn on the synthetic aspects that are keys in materials design for
the NP biological applications, discuss the use of biocompatible coating materials
to improve circulation time, bioavailability, specificity in cell’s targeting, impacts on
cell’s metabolism, interaction between NPs with proteins and biologically relevant
molecules in vivo, biodistribution, and finally discuss the potentiality that emerged
from the use of NPs in the modern pharmaceutical and medical diagnostic practices.

The Synthetic Design of Biocompatible NPS: Factors
to Consider

To safely act in biological environments, many factors need to be considered and
implemented in the NP systems. These variables can be rationalized into (I) chemi-
cal selection of magnetic cores and outer shell compositions, including formulation
of the encapsulating materials to improve NP stability and delivery, control of (II)
morphology (e.g., spherical, rods, cubes, cuboctahedron), (III) NP’s hydrodynamic
sizes, colloidal properties at various pHs and ionic strengths, and (IV) knowledge of
possible interactions between NPs with cells, proteins, and redox molecules present
in the bloodstream. Altogether, these variables form the key aspects that determines
stability, action and limitations of NPs in vivo and their ability to act as contrast
agent and imaging probes, vectors for drug-delivery, and effectiveness in hyperther-
mia treatments (Lu et al. 2007a). Figure 2.1 shows a schematic representation of
a magnetic nanosystem that includes several diverse functionalities, all tailored for
biomedical applications.

Figure 2.2 reports drawings of diverse NP architectures, illustrating the creativity-
driven design that inspired researchers active in the field of bio-nanotechnology (Phan
et al. 2013; Park et al. 2007; Pichon et al. 2011; Gao et al. 2008; Chen et al. 2014;
Thomas et al. 2010; Hyeon et al. 2001; Lee et al. 2011a; Wang et al. 2013b; Li
et al. 2013a, b; Zoppellaro et al. 2014; Hickey et al. 2014). Figure 2.2a shows iron
oxide NPs (γ-Fe2O3) that are produced with well-defined sizes by thermal decom-
position processes of metal–surfactant complexes, as described in the work of Park
et al. (2007). Figure 2.2b shows iron oxide nanocubes (NC16), which are made by
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Fig. 2.1 Schematic representation of a magnetic nanoparticle (NP) encoding multi-functional
groups at the surface, engineered for biomedical applications. The superparamagnetic core (iron
oxide, Fe3O4, γ-Fe2O3 or composed bymixedmetal oxides such as CoFe2O4,MnFe2O4, NiFe2O4)
is protected by a canopy (organic, inorganic) of a biocompatible material (shell). The core brings
the negative (T2) image contrast in MRI for medical diagnostics and is used as heating centre for
hyperthermia treatments in cancer therapy. Functional groups (optical dyes, targeting agents) and
polymericmoieties on the surface are introduced in away to tailor further theNP function. Dyes lead
to combination of T2 MRI ability with optical imaging capabilities, non-fouling polymers enhance
the plasma residence, targeting agents allow to boost specific cell-type recognition, introduction of
radionuclides brings dual imaging capabilities (e.g., for SPECT/MRI), and gadolinium-containing
ligands are introduced to optimize materials that combine T1-T2 MRI imaging. Furthermore, NP
can transport therapeutic drugs, passively, using the bloodstream through the enhanced permeability
and retention (EPR) effect or actively, by a magnetically driven process, or using specific surface-
exposed targeting agents. The drug (and/or the gene therapeutic material) can be introduced into
NP by suitable drug-linkers or simply be entrapped by NP through electrostatic and H-bonding
interactions between the drug and the material composing the NP shell

two components, the spinel phase and the wüstite phase (face-centered cubic (fcc)
FexO (0.8 < x < 1) obtained by Pichon et al. (Pichon et al. 2011). Panels (c) and (d)
show γ -Fe2O3 hollow nanoparticles (c) and Pt@Fe2O3 yolk-shell nanoparticles (d)
obtained by Gao et al. (2008). Panel (e) presents more complex architecture for NPs,
obtained from sodium alginate and poly-L-lysine-coated Fe@SiO2 nanoparticles
(Fe@SiO2@AL/PLL) prepared from α-Fe2O3@SiO2 by Chen et al. (2014). Panel (f)
reports the zinc-doped iron oxide nanocrystals (ZnNCs) encapsulated within meso-
porous silica by Thomas et al. (2010), panel (g) the magneto-polymersomes assem-
bled with 19.9 nm iron oxide nanoparticles obtained by Hickey et al. (2014), panel
(h) MnO@Mn-doped iron oxide [MnO@(Mn0.2Fe0.8)3O4] nanoparticles encoding
cross-shape morphology as reported by Phan et al. (2013), panel (i) condensed pack-
ing of γ-Fe2O3 nanoclusters encaged by alginate chains (MagAlg), used to transport
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Fig. 2.2 Variousmorphological organizations and chemical compositions of core-shellmetal-oxide
nanoparticles used in biomedicine, drawn as cartoons
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the anticancer drug doxorubicin (Zoppellaro et al. 2014), panel (j) Mn-doped iron
oxide nanoparticles (Phan et al. 2013), and panel (k) PEG-functionalized iron oxide
nanoclusters loaded with chlorin e6 (Ce6) obtained by Li et al. (2013b).

Synthetic Methods: Pros and Cons

Different synthetic approaches have been pursued for the synthesis of the superpara-
magnetic Fe3O4 or γ -Fe2O3 systems encoding sizes down to 3.2 nm (Figuerola et al.
2010; Laurent et al. 2008; Guardia et al. 2011; Kucheryavy et al. 2013), as well as
assembly of mixed metal-oxide systems such as, for example, CoFe2O4 (sizes from
4.2 to 18.6 nm) (Pereira et al. 2012), ultra-small CoFe2O4 particles (down to 2.8 nm
size) (Peddis et al. 2008), MnFe2O4 (sizes from 9.3 to 59.5 nm) (Pereira et al. 2012),
Zn04Fe2.6O4 (sizes from 18 to 120 nm) (Noh et al. 2012), NiFe2O4 (12 nm size) (Lee
et al. 2006a), Ni08-xZn0.2MgxFe2O4 (sizes from 36 to 59 nm) (Gabal and Bayoumy
2010). So far, the co-precipitation method from suitable mixtures of inorganic metal
salts in water solutions (Figuerola et al. 2010; Laurent et al. 2008; Maity et al. 2012)
represents one of the most explored approaches for the NP synthesis. The principal
advantage of the co-precipitation route is the easy access to large amounts of NPs
(from the laboratory-bench perspectives) but offers, in general, less control over the
particle size distribution compared to other methodologies. In this context, alterna-
tive routes have been explored to obtain NPs with controlled sizes and shapes and to
introduce complex functionalities. Thesemethods can be shortly divided into (i) con-
straint environment approaches, (ii) hydrothermal synthesis, (iii) sol–gel reactions,
(iv) flow injections, and (v) microwave-assisted processes. Other methods, however,
can be found in the literature and benefit from a combination of the methodolo-
gies (i) to (v) (Laurent et al. 2008). The constraint environment approach (i) takes
advantage from the use of amphoteric surfactants to create micellar-type structures
in apolar solvents (Liz et al. 1994; Dresco et al. 1999; Santra et al. 2001; Talelli et al.
2009; Gobe et al. 1983; Lee et al. 2005a, 2012b). For example, Talelli et al. (2009)
synthesized superparamagnetic iron oxide nanoparticles (SPIONs), which have been
encaged intomicelles, composed of amphiphilic, thermosensitive, and biodegradable
block copolymers of poly(ethylene glycol)-b-poly[N-(2-hydroxypropyl) methacry-
lamide dilactate] (mPEG-b-p(HPMAm-Lac2)) (Fig. 2.3a).Other examples on the use
of constraint environments employed, as confining matrixes, protein cages (Uchida
et al. 2006; Fantechi et al. 2014; Kostiainen et al. 2013) (Fig. 2.3b), viral capsids
(Douglas et al. 2002; Allen et al. 2007), dendron cages (Strable et al. 2001; Saha
et al. 2013; Bulte et al. 2001) (Fig. 2.3c–e), and phospholipid vesicles (De Cuyper
and Joniau 1991; Faure et al. 2009). The synthetic method (ii), namely the hydrother-
mal synthesis, is used to promote the thermal decomposition of iron salt precursors
(Park et al. 2007; Hyeon et al. 2001; Kolenko et al. 2014; Kim et al. 2009; Li et al.
2004; Sun and Zeng 2002; Rockenberger et al. 1999), where nature of surfactants,
solvents, time, and temperatures is the key variables that allow the finest tuning of the
NP’s size distribution and material’s crystallinity (see also Fig. 2.2a); this method
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Fig. 2.3 a SPION encaged in micelles (Talelli et al. 2009), b cobalt-doped iron oxide highly
monodisperse mineralized inside a genetically modified variant of ferritin (HFt) by Fantechi et al.
(2014), c, d, e melamine dendron (G1–G3)-iron oxide nanoparticles (G-SPION) synthesized by
Saha et al. (2013)

is perhaps the second alternative chosen by many researchers in the field, being
the co-precipitation procedure the first choice. The methods (iii), sol–gel reactions,
are processes based on the hydroxylation, condensation, and inorganic polymeriza-
tion of metal-containing precursors in solution at room temperature, which leads to
the formation of 3D metal-oxide networks that require further heat treatments for
obtaining in the final metal oxide the crystalline phase (Kim et al. 2008a; Lee et al.
2011b). The (iv) flow injection method is an alternative to the constraint environment
approach and uses a continuous flow of the reactants into a narrow reaction chamber
and allows the engineering of magnetic nanoparticles with very narrow size distri-
bution (Salazar-Alvarez et al. 2006). The (v) microwave-assisted processes (Parsons
et al. 2009; Edrissi and Norouzbeigi 2010; Bilecka et al. 2008; Osborne et al. 2012)
employ the fast temperature gradients achievable with microwave energy to dramati-
cally shorten the reaction times compared to the previous and more conventional (i)–
(iii) synthetic methods and allow the preparation of materials with good quality and
in highly reproducible fashion, making easier the translation from laboratory-bench
production of NPs to cost-effective preparation of NPs for commercial uses.

However, as recently reported by Pascu et al. (2012), after comparison of the
performance and quality of microwave-assisted synthesized iron oxide nanoparticles
with those obtained by thermal decomposition process of metal complexes, they
demonstrated that the former exhibits a surface reactivity significantly smaller than
their thermal decomposition counterparts. This characteristicmaypose some limits to
the use of this method when the ability of engineering the NP surface with an array
of complex functionalities is required. While size, shape, chemical composition,
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and crystallinity of the metal oxide core have pivotal impacts on the nanoparticle’s
magnetic regime (e.g., saturation magnetization, Ms; see Fig. 2.4 for illustrative
cases) and performances, especially for hyperthermia treatments, biosensing and
imaging (MRI), the chemical nature of the shell becomes often vital in determining
the NP biological impact. Thus, the selection of the organic/inorganic materials

Fig. 2.4 Observed dependence of the mass magnetization (Ms, T = 300 K) from the nanoparticle’s
core chemical composition, size, morphology, and architecture (core-shell) in some illustrative
systems as reported in the literature. Data taken from a Guardia et al. (2011), b Gabal and Bayoumy
(2010), c, d from Pereira et al. (2012), e from Song et al. (2004), f from Zhen et al. (2011), g from
Noh et al. (2012), h the magnetite-cyclodextrin cluster (CD200) from Yallapu et al. (2011), i from
Larumbe et al. (2012), j from Salazar-Alvarez et al. (2008). k Noh et al. (2012), l from Nigam
et al. (2014), m the starch-coated, PEGylated, and heparin-functionalized iron oxide magnetic
nanoparticles (DNPH) from Zhang et al. (2013), n the core-shell system Fe3O4@γ -Fe2O3 from
Frison et al. (2013). Note that in (l) the term PAMAM stands for polyamidoamine
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encaging the magnetic cores represents an important step in the NP design (Boyer
et al. 2010). The coatingmaterials, in fact, donot simplygrant to theNPs thenecessary
ferrofluid behavior but should provide protecting layers against a fast-metabolic
degradation of the NPs, process that may lead to the emergence of cytotoxicity, thus
limiting the NP’s ability to function as diagnostic/therapeutic toolbox (Mahmoudi
et al. 2010, 2011b, c) (vide infra).

Biologically Compatible Coating Materials for NPs

In core-shell nanoparticles (see Fig. 2.1), the outer-shell material should act in way
to decrease (i) the tendency of the nanoparticle to agglomerate into big clusters
in solution, phenomenon that may produce, when significant, potentially harmful
occlusions of blood vessels after infusion and (ii) they should decrease the rate of the
nanoparticle’s opsonization, phenomenon that leads to the fast removal of the NPs
from the bloodstream by the reticuloendothelial system (RES), also called mononu-
clear phagocyte system (MPS). Several other properties can be directly linked to
the chemical identity and composition of the NP coating materials, such as (i) the
maintenance of the nanoparticle’s charge (zeta-potential) in physiological ranges of
pHs and ionic strengths, (ii) the release of cargo molecules in response to specific
pH alterations or temperature alterations in the local environment (thermo-sensitive
polymers) (Peppas et al. 2000; Brannon-Peppas and Blanchette 2004; Brazel 2009),
(iii) the ability to graft fluorescent molecules for the generation of dual probes where
optical and MRI imaging can be combined on a single nanomagnetic platform (Gal-
lagher et al. 2009; Lamanna et al. 2011; Yen et al. 2013), (iv) to generate, for example,
mixed Gd-iron oxide nanosystems for enhanced T 1-T 2 MRI agents (Di Corato et al.
2013; Yang et al. 2011), (v) to couple MRI and gene delivery systems (Guo et al.
2012), and (vi) to boost active biosensing and MRI imaging by inclusion of specific
biomarkers (e.g., for the in vivo targeting of folate receptors or transferrin receptors
in cancer cells) (Choi et al. 2004; Kresse et al. 1998). For those reasons, several
types of coating materials (organic and inorganic) have been tested and validated as
biocompatible. Among the large number ofmultifunctional/biocompatible shell vari-
ants that can be found in the literature, some have been more extensively studied and
those include polyethylene glycol (Fig. 2.5k), polyethylene glycol fumarate chains
(Yamaoka et al. 1994; Lee et al. 2007a; Sun et al. 2010; Larsen et al. 2009;Mahmoudi
et al. 2009a, b; Cole et al. 2011), alginate (Zoppellaro et al. 2014; Ma et al. 2007; Xu
et al. 2006; Chen et al. 2006; Sipos et al. 2003; Dias et al. 2011) (Fig. 2.5g), chitosan
(Nicolás et al. 2013; Kim et al. 2008b; Jiang et al. 2002; Lee et al. 2005b; Arias et al.
2012) (Fig. 2.5b), dextran (Kumar et al. 2012; Tassa et al. 2011; Mojica Pisciotti
et al. 2014; Nath et al. 2009) (Fig. 2.5d), silica shells (Chen et al. 2014; Kim et al.
2008a; Lu et al. 2007b; Jana et al. 2007; Zhang et al. 2008; Ye et al. 2012; Kunzmann
et al. 2011; Malvindi et al. 2014), gold (Lyon et al. 2004; Fan et al. 2013; Tamer et al.
2013), polyvinyl alcohol (Mahmoudi et al. 2009c; Osada and Gong 1998; Petri-Fink
et al. 2008), poly(vinylpyrrolidone) (D’Souza et al. 2004; Zhang et al. 2012; Huang
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Fig. 2.5 Structural drawings of some of the polymeric biocompatible coating materials and protein
molecules used as canopies for the application of the magnetic oxide nanoparticles in biomedical
applications

et al. 2010; Lee et al. 2008) (Fig. 2.5j), acrylate-based coatings (Bakandritsos et al.
2010a; Li et al. 2013c), starch (Kim et al. 2003), PEG-modified, cross-linked starch-
coating (Cole et al. 2011), polyamine (Lin et al. 2014; El Khoury et al. 2007), PEI
(poly(ethyleneimine)) (Thünemann et al. 2006) (Fig. 2.5h), bisphosphonate-PEG
moieties (Sandiford et al. 2013) and PEG-derivatized phosphine oxide ligands (Bin
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et al. 2007), poly(lactide)-PEG chains (Bakandritsos et al. 2010b), poly(lactide-co-
glycolide) chains (Lee et al. 2012c) (Fig. 2.5c), poly(E-caprolactone) (Flesch et al.
2004, 2005) (Fig. 2.5f), arabinogalactan (Lawaczeck et al. 2004) (Fig. 2.5i), heparin
(Lee et al. 2012d) (Fig. 2.5a), β-cyclodextrin (Li et al. 2012) (Fig. 2.5e). Furthermore,
several biomolecules (e.g., proteins, enzymes) have been used as well in the form
of outer-shell canopies. These biomolecules include alcohol dehydrogenase (core
magnetite NPs, 10.6 nm size) (Liao and Chen 2001) (Fig. 2.5l), β-D galactosidase
(core magnetite–chitosan NPs, size 30 nm) (Pan et al. 2009) (Fig. 2.5n), glucose
oxidase (core magnetite NPs, size 20 nm) (Rossi et al. 2004) (Fig. 2.5m), lipase
(core magnetite NPs, size 16 nm) (Mak et al. 2009) (Fig. 2.5o), phosphatase (core
magnetite NPs, size 40 nm) (Saiyed et al. 2007), α-amylase (cellulose-coated core
magnetite NPs, size up to 22.5 nm) (Namdeo andBajpai 2009), and casein (magnetite
core with size of 15 nm) (Huang et al. 2013). NP preparations based on enzymatic
systems, proteins, and nucleic acid are also available from commercial sources (e.g.,
magnetic beads with immobilized avidin, streptavidin, oligodeoxythimidine). The
use of polysaccharides as coating materials (e.g., heparin/heparin sulfate, cyclodex-
trin, alginate, chitosan) is particularly useful, because these polymers can themselves
actively enter in several biological processes, such as cell signaling and adhesion.

For example, heparin is as therapeutic agent, clinically administrated as an anti-
coagulant for thromboembolic diseases (Jin et al. 1997). Heparan sulfate functions in
several keybiological processes, including regulationof cell growth andproliferation,
angiogenesis, viral invasion, and tumor metastasis (Rabenstein 2002). Chitosan is
an efficient delivery vehicle for nucleic acids (gene-transfection), and cyclodextrins
is known to solubilize hydrophobic drugs and is used in pharmaceutical formula-
tions for drug delivery, as well as in both food and pharma industry for its ability
to sequester cholesterol molecule (Thatiparti et al. 2010). In this context, Vance and
Karten (2014) have recently shown the mobilization of lysosomal cholesterol by
cyclodextrin in the Niemann–Pick C disease, thus providing the literature data for a
promising therapeutic agent in the treatment of NPC patients, for whom no effective
treatment is currently available. TheNPC is a pathology inwhich endocytosed choles-
terol becomes sequestered in late endosomes/lysosomes (LE/L) due to mutations in
either the NPC1 or NPC2 gene. These mutations cause progressive neurodegener-
ation, as well as liver and lung disease; thus, further studies using unconventional
delivery, such as magnetically driven and biocompatible nanoparticles coated with
this oligosaccharide (Li et al. 2012), may open novel landscapes for the therapy.Most
of core-shell iron oxide nanoparticles based on the aforementioned coatings materi-
als have been found highly biocompatible. The biocompatibility of NPs is generally
tested in vitro, following several protocols such as the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay (Mosmann 1983), the comet assay
(single-cell gel electrophoresis for measuring deoxyribonucleic acid (DNA) strand
breaks in eukaryotic cells, (Liao et al. 2009)), the cell-life cycle assay (Riccardi
and Nicoletti 2006), the NBT assay (nitro-blue tetrazolium chloride) for sensitive
detection of alkaline phosphatase (Freeman and King 1972), and the lactate dehy-
drogenase (LDH) assay (Smith et al. 2011). Figure 2.6 shows the biocompatibility
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Fig. 2.6 Biochemical tests used to probe the impact of NPs on the cell’s metabolic functions

tests usually employed to address the impact of NPs on the metabolic functions of
animal cells.

Ideally, at least two or more different tests should be used, to ascertain good bio-
compatibility. In addition, the NP screening against several types of cells is becoming
a practice highly recommended. Once the cytotoxicity impact has been addressed
in vitro, the next step toward the effective application of the magnetic nanosystem in
the medical practice requires the careful validation of the NPs by in vivo studies. At
this stage, it is pivotal to obtain the clear understanding of the NP uptake process in
different cells in living organisms, NP metabolism, and biological pathways of NP
degradation.

The Cellular Uptake Process of NPs

The uptake process generally relies on the NP’s passive transport into bloodstream,
by injection of physiological solutions containing the magnetic nanosystem in the
livingmodels first (e.g., mice) and finally in healthy patients. The intravenous admin-
istration of the ferrofluid nanoparticles is regarded as the most useful methodology
that grants a fast reach of the targeted organs and/or tissues, method faster than the
other approach employed for delivering these materials (e.g., oral preparations). In
oral preparations, the nanoparticles need to travel across the epithelial cells in the
gastrointestinal tract and then are transferred (absorption) into the bloodstream; thus,
interactions of magnetic nanoparticles with the blood components (cells, proteins,



68 G. Zoppellaro

and small redox molecules) require understanding of their stabilities and possible
metabolic pathways, interaction mechanisms with other biomolecules, half-life, and
biodistribution. The physical characteristics that determine the biological uptake,
metabolism, and cytotoxicity impact of the magnetic nanoparticles are associated
directly with the chemical nature of the nanoparticle’s surface (surface charge and
composition) and their effective dimension (hydrodynamic size) when introduced
in the biological environment (Verma and Stellacci 2010; Liu et al. 2013; Soenen
et al. 2011a). These are the properties immediately screened by the immune sys-
tem (Dobrovolskaia et al. 2008). In its simplest picture, the immune system can be
described as composed of a variety of cells, such as phagocytes (macrophages, neu-
trophils, dendritic cells), mast cells, eosinophils, basophils, natural T-killer cells, and
protein/enzymatic factors (e.g., cytolytic proteins).

These proteins and cells are strategically distributed in the body, especially in
the bloodstream, and they broadly act in way to identify and clear senescent cells,
foreignermicroorganisms, or unwantedmaterials.As shown inFig. 2.7, the bonemar-
row is the source of numerous immune and blood cells in the healthy adult animals.
Table 2.1 collects information on localization and functions of the immune cells. All
immune cells originate from hematopoietic stem cells, and then, these differentiate
into various immune cell types. Some of these cells mature in the bone marrow itself,
and others migrate through the circulatory system and undertake final maturation in
other tissues. After intravenous administration, the nanoparticles that are more prone
to establish interactions (opsonization) with Ig immunoglobulin proteins (glycopro-
teins) complement component (C3, C4, and C5) and blood serum proteins are cleared
up within minutes from the bloodstream. Immunoglobulins are produced by plasma
cells, exocrine, and tissue fluid. They represent ~20% of the total plasma proteins.
Differences in the heavy polypeptide chain allow the immunoglobulins to function at

Fig. 2.7 Types of immune cells generated from stem cells in the bone marrow
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Table 2.1 Localization and function of various immune cells

Localization Function

Mast cell Connective tissues and
mucous membranes

Dilates blood vessel, induces
inflammation through release
of histamines and heparin.
Alerts macrophage and
neutrophils

Macrophage Migrates from blood vessels
into tissues

Phagocytic activity,
consuming pathogens and
cancer cells. Stimulate
responses of other immune
cells

NK cell Circulates in blood, migrates
in the tissues

Destroy virus-infected cells
and tumor cells

Dendritic cell Located in epithelial tissues
(skin, lung, digestive tract).
Migrates to lymph nodes
when activated

Have antigens on the surface,
which trigger adaptive
immunity

Monocyte cell White cella Located in the spleen,
migrates through blood
vessels to reach infected
tissues

Differentiates into
macrophages and dendritic
cells in response to
inflammations

Neutrophil cell Migrates from blood vessels
into tissues

Initial responder at the site of
trauma or infection. Releases
toxins, recruits other immune
cells

Basophil cell Circulates in blood and
migrates from blood vessels
into tissues

Defense against parasites.
Releases histamines

Eosinophil cell Circulates in blood and
migrates from blood vessels
into tissues

Releases toxins, killing
bacteria and parasites. Can
cause tissue damages

Monocycles circulate in the blooodstream (1-3 days) then move into tissues and differentiate into
macrophages and dentric cells

particular stages of the immune response. Five classes of Ig are known, IgA (dimer),
IgD (monomer), IgG (monomer), IgE (monomer), IgM (pentamer), and are shown
in Fig. 2.8.

Iron oxide and mixed iron/d-block metal oxide nanoparticles are up taken by
almost all cells involved in the immune response (Fig. 2.7), including microglia and
dendritic cells within the brain. Neutrophils have not been found to uptake small
nanoparticles (<30 nm, called ultra-small superparamagnetic iron oxide nanoparti-
cles, USPIO). The recognition/clearancemechanismof the nanoparticles as foreigner
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Fig. 2.8 Structural organization of immunoglobulins (IgA, IgD, IgE, IgG, IgM)

material is a complex metabolic process but can be depicted as the spontaneous
adsorption of circulating plasma proteins (opsonins) on the nanoparticle’s surfaces.

Nanoparticles that fast interact with plasma components (i.e., Ig components) are
rapidly cleared by themononuclear phagocyte system (MPS) (Mahmoudi et al. 2010;
Yoo et al. 2010). Phagocytes have many types of receptors on the surface (opsonin,
scavenger, toll-like receptors), and once the adhesion process between NPs with any
of these proteins, including Ig, occurred, these form recognition sites that alert high
activity ofmonocytes andmacrophages, and the process of endocytosis/phagocytosis
of the nanoparticles begins, leading to clearance from circulation and transport in
organs with high phagocytic activity.

Endocytosis is themajor process of trapping and transports the nanosystems across
the cell’s membrane (McCarthy and Weissleder 2008). It is generally classified into
phagocytosis and pinocytosis (Tantra and Knight 2011; Conner and Schmid 2003).
Figure 2.9a, b shows an overview of these processes. Phagocytosis is the process
that follows recognition of the foreign materials and entraps them through vesicu-
lar internalization into phagosome that may fuse with lysosome forming the final
phagolysosome (phagosome maturation (Kirchen and Ravichandran 2008). Here,
the caged material is either digested or degraded by acidification (where the pH
is ~4.6–5.1) and enzymolysis (by, e.g., cathepsin) (Repnik et al. 2012) and the
leftover material released into to the cytoplasm. The process is mediated by actin
polymerization, which supports the formation of a protrusion in the cell membrane
(cup-shape) and allows engulfing the nanoparticle. This route can be inhibited by
cytochalasin B (Axline and Reaven 1974). Pinocytosis is present in all types of
cells. Here, the nanoparticles are brought across the plasma membrane following
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Fig. 2.9 Different endocytic pathways associated with the nanoparticles cell’s internalization pro-
cesses. In a, other possible endocytic pathways (e.g., CLIC/GEEC) were not shown for simplicity.
The suggested sizes of the various vesicles formedwithin the processes of phagocytosis, clathrin and
caveolin-dependent, macropinocytosis and clathrin/caveolin-independent endocytosis were shown
on the top of each internalization path (from ~60 to >1 mm). Panel b shows the different pathways
of degradation for cationic and anionic nanoparticles entrapped in the phagosomes
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first the formation of an invagination in the membrane and then suspended within
small vesicles. Internalization by pinocytosis can be divided into receptor-mediated,
clathrin-dependent endocytosis (Mousavi et al. 2004), caveolae-dependent endocyto-
sis (Nabi and Le 2003), receptor independent, macropinocytosis (Kerr and Teasdale
2009), and clathrin- and caveolae-independent endocytosis (Pelkmans et al. 2001).
In the clathrin-dependent endocytosis after NPs have been engulfed into the vesicles,
these structures are pinched off by the GTPase activity of dynamin forming clathrin-
coated vesicles, which are then transferred to lysosomes. In the caveolin-dependent
endocytic process after binding to this receptor in the plasma membrane, the NPs
are engulfed in a vesicle that also need the action of dynamin to be pinched-off. The
caveolae vesicle can bypass the lysosome path (fusion with early and late lysosome),
and this is the entry strategy into the host cell of many bacteria and viruses so to
avoid lysosomal digestion.

As shown by Pelkmans et al. (2001, 2002), the Simian virus 40 (SV40) can
use the caveolae path for cell entry, following a two-step transport pathway from
plasmamembrane caveolae through an intermediate organelle (the caveosome), a pH
neutral compartment. Although rich in caveolin-1, these organelles do not contain
markers for endosomes, lysosomes, ER, or Golgi and are transferred in the smooth
endoplasmic reticulum (ER) in a microtubule-dependent fashion. It is suggested that
such materials embedded in ER can leak into the cytosol and enter the nuclei via
the nuclear pore complexes, which are large protein systems (nucleoporins) that
cross the nuclear envelope and encode size cut-off for cargo transport of ~30 nm
(diameter)when nuclear localization signal (NLS) is present or size cut-off of <10 nm
in the absence of NLS (Mincer and Simon 2011). The NPs, following this route, can
thus access both ER and nuclei. In the macropinocytosis, the NPs are adsorbed in
nonspecific way, and such process makes up for larger vesicles (>1 μm) that can
either fuse with lysosomes, initiating the NP degradation process, or can even travel
back to the cell surface and release the cargo outside the cell.

The clathrin- and caveolin-independent endocytic routes (Damm et al. 2005;
Mayor and Pagano 2007) are subjected to a complex and subtle paths of interac-
tions between the material undergoing endocytosis and various lipid molecules, such
as cholesterol, DNM2/Dynamin-2, small GTPases, tyrosine kinase, and as reported
recently by Chaudhary et al. (Chaudhary et al. 2014), caveolae proteins can act
as negative regulators of clathrin-independent endocytosis, providing evidences for
multiple levels of crosstalk between these dependent-independent pathways. After
intravenous administration, the nanoparticles that aremore prone to establish interac-
tions (opsonization) with immunoglobulin (IgG and IgM) complement component
(C3, C4, and C5) and blood serum proteins are cleared up rapidly (within min-
utes) from the bloodstream. Thus, long-circulating nanoparticles are those that must
evade the macrophage uptake. Phagocytic cellular uptake increases with particle size
(Daldrup-Link et al. 2003). NPs with hydrodynamic dimension (d) of 50 nm < d <
180 nm undergo phagocytosis faster than NPs encoding a size smaller than 50 nm.
Cell membranes possess negative charges on the surface and thus cationic nanopar-
ticles are believed to undergo stronger electrostatic interaction with the membranes
than negative nanoparticles and, as mentioned earlier, depending on their size, can
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feature rapid entry. In addition, positively charged nanoparticles, namely those con-
taining cationic coating materials, may escape endosome confinement through “pro-
ton sponge effect”. The notion of proton sponge effect was proposed by Boussif et al.
(1995), by recognizing that the cationic polymer polyethyleneimine (PEI) could act
as nonviral vectors, e.g., for DNA/RNA transfection, as efficiently as lipopolyamines
and polyamidoamine polymers which do not require for transfection any extra virus-
derived function or lysomotropic additive. They suggested that the unprotonated
amine of PEI (and thus, in general, polycations encoding high H-buffering capacity
in the pH range of endosomes) can absorb/buffer the protons while they are pumped
into the lysosome (Fig. 2.10). This effect can cause the rapture of the lysosomemem-
brane followed by the release of thematerial previously entrapped into the cytoplasm,
through a combination of the osmotic swelling and the polymer swelling emerging
from the electrostatic repulsion of the protonated amines.

Similar buffering property/ability has been recently validated also in chitosan and
chitosan-DNA polyplexes by Richard et al. (2013). The modulation in the nanopar-
ticle’s cell internalization processes as a function of the surface charge has been
shown, for example, by Cengelli et al. (2006) via in-depth investigation of the cellular
uptake, cytotoxicity, and interactions of various iron oxide systems. They employed
dextran-coated SPIO with hydrodynamic size of 30 nm (neutral charge), dextran-
coated SPION with larger size, 80–150 nm (neutral charge), and PVA-surface func-
tionalized nanoparticles as native (30 nm, neutral charge), coated with amino PVA
(30 nm size, cationic), with carboxylate PVA (30 nm size, anionic) and thiol PVA
(30 nm size, anionic). The NP interaction with cells was monitored using brain-
derived rat EC219 endothelial cells and murine N9 and N11 microglial cells under
various concentrations. The uptake of dextran-coated SPIONs by brain-derived cells
was found limited, irrespective of the hydrodynamic size of the SPIONs and the
cell activation state (namely in the presence of lipopolysaccharide, LPS-activated

Fig. 2.10 Cationic PEI polyplexes and its endosomal escape by “proton sponge effect”
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cells). Furthermore, against dextran-coated SPIO the endothelial cells responded to
LPS by increasing nitric oxide (NO) release because of the positive inflammatory
stimuli. Native PVA-, carboxylate PVA-, or thiol PVA-SPIONs were not taken up
by N11 microglial cells, but the positively charged amino PVA-SPIONs showed
internalization in both N11 and EC219 without production of NO, indicative for the
absence of inflammatory processes in these cells. The overall cytotoxicity impacts
were found, however, very low in all cases. Similarly,He et al. (2010) studied in-depth
the cellular uptake of covalently labeled rhodamine B iron oxide nanoparticles with
well-controlled size and surface charge, namely negatively charged carboxymethyl
chitosan grafted NPs (RhB-CMCNP, zeta-potential from −15 to −25 mV, size from
150 to 500 nm) and positively charged chitosan hydrochloride-grafted NPs (RhB-
CHNP, zeta-potential from+15 to+25mV, size from150 to 300 nm).Cellular uptake
assessments were screened against several cell lines, such as in murine peritoneal
macrophage, human liver cell line L02, human hepatoma cell line SMMC-7721,
human embryonic kidney cell line HEK 293, human adenocarcinoma renal cell line
786-O, human embryonic lung cell line HFL-I, and human lung carcinoma cell line
A549. In murine macrophage, it was found that the uptake increased when sur-
face charge increased (either positive or negative). The phagocytic cells favored the
uptake of larger particles, andwhen the absolute values of zeta potential were similar,
positively charged NPs showed a higher phagocytic uptake compared to negatively
charged NPs, irrespectively of the NP composition. For non-phagocytic cells (hep-
atoma, L02, and human liver, SMMC-7721), less negatively charged RhB-CMCNP
and more positively charged RhB-CHNP tended to be more efficiently internalized.
Non-phagocytic cells favored the uptake of smaller particles. It is important to note
that magnetic iron oxide nanomaterials have been known for long time to express
either low or negligible cytotoxicity (Soenen et al. 2011a; Mahmoudi et al. 2011d,
2012) against different types of cells and tissues, from in vitro to in vivo studies. How-
ever, various ranges of concentrations have been associated with their low/negligible
cytotoxicity impacts and values that depended on the nature of the coating and surface
charges, from μgFe/mL to mgFe/mL (Mahmoudi et al. 2012). This observation sub-
stantiates why iron oxide nanoparticles have been administrated for over fifty years
as iron replacement therapy in patients affected by anemia. Ferumoxyol (SPIO, size
30 nm, coating polyglucose sorbitol carboxymethylether) can be used for this reason
in patients affected by chronic renal failure (Landry et al. 2005) and has been tested
in such patients under applied dosage up to 510 mg (Landry et al. 2005; Spinowitz
et al. 2005). However, the witnessed great variability of concentrations of what has
been addressed as safe dosage for iron oxide-based nanomaterials has boosted in
the last decade a thorough re-evaluation of the broader biological impact of SPIO
nanoparticles (short- and long-term analyses) andfiner investigations, especiallywith
an eye to the cell response (behavior) following the nanoparticle cell internalization
process.
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Generation of Reactive Oxygen Species in Response to NP’s
Cellular Uptake

From the outset, the capability of iron oxide nanoparticles to be well tolerated arises
from the fact that the iron cell homeostasis is a process highly regulated in mammals
(Zhang and Enns 2009; De Domenico et al. 2008; Anderson and Shah 2013), which
has the ability to prevent the possible oxidative stress (ROS) generatedwhen an excess
of this metal is introduced in the body, upon trapping the material into the liver and
spleen. The macrophages of the reticuloendothelial system can store iron as part of
the process of breaking down hemoglobin from engulfed red blood cells, and they act
in the similar way when break down the iron oxide cores, by incorporating back Fe
into the hemoglobin pool (being ferritin themajor iron storage protein and transferrin
(Tf) the primary plasma iron carrier protein). When ROS generation occurs as the
result of the local confinement and degradation of NPs in the phagolysosome (or slow
degradation by remaining into phagosomes, where pH is 6.0–6.8), cells can defend
themselves against damageswith an array of enzymes such as alpha-1-microglobulin,
superoxide dismutases (SOD), catalases, glutathione peroxidases, lactoperoxidase,
and peroxiredoxins or through the action of small antioxidant molecules such as
ascorbic acid, tocopherol, uric acid, and glutathione (Fig. 2.11).

In the average healthy adult, about 3000–4000 mg of iron is stored in the body,
with the liver containing an average of 0.2 mg of iron per gram (Kohgo et al. 2008).
From the currently approved iron oxide nanoparticles for diagnostic MR imaging, a
regular adult dose can contain 50–200 mg of iron (namely <4 mg/kg mg). Chronic
iron toxicity is known to occur when the concentration of ironwithin the liver reaches
a level of 4 mg of iron per gram of liver (Bonnemain 1998). However, as recently
highlighted in some reports, different cell types and tissues can respond very differ-
ently toward detoxification of NPs, following the magnetic core degradation, and to
the formation of reactive oxygen species (ROS, nitric oxide, NO; hydroxyl radicals,
HO•; peroxide, H2O2), the nanoparticle’s toxicity impact can vary significantly in
different types of tissues and in different cell lines (Kunzmann et al. 1810; Tran and
Webster 2010; Nel et al. 2006; Berry et al. 2004; Naqvi et al. 2010). Gao et al. (2007)
demonstrated that magnetic nanoparticles possess an intrinsic peroxidase-like activ-
ity and can become active catalysts for the H2O2 activation, hence prone to boost
the ROS chemistry. Chen et al. (2012) studied the peroxidase-like and catalase-like
activity of iron oxide nanoparticles coated with dimercaptosuccinic acid (DMSA)
molecules (coded asD-Fe2O3, 9 nm size,with zeta potential—32.1± 3.5mV, pH7.4;
and D-Fe3O4, 7.8 nm size, with zeta-potential 29.2 ± 2.6 mV, pH 7.4) and screened
the extent of their interaction with hydrogen peroxide (H2O2) on human glioma
U251 cells, which has been used as model system. Results showed that both types
of NPs were internalized into cells and mostly located in lysosomes; both systems
could enhance the H2O2-induced cell damage dramatically at acid pH, with toxic
potency D-Fe3O4 > D-Fe2O3 as the results of the high increase in peroxidase-like
activity. However, both NPs did not produce hydroxyl radicals in neutral conditions
but rather catalyzed H2O2 into H2O and O2 directly through catalase-like activity.
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Fig. 2.11 a Formation and removal of reactive oxygen species (ROS). The red labels indicate
glutathione peroxidase (GPx), glutathione reductase (GR), superoxide dismutase (SOD), catalase
(CAT), monoamine oxidase (MAO), glutathione (GSH), and glutathione disulfide (GSSG). Panel
b shows the structure of biologically important small antioxidant molecules

Wang et al. (2013c) also studied the free radical generation induced by the interac-
tion between H2O2 and iron oxide nanoparticles in bio-micro-environment and in
the presence of a physiological amount of biogenic reducing agents (L-cysteine or
NADPH). They employed uncoated α-Fe2O3 NPs (40 nm size) and γ-Fe2O3 NPs
(31 nm size) and monitored the reaction at different pH conditions (from 1.2 to 7.2).
While in the absence of reductants γ-Fe2O3 NPs generated more ·OH radical at low
pH (1.2 and 4.2) than α-Fe2O3, in the presence of L-cysteine or NADPH more ·OH
was induced by α-Fe2O3 NPs than γ-Fe2O3 NPs suggesting that these physiological
reducing agentsmaymediate the catalytic processes in the homogeneous or heteroge-
neous Fenton chemistry. However, Huang and co-workers have recently reported that
dextran-coated iron oxide-based nanoparticles can surprisingly diminish intracellular
peroxidewithout inducing damages, factor that promoted cellular proliferation rather
than cell death (Huang et al. 2009). In-depth studies of the cytotoxicity impact of
four different nanoparticles types (dextran-coated Endorem, carboxydextran-coated
Resovist, lipid-coated magnetoliposomes (MLs), and citrate-coated very small iron
oxide particles (VSOPs)) were performed by Soenen et al. (2011b), probed against a
variety of cell types, beingC172neural progenitor cells, PC12 rat pheochromocytoma
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cells, and human blood outgrowth endothelial cells. The effect of the NP concentra-
tion on cell morphology, cytoskeleton, proliferation, reactive oxygen species (ROS),
functionality, viability, and cellular homeostasis revealed that the safe concentration
of these nanomagnetic systems can indeed vary significantly; for ML preparations,
the biological non-toxic amounts can peak to 67.37 ± 5.98 pg Fe/cell, whereas
VSOP preparations were the most toxic particles and only down to 18.65 ± 2.07 pg
Fe/cell could be considered safe concentration. Therefore, slight variations in the
formulations of the iron oxide nanoparticles can produce considerable differences in
the cytotoxic impacts, and the extent of such phenomenon is, at present, difficult to
entirely predict.

Biodistribution of NP’s Following Cellular Uptake

The averaged and typical biodistribution found in the case iron oxide nanoparticles
can be traced down to 80–90% in liver, 5–8% in spleen, and 1–2% in bone marrow.
The localization of nanoparticles in specific tissues, such as liver and spleen (Huang
et al. 2010; Kunzmann et al. 1810; Jain et al. 2008; Lee et al. 2010; Ma et al. 2008;
Daldrup-Link et al. 2011), is not surprising, since these organs are responsible for
blood purification and contains tissues expressing the mononuclear phagocyte sys-
tem. In the liver, uptake occurs predominately in Kupffer macrophage cells, whereas
both macrophage action and mechanical filtration processes become responsible for
the localization of the nanoparticles in the spleen. It is recognized from recent studies
that nanoparticles having a diameter (d) of 10 nm < d < 40 nm are those that seem
to encode, in general, a good compromise between cellular uptake (high) and wit-
nessed toxicity (low) for in vivo applications (Soenen et al. 2011a). Big nanoparticles
(40 nm–200 nm) can fast localize in the liver (80%) and spleen (20%) with decreased
tendency of cellular uptake upon increasing size; nanoparticles very large (�100 nm)
are quickly opsonized and cleared. The effect of nanoparticle size (hydrodynamic,
from ~32 to ~118 nm; core size from ~8 to ~65 nm; zeta potential ~12–14 mV) on
magnetic resonance imaging (MRI) of hepatic lesions in vivo has been systemati-
cally examined recently by Huang et al. (Huang et al. 2010) using polyvinylpyrroli-
done (PVP)-coated iron oxide nanoparticles (PVP-IOs). The maximum uptake by
mouse macrophage cells (RAW264.7) was observed for those nanoparticles encod-
ing hydrodynamic size of ~102 nm (core size ~37 nm), value that was 1.3, 2.8,
and 5.3 times the uptake of nanoparticles with hydrodynamic size of 118, 71, and
32 nm, respectively. Both size and cellular uptake are factors that finally determined
the liver MRI contrast enhancement. The authors found that the relatively lower
contrast enhancement of smaller nanoparticles was likely attributed to the probable
lower uptake into Kupffer cells and their naturally smaller relaxivities, while the
outperformance of the nanoparticles with hydrodynamic size of ~102 nm reconciled
nicely with the best macrophage engulfment and the close-to-maximum R2 value
(transverse relaxivity). In term of plasma half-life, the large nanoparticles feature
in general short-circulation time, in the order of minutes, while small nanoparticles
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have much longer plasmatic half-life, e.g. several hours (>36 h). Small NPs (USPIO)
exhibit slower uptake by liver and spleen following intravenous administration. NPs
smaller than 10 nm undergo faster tissue extravasation than larger nanoparticles
(SPIO, >50 nm), they do not undergo renal elimination, which gives an enhanced
safety characteristic for patients with renal dysfunctions (Neuwelt et al. 2008), and
they have high tendency to be fast internalized in the cells but have also higher
probability to promote cytotoxic effects, due to the possibility to pass the nuclei
membrane. For example, histological samples from resected brain tumors in patients
treated with small iron oxide nanoparticles showed that the extravasated NPs were
included in parenchymal cells, demonstrating that their localization was traceable
to both intracellular and interstitial (Varallyay et al. 2002). As shown by Weissleder
et al. (Weissleder et al. 1990), ultrasmall superparamagnetic iron oxide nanoparticles
(USPIO), with size smaller than 10 nm, exhibit blood half-life in rats of 81 min, con-
siderably longer than that of larger superparamagnetic iron oxide preparations such
as AMI-25, (SPIO-dextran-coated nanoparticles, with size 120–180 nm) that shows
half-life of 6 min. The rate of clearance can generally be reduced upon function-
alization of the nanoparticle surfaces with coating materials that resist to the MPS
interactions. The polyethylene glycol (PEG) has demonstrated to be one among
the most biocompatible coating material for the nanoparticles that provide steric
resistance to opsonization and macrophage uptake processes, facilitating prolonged
plasma residence (Laurent et al. 2008;Mahmoudi et al. 2011d). This is due to the fact
that PEG has uncharged hydrophilic residues combined with high surface mobility
leading to high steric exclusion. Zhang et al. (2002) showed that surface modifica-
tion of SPIO nanoparticles with PEGylated moieties (or with folic acid residues)
not only allowed to avoid the macrophage recognition but did also exhibit a level
of uptake that depended on the cell type (RAW 264.7 and BT-20). While uncoated
nanoparticles could be internalized easily by mouse macrophage cells (RAW 264.7)
and quickly (12 pg/cell in a day), the PEG and folic acid modified SPIO avoided the
uptake process very well (about 2.3 pg/cell after 1 day). On the other hand, when
human breast cancer cells were used (BT-20), the uptake for folic acid and also PEG
modified SPIO peaked the value of 75 pg/cell for the latter and 60 pg/cell in the for-
mer, after just one day. The results observed for the folic acid modified SPIO against
BT-20 are nowadays rather expected. Many kinds of tumors including ovarian, renal,
breast, colorectal and neuroendocrine overexpress folate receptors, which are usually
absent inmost of the normal tissues. The even higher uptakewitnessed for PEG-SPIO
without the presence in the outer shell of such receptor underlines once more how
the cell internalization process of magnetic nanoparticles is profoundly associated to
the cell type (and so does the cytotoxicity). As mentioned earlier, PEG coatings can
considerably improve the NP circulation time in the blood pool and this factor repre-
sents one of the key features to address when the target is the engineering of flexible
multifunctional platforms for biomedical application. For example, nanoparticles
engineered to transport drugs that encodes long circulation time can generate drug
nano-reservoirs from which drugs can be released into the vascular compartment in
a controlled fashion and potentially allow tailoring both passive and active targeting.
Similarly, magnetic nanostructures used for medical screenings (e.g., imaging) with
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long-circulation time provide a clinical window to decrease considerably the amount
of magnetic probe needed (thus its potential cytotoxicity impact) to achieve an opti-
mal contrast enhancement, namely increasing the available time-window for screen-
ing before contrast agent clearance (Wang et al. 2001). Several derivatives from PEG
exhibit such improvement in plasma residence (expressed in terms of half-life, t1/2).
Some recent examples are (i) the amino-derivative (NP-SAS-PEGNH2, iron oxide
core size 12 nm, hydrodynamic size of 38 nm, PBS buffer) prepared by Fang et al.
(2009) that has shown to feature negligible macrophages uptake combined with high
stability and biocompatibility, due to the presence of a densely packed PEG coating
and the strong affinity of SAS to the iron oxide surfaces (triethoxysilylpropylsuc-
cinic anhydride, SAS), (ii) the PEG-modified cross-linked starch-coated iron oxide
nanoparticles prepared by Cole et al. (2011) (D20, hydrodynamic size ~168 nm, t1/2
11.75 h), engineered formagnetic brain tumor targeting, and (iii) the bisphosphonate-
anchored PEGylation of USPIO by Sandiford et al. (2013) encoding long-circulating
time for in vivo multimodal (T1MRI-SPECT) imaging (t1/2 about 3 h). Similar capa-
bility to slower down the fast body clearance combined with high biocompatibility
is witnessed when other biopolymers such as dextran, poly(vinylpyrrolidone), and
chitosan are used for the iron oxide magnetic core. The dextran-based coatings in
superparamagnetic iron oxide nanoparticles (SPIO) are used in clinical screenings
as contrast agents for magnetic resonance imaging (Wang et al. 2001) (core size 4–
6 nm, Fe3O4 for ferucarbotran and ferumoxtran, andFe3O4/γ-Fe2O3 for ferumoxides,
hydrodynamic sizes from 35 to over 160 nm), but following intravenous adminis-
tration they have a tendency to become extensively coated by plasma proteins and
are cleared from blood circulation with half-life of 1–3 h (Simberg et al. 2009). This
factor indicates the importance to control or at least envision the possible transient
interactions involving NPs and plasma proteins (Davis 2002), because those inter-
actions can influence strongly both toxicological impact as well as performance of
the nanosystem in vivo (Lynch and Dawson 2008). Cationic plasma proteins such as
kininogen (HMWK) and histidine-proline-rich glycoprotein (HPRG) can recognize
and bind the anionic components present on the nanoparticles shells (if any), while
immunoglobulins (Y-shaped proteins) and lectins (carbohydrate-binding proteins),
which systems that play an important role in innate immunity by recognizing a wide
range of pathogens (Fujita et al. 2004), can recognize and then bind the dextran’s
sugar residues in dextran-coated SPIO. Recently, Karmali et al. (2012) described
the design of a novel dextran-based SPIO system capable to overcome the slightly
shorter circulation time in plasma of dextran-coated NPs compared to PEG-coated
systems, by converting dextran-based magnetic nanoworms made from magnetite
cores into stealth hydrogel nanoparticles (with half-life in blood of ~500 min) upon
crosslinking with epichlorohydrin (1-chloro-2,3-epoxypropane, size 105 nm, zeta
potential of −1.65 mV). The authors noticed that hydrogelation did not reduce the
absorption of cationic proteins on the nanoparticle surface, namely no reduction on
the surface binding of kininogen, histidine-rich glycoprotein, and protamine sulfate.
In addition, hydrogelation did not prevent the activation of plasma kallikrein on the
metal oxide surface, hence suggesting that (i) a stealth hydrogel coating did not
mask the charge interactions with the iron oxide core and (ii) the total blockade of
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plasma protein absorption is not the conditio sine qua non for maintaining iron oxide
nanoparticles’ long-circulating stealth properties.

Tailoring the NPs/Plasma Components Interactions
to Achieve Specific Tissue Targeting

The nanoparticle/plasma component interactions, when controlled and tailored, can
be used as powerful toolbox for tuning the NP properties in vivo, can aid the design
of biocompatible smart delivery systems (e.g., for drugs and gene transfection),
can be used as disease marker to enhance the contrast agent’s properties following
the NP’s selective localization in tissues as well as the NP’s therapeutic effects.
The use of plasma protein (e.g., human serum albumin) as flexible drug carrier for
pharmaceutical preparations has been exploited in a number of cases, such the HSA-
bound paclitaxel (PTX, Abraxane®), one known chemotherapeutic agent for cancer
treatment approved by FDA. HSA is the most abundant plasma protein encoding
several functions such as transport of hormone, fatty acids, bilirubin, drugs (Gradishar
et al. 2005), and HAS acts in way to buffer pH and maintains osmotic pressure. Xie
et al. (2010) took advantage from the loading ability of HAS and used it to co-
guest iron oxide nanoparticle surface functionalized with dopamine, which were
easily encapsulated into HSA matrices in a way similar to PTX loading (HSA-
IONPs). The HSA-IONP nanosystem, further labeled with Cy5.5 dye and 64Cu-
DOTA chelates, after injection into subcutaneous U87MG tumor-bearing mouse
model not only exhibited an r2 of 313 mM−1s−1 much higher than that of Ferridex
(123 mM−1s−1), but also gave high retention rate, good extravasation rate, and low
macrophage uptake rate at the tumor area, probably as the result of the increased
permeability of the vasculature environment at the tumor site (EPR effect, Fig. 2.12).

The compromised leaky vasculature of a solid tumor combined with its rich vas-
cular character can promote the passive extravasation of the NPs from the blood cir-
culation and their retention in the tumor interstitium, because the lymphatic drainage
is poor. In contrast, endothelial cells in normal tissue vessels are densely packed;
thus, they form barriers that hinder the NP’s vascular permeability. Such morpholog-
ical differences can be used as driving tool for the NP’s selective penetration in the
tumor regions (Maeda 2010). Human serum albumin (HAS) and bovine serum albu-
min (BSA) are proteins similar to each other in many aspects (e.g., both albumins
share 76% sequence homology), even though HAS contains only one tryptophan
residue rather than two as in BSA (Steinhardt et al. 1971), and indeed, BSA was
used successfully by Lee et al. (2009) as coating canopy to assemble a highly bio-
compatible nanoprobe for the development of “all-in-one” magnetic systems that
granted simultaneous delivery and multimodal imaging in the context of cancer-cell-
targeted gene silencing (Kami et al. 2011; Medarova et al. 2007). The BSA protein
engulfed nicely Mn-doped MEIO NPs (MEIO, magnetism-engineered iron oxide)
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Fig. 2.12 a Enhanced permeability and retention effect (EPR). Differing from normal tissues
where endothelial cells are tightly bound to each other, in cancer tissues the vasculature becomes
leaky, leading to openings in which NPs can more easily extravasate from the blood vessel. Local
concentration of NPs can be boosted by the action of macrophages and by the introduction of
targeting ligands or selected proteins on the NP shells

which were coupled to fluorescent dye, siRNA, and a RGD-peptide targeting moi-
ety. The Arg-Gly-Asp (RGD) conjugated nanoparticles could then bind strongly to
αvβ3 integrin, a transmembrane receptor overexpressed in both endothelial and cancer
cells such as breast cancer (MDA-MB-435 cells) and wasmore easily internalized by
cells via receptor-mediated endocytosis, without promoting the endosomal escape of
nanoparticles into the cytoplasm. Arginyl-glycyl-aspartic acid (RGD) peptide forms
a sequence that is a common element in cellular recognition, and SPION-Tat peptide
conjugates have been used since long time to improve intracellular magnetic labeling
of different target cells, such asmurine lymphocytes, human natural killer (NK) cells,
and HeLa cells. The active tumor-specific molecular targeting represents nowadays
one of the forefront frontiers in the theranostic applications of magnetic nanoparti-
cles. Simberg et al. (2007) employed the potentiality expressed by the specific affinity
approach for clotted plasma proteins as the targeting element for cancer therapy (the
mice bearing MDA-MB-435 human breast cancer have been used as model). The
nanoparticle’s design relied on coating the NP surfaces with a tumor-homing pep-
tide (fluorescein-labeled CREKA (Cys-Arg-Glu-Lys-Ala) grafted onto 50-nm super-
paramagnetic, amino dextran-functionalized iron oxide nanoparticles. Such NP shell
granted a specific affinity for tumor vessels (and tumor stroma). The authors were
further able to avoid the RES uptake by decoy macrophages with liposomal clo-
dronate, which prolonged the NP’s blood half-life (t1/2 ~100 min) and increased the
time frame for tumor targeting. In addition, the tumor-targeted nanoparticles cause
intravascular clotting in tumor blood vessels and the intravascular clots attractedmore
nanoparticles into the tumor amplifying the targeting and, potentially, the possibility
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of selective therapy (e.g., magnetic hyperthermia). Several other targeting ligands
have been tested and validated for their biocompatibility and performances as com-
plements to the outer shell coronas with the aim to tailor the NP’s active targeting
(Veiseh et al. 2010). Those includes, for example, (i) folic acid or trasferrin receptors
grafted onto the shell of iron oxide NPs, as mentioned earlier (Choi et al. 2004;
Kresse et al. 1998), (ii) chlorotoxin peptide (4-kDa purified from the Leiurus quin-
questriatus scorpion) combined with near-IR fluorophore (both conjugated to iron
oxide NPs containing polyethylene glycol–grafted chitosan copolymer) for specific
targeting of brain tumor as reported byVeiseh et al. (2009), (iii) pan-bombesin analog
[β-Ala11, Phe13, Nle14] conjugated to dye-functionalized superparamagnetic iron
oxide nanoparticles for selective prostate cancer cells imaging engineered by Martin
et al. (2009), (iv) the antibody grafted onto iron oxide nanoparticles (10 nm for the
core size) probed by Hadjipanayis et al. for the selective targeting of the epider-
mal growth factor receptor (EGFR) deletion mutant (EGFRvIII) present on human
glioblastoma multiforme (GBM) cells, which exhibited convection-enhanced deliv-
ery (CED), therapeutic targeting, andMRI contrast enhancement (Hadjipanayis et al.
2010), and (v) the F3 peptide conjugated dextran-coated iron oxide nanoparticles
described by Zhang et al. to selectively target cancer breast epithelial cells (MCF-7)
versus normal breast epithelial cells (MCF-10A) (Zhang et al. 2009). Physiological
responses triggered by the emergence of pathological alterations in tissues can lead
to local accumulation of magnetic iron oxide nanoparticles, hence enhancing the
imaging responses (diagnostic), but those effects can also be used to establish the
physiological basis to tailor more selective therapies. For example, tissue inflam-
mation (inflammatory processes) can lead to vasodilation, increased permeability of
vessels, and migration of leukocytes. During the inflammatory process, cell adhe-
sion molecules are expressed on the cell surface, such as E-selectin on endothelial
cells and P-selectin on platelets and endothelium. The number of these receptors
increases through redistribution mediated by histamine or thrombin. Rademacher
et al. (2009) have used an E-selectin mimetic ligand coupled to PEGylated USPIO
nanoparticles that allowed monitoring inflamed muscles in mice, after induction of
the inflammatory process by intramuscular injection of Freund’s Complete Adju-
vant. They observed a significant increase in SPIO accumulation accompanied by
a sensible increase in the sensitivity and detection of those inflamed regions, effect
that was in fact aided by two overlapping factors (i) the non-specific local accumula-
tion of iron oxides (EPR effect, see Fig. 2.12) and (ii) their improved localization in
these areas by using the E-selectin ligands. Other inflamed tissues, e.g., those asso-
ciated with degenerative disorder of the central nervous system, ischemic stroke,
osteomyelitis, can be similarly revealed even at the very early stage in MRI screen-
ings using generic iron oxide NPs, but mainly because of macrophage accumulation
into the altered tissues and the preferential accumulation of iron oxide NPs into the
macrophages (Stoll and Bendszus 2010; Saleh et al. 2007; Jander et al. 2007; Bierry
et al. 2010). As noted by Nighoghossian et al. (Nighoghossian et al. 2007), upon
following the inflammatory response after ischemic stroke using ferumoxtran (AMI-
227) as contrast agent, they suggested that the enhancement response may not be
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clearly related to the subacute lesion volume, namely the extension of tissue alter-
ation, and this contrast agent, which do not contain targeting agents, may underesti-
mate the intensity of the inflammatory response. The dynamic of the post-ischemic
neuroinflammation process includes several cell types, such as granulocytes and T
lymphocytes. These conclusions found support from the work of Jander et al. (2007)
that suggested that the witnessed USPIO enhancement in such lesions may reflect the
infiltration of only a specific macrophage subpopulation. With respect to temporal
pattern and cell types involved, microglia is activated within minutes of ischemia,
while post-ischemic inflammation is dominated by cells of the innate, nonspecific
immune system with local microglia/brain macrophages, and blood-derived mono-
cytes/macrophages (Kleinschnitz et al. 2003). A large number of macrophages and
activated microglia have been found within and around brain tumors and those can
be used as target for SPIO nanoparticles (Fleige et al. 2001; Rosenberg et al. 2012).
The microglia-dependent neuroinflammatory response is strongly connected to the
emergence of pathology such as Alzheimer’s disease (AD). Sillerud et al. (2013)
synthesized antibody-conjugated superparamagnetic iron oxide nanoparticles (SPI-
ONs), for use as an in vivo contrast agent for the detection of amyloid-β plaques in
AD and validated the ability of novel anti-AβPP conjugated SPIONs to penetrate the
blood–brain barrier to effectively obtain imaging of plaques. Also, Wadghiri et al.
(2013) engineered bifunctional ultrasmall superparamagnetic iron oxide (USPIO)
nanoparticles, chemically functionalized with Aβ1-42 peptide, which were coupled
to polyethylene glycol (PEG) to improve the permeability for the blood–brain barrier
(BBB), and successfully imaged amyloid plaque deposition in themouse brain. From
the examples presented so far, it is clear the advancements in the potential medical
applications that have been brought by the employment of nanoprobes based on iron
oxide NPs and how finely the NP’s shell architecture can be tailored to grant simul-
taneously biocompatibility, tissue selectivity, and contrast enhancements. From the
clinician perspective, the ability to differentiate abnormal body tissues from those
being healthy, the possibility to address their extension, and to unveil secondary
alterations in the body (e.g., metabolic and functional) using noninvasive techniques
such as MRI provides the grounds to improve anamnesis, before proceeding with
surgical treatments.

The Effective Use of NPs in Medicine

The ability of NPs to obtain contrast enhancement in magnetic resonance imaging
(MRI) has been a pivotal step in the application of NPs in medical diagnostic, and
the phenomenon is linked to the effective magnetic moment (ms) of the iron oxide-
based nanosystem. Some examples of NP’s systems probed in a laboratory-bench
environment to be very effective in MRI imaging have been given already in the
previous sections. The contrast enhancement property is intimately connected to the
elemental composition of themagnetic core, size, and crystallinity (see Fig. 2.4). The
term “contrast” refers to the signal differences obtained between adjacent regions
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in the body, having different “characteristics” such as tissues from vessels from
bones (Fig. 2.13). Under application of an external magnetic field, paramagnetic
and/or ferromagnetic molecules can change the local signal contrast by creating
time-varying magnetic fields, which promote diverse spin–lattice (T 1, longitudinal)
and spin–spin relaxation (T 2, transverse) of the bodywater molecules. Based on their
diverse relaxation processes, the contrast agents are therefore classified as T 1 and
T 2 contrast agents. Commercially available T 1 contrast agents are mostly composed
by paramagnetic metal complexes and T 2 contrast agents by iron oxide nanopar-
ticles or mixed iron/d-block metal oxides. Among the iron oxide, NPs developed
and sold by the pharma industry for clinical MRI, such as (I) ferumoxsil (400 nm
hydrodynamic size, coating with poly[N-(2-aminoethyl)-3-aminopropyl] siloxane,
discontinued), (II) ferumoxide (80–200 nm hydrodynamic size, coating with dex-
tran, used and discontinued), (III) ferristene (3500 nm hydrodynamic size, coat-
ing with polystirene (sulfonated styrene-divinylbenzene copolymer), approved and
discontinued), (IV) ferumoxytol (30 nm hydrodynamic size, polyglucose sorbitol
carboxymethylether, clinical trials), and (V) ferucarbotran (60 nm hydrodynamic
size, coating with carboxydextran, approved but discontinued). Despite these NPs
exhibited excellent biocompatibilities, the products were discontinued because were
found not competitive enough against gadolinium-based MRI. Only one superpara-
magnetic iron oxide tracer (Sienna+®) remains in use in Europe. This compound is
successfully applied in imaging with special equipment (not conventional MRI) of
lymph nodes for early detection of breast cancer.

For such reason, other types ofmagnetic nanosystems andNP architectures,which
are not solely based on iron oxide, have been in recent years engineered and prelim-
inary tested. There are several synthetic strategies that have been used for improving
the magnetic properties of NPs, and among others, the metal-dopant substitution of
metal ferrite NPs and the formation of condensed nano-crystal clusters (CNCs) seem
to bear great promises. The term CNCs refers to superstructures of nanocrystallites
organized into higher-order colloidal entities in which the crystal planes of each NP
adopt the same orientation through epitaxial aggregation. In this structural organi-
zation, the overall crystallite size becomes as large as ~50–300 nm, shows single-
crystal-like structure throughout almost thewhole volume, and behaves as ensembles
of smaller independent (5–15nm)units inwhich the super-paramagnetism is retained.
An example of such morphological organization is given in Fig. 2.14 (Zoppellaro
et al. 2014) and the list of someCNC colloids is given in Table 2.2 (Wang et al. 2013b;
Zoppellaro et al. 2014; Deng et al. 2005; Zhu et al. 2007; Barick et al. 2009a; Xuan
et al. 2009; Xu et al. 2009, 2012a, b, c; Hu et al. 2010; Luo et al. 2011; Xing et al.
2011; Lartigue et al. 2012; Barick et al. 2009b; Ma et al. 2012; Berret et al. 2006; Lee
et al. 2006b; Taboada et al. 2009; Yoon et al. 2011; Pothayee et al. 2013; Béalle et al.
2012; Skouras et al. 2011; Meledandri et al. 2011; Martina et al. 2005; Mikhaylov
et al. 2011; Peiris et al. 2012a, b; Zhou et al. 2010; Park et al. 2008; Ai et al. 2005;
Yang et al. 2007; Paquet et al. 2011; Sanson et al. 2011; Qiu et al. 2010; Lim et al.
2011; Pöselt et al. 2012; Kim et al. 2008c; Bigall et al. 2013), which includes rele-
vant parameters such as size of the clusters and size of the individual components,
magnetization saturation (Ms) values, and relaxivity (1/T 2 = R2) indexes.
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Fig. 2.13 Diverse image contrast obtained during a magnetic resonance imaging experiment, fol-
lowingT1 orT2 acquisition procedures. The chemical compounds drawn at the bottom are examples
of commercially developed T1 MRI agents
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Fig. 2.14 HR-TEM images ofCNC iron oxide clusters (MagAlg) loadedwith the drug doxorubicin,
taken from Zoppellaro et al. (2014), unpublished TEM images

It should be noted that many of these CNC systems can act as carriers for drugs
(such as doxorubicin) more efficiently than simpler NPs, due to their higher entrap-
ment efficiencies. As for the metal-doping approach, Lee et al. (2007b) reported
a series of metal-doped MEIO nanoparticles (magnetically engineered iron oxide)
having spinel structure with general compositionMFe2O4 where M stands for Mn2+,
Fe2+, Co2+, or Ni2+ that have been coated with 2,3-dimercaptosuccinic acid (DMSA)
molecules in order to grant ferrofluid behavior. These nanosystems, with core size
of 12 nm, encoded high Ms values, which decreased along the sequence MnFe2O4

(110 emu/g) > FeFe2O4 (101 emu/g) > CoFe2O4 (99 emu/g) > NiFe2O4 (85 emu/g).
Such highMs values allowed to improve considerably the negative contrast capabili-
ties (expressed as R2 and probed under 1.5 T), following the same trends asMs, with
MnFe2O4 being themost performant (358mmol−1 s−1) > FeFe2O4 (218mmol−1 s−1)
> CoFe2O4 (172 mmol−1 s−1) > NiFe2O4 (152 mmol−1 s−1). Such values certainly
represent solid improvementswith respect to other known and in clinically tested neg-
ative contrast agents, such as ferumoxides (120mmol−1 s−1) (Jung and Jacobs 1995),
ferucarbotran (186 mmol−1 s−1) (Wang et al. 2001), ferumoxtran (65 mmol−1 s−1)
(Wang et al. 2001), or CLIO-tat (dextran coating/Fe3O4, 62 mmol−1 s−1) (Josephson
et al. 1999) obtained under the same applied field (1.5 T). The authors, in addition,
validated that the effective increase in Ms and R2 correlated well with the increase
in particle sizes, upon synthesizing NPs with smaller dimensions (6 and 10 nm),
which were found less effective. The most performant MnFe2O4 system was tested
for its cytotoxicity impact (against HeLa and HepG2 cells), before and after conju-
gation with Herceptin, and the nanosystem did not exhibit appreciable cytotoxicity
impact. Further analyses of the in vitro contrast enhancements on various cell lines
with different levels of HER2/neu overexpression (Bx-PC-3, MDA-MB-231, MCF-
7, and NIH3T6.7) and then in vivo (implanted NIH3T6.7 cells in the proximal femur
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regions of a nude mouse) revealed the excellent contrast enhancements of this sys-
tem. Yon et al. (2011) developed core-shell NP’s magnetic materials with a different
architecture, Fe@MFe2O4 (Fe as core and iron oxide as shell, core size 16 nm, and
hydrodynamic size ~45 nm) having, however, similar DMSA coating material in
order to grant to the system’s ferrofluid properties. The magnetic responses were
found also very high, with Fe@MnFe2O4 (149 emu/g) > Fe@Fe3O4 (142 emu/g)
> Fe@CoFe2O4 (133 emu/g) > Fe@FeO(92 emu/g) as well as the contrast pro-
clivity (R2 obtained at 0.47 T) with similar trend as Ms, namely Fe@MnFe2O4

(356 mmol−1 s−1) > Fe@Fe3O4 (260 mmol−1 s−1) > Fe@CoFe2O4 (243 mmol−1

s−1) > Fe@FeO (188 mmol−1 s−1). The biological impact tested for the best perfor-
mant system (Fe@MnFe2O4) unveiled low cytotoxicity against normal (3T3 fibrob-
last) and cancer (HCT 116) cells (up to 200 μg/mL metal content). The targeting
potential of Fe@MnFe2O4 was addressed upon further conjugation with monoclonal
antibodies (to HER2/neu) for cellular detection (cancer cells, SkBr3) and demon-
strated not only the high contrast ability of this system but also its high sensitivity
in MR-based diagnostics, since it enabled the detection of ca. 10 cancer cells in the
presence of abundant host cells (measurements on SkBr3 on whole blood). In an
earlier work, Jang et al. (2009) synthesized 15-nm-sized Zn2+-doped nanoparticles
of (ZnxMn1−x)Fe2O4 and (ZnxFe1−x)Fe2O4 (with x = 0, 0.1, 0.2, 0.3, 0.4, and 0.8)
and found that they all exhibited high magnetic moments and high transverse relax-
ivity index, with the (Zn0.4Mn0.6)Fe2O4 and the (Zn0.4Fe0.6)Fe2O4 being the most
performant systems with R2 of 860 mmol−1 s−1 and 678 mmol−1 s−1, respectively.
These values aremuch larger than those known for undoped Fe3O4 (276mmol−1s−1),
MnFe2O4 (422 mmol−1s−1), or Feridex. In particular, the 15-nm-sized (Zn0.4Mn0.6)
Fe2O4 nanoparticles that encoded the highMs value of 175 emu/g was considered an
ideal candidates for hyperthermia studies and showed that (84.4%) HeLa cells upon
exposure to (Zn0.4Mn0.6) Fe2O4 nanoparticles died after 10 min of alternating cur-
rent (AC) magnetic field application (500 kHz AC magnetic field with an amplitude
of 3.7 kAm−1), whereas only 13.5% of cells died when treated with Feridex. The
hyperthermia effect, namely the ability of magnetic nanoparticles to adsorb alter-
nating current (AC) energy and to convert it into heat following the relaxation of
the rotating magnetic moments induced by AC field, represents another forefront
application of magnetic nanoparticles for medical therapies and has been thoroughly
revised in recent works (Kolhatkar et al. 2013; Laurent et al. 2011; Kobayashi 2011).
Beji et al. (2010) also studied Zn-substituted MnFe2O4 nanoparticles with composi-
tionMn0.2Zn0.8Fe2O4 (uncoated, 8 nm size,Ms of 88 emu/g at room temperature) and
monitored the cytotoxicity effect against human endothelial cells (HUVCs). While
at very low concentration (1 μg/mL), no toxic effects were observed within 72 h
time frame; at higher concentration (100μg/mL), the cell viability dropped to nearly
40% after only 4 h from inoculation. Novak et al. (2013) used a model invertebrate
animal, the Porcellio scaber, to study the effect of ingested CoFe2O4 nanoparticles
in the presence of digestive juices and provided experimental evidences of the for-
mation of Co2+, Fe2+, and Fe3+ ions from the dissolution of CoFe2O4 nanoparticles.
The biological impacts on the animals’ health were evaluated, showing that Co2+

cations were more toxic than both intact nanoparticles and Fen+ cations derived from
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their dissolution, and Co2+ accumulated in the hepatopancreas. There is no doubt
that the doping approach opens a wide-operational window and offers many possi-
bilities for the generation of much more performant MR contrast agents, but there
is still the need of more extended analyses on their biological impacts, before they
could enter in the day-by-day clinical practice. This is particularly relevant when
elements such as cobalt (toxic range >0.129 μg/g), nickel (toxic range >0.55 μg/g),
and manganese (toxic range >1.93 μg/g) are included in the preparations, because
those are potentially more toxic than iron. Another approach combining the best of
two worlds in theranostics includes admixture of T 1 and T 2 agents in combination
with drug release. Recently, Santra et al. (2012) reported the assembly of Gd-DTPA
encapsulated within the poly(acrylic acid) (PAA) polymer coating of a superpara-
magnetic iron oxide nanoparticle (IO-PAA), which formed a magnetic nanoprobe
(IO-PAAGd-DTPA) where the quenched longitudinal spin–lattice magnetic relax-
ation (T 1) of GD-DTPAwas restored upon release of the gadolinium complex in acid
medium. Conjugation of the magnetic probe with folate residues together with the
encapsulation of the anticancer drug Taxol evidenced that when HeLa cells where
incubated with this composite, the T 1 activation of the probe coincided with the
rate of drug release and the correspondent cytotoxic effect in the cell culture stud-
ies. The result agrees with the lysosome acidic degradation of the iron oxide core
nanoprobe (IO-PAA), effect that canbeused to trigger both imaging and therapy (drug
release). There are several pharmaceutical preparations currently sold on the market,
where anticancer drugs (Fig. 2.15) have been encapsulated in inorganic vehicles to
improve circulation time. For example, Genexol-PM® (paclitaxel-loaded polymeric
micelles), Doxil® (PEGylated liposomal encapsulating doxorubicin), DaunoXome®
(liposome-encapsulated daunorubicin), Myocet® (non-pegylated liposomal doxoru-
bicin citrate), Abraxane® (albumin-bound paclitaxel), and DepoCyt® (liposomal
cytarabine). However, to date, no anticancer drug loaded in any of so far developed
magnetic NPs has been clinically approved in medical practice (El-Boubbou 2018).

Fig. 2.15 Structure of some important anticancer drugs currently sold on the market
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Nevertheless, the use of magnetic NPs in support of clinical screening or as an alter-
native treatment with respect to more conventional cancer chemotherapies remains a
healthy ground of research explored by the pharma industry. For example, NanoTh-
erm® is superparamagnetic iron oxide silane-coated nanoparticles (commercialized
by MagForce). These NPs are currently sold for therapeutic treatments against brain
cancer and are under clinical testing in patients suffering of prostate and glioblas-
toma tumors (Johannsen et al. 2007, 2010). Feraheme® (Ferumoxytol injection) is
SPION nanoparticles (coating with semi-synthetic poly-glucose sorbitol carboxy-
methyether) recommended for treatments of iron deficiencies in patientswith chronic
kidney disease (Helenek et al. 2010; Pai and Garba 2012). Furthermore, the use of
Feraheme®, branded as Ferumoxytol®, is under clinical evaluation as a contrast
agent material for MR angiography and brain tumor (Provenzano et al. 2009).

Conclusion

Tremendous synthetic, physical, biochemical, and preclinical research efforts have
been put forward by the research community and pharma industry into the develop-
ment of magnetic NP systems, which can be tailored for drug delivery, MRI screen-
ings, and hyperthermia treatments. Besides the potentiality expressed in the thera-
nostic, in terms of flexible design and harmonious combination of properties (and
functions) into a single engineered unit, and the widening of our understanding of
the impact of nanostructured materials on numerous biochemical functions, several
drawbacks hamper their takeover of the nanomedical arena. In fact, a very limited
number of NP formulations find their way in the factual clinical applications. Sev-
eral problems appear to form the basis of such poor translation into clinical practice,
which can be rationalized in the following points: (i) moving from lab-bench prepa-
rations (mg, g scale) to industrial preparations (kg scale), including the establishment
of strict protocols that grants reproducibility, appears harder to set up than expected;
(ii) systemic validation of the NP performances, moving from in vitro to in vivo, (iii)
systemic validation of their stability profiles, safety profiles, toxicity profiles, phar-
macokinetics, clearance by dissecting their metabolic pathways, and (iv) the lack of
an ample and detailed database of results obtained from their applications on trial
patients.
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Chapter 3
Superparamagnetic Composite-Based
GO/rGO for the Multimode Biomedical
Applications

Hafeez Anwar, Iram Arif and Huma Mushtaq

Abstract Graphene oxide/reduced graphene oxide (GO/rGO)-based nanomaterials
are fast emerging materials due to their unique structure and excellent mechanical,
optical and electrical properties that can exploit for many important applications.
In the present chapter, we will highlight the different types and physical properties
of superparamagnetic composite-based GO/rGO, especially for various biomedical
applications.

Keywords Superparamagnetic nanocomposites · Go/rGo-based materials ·
Magnetic resonance imaging · Drug delivery · Gene therapy

Introduction

Themost interesting topic of the modern solid state and nanotechnology is nanomag-
netism. The whole world is seeking for miniaturization, and it is worth mentioning
that there are some phenomenon and effects which appears only at nanoscale in
magnetic materials, e.g. in superparamagnetism, new kind of domain walls and spin
structures can be observed only at nanoscale. On commercial scale, nanomagnetism
sets a new trend and becomes the most demanding phenomenon. For the storage of
data, magnetic materials are promising candidates. This ability of magnetic materials
will also be increased in future. For other applications such as biosensing, drug deliv-
ery, imaging, magnetic materials are used with great interest (Pfannes et al. 2001).
Superparamagnetism deals with the inversion of magnetization at nanoscale. To
understand these concepts of nanomagnetism, ferromagnetism is rendered research
and applications (Benitez et al. 2011).
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The Superparamagnetism Phenomenon

The superparamagnetism is a phenomenon that mostly occurs in ferromagnetic or
ferrimagnetic nanoparticles. At a small scale, i.e. few nanometres, as the temperature
changes, magnetic spins can flip direction randomly. This phenomenon is known as
the superparamagnetism. The time between two magnetic flips is called the Neel
relaxation time, and it occurs below the curie temperature of the material that differ-
entiates it from standard magnetization (Marghussian 2015). In 1930, Frenkel and
Doefman first purposed the idea of superparamagnetic behaviour of nanomaterials
(Ghazanfari et al. 2016). They predicted that if magnetic materials changed into
nanoparticles, then they would exhibit characteristics of superparamagnetic materi-
als. Magnetic spins change its direction mainly due to the changes in temperature.
Behaviour of superparamagnetism has appeared in ferro-/ferrimagnetic materials.
Most common example of this is iron oxide which is ferromagnetic in bulk form but
exhibits superparamagnetic behaviour when size reduced to 20 nm or less. Another
factor that can affect the spin flipping is change in Neel relaxation temperature, and
all these changes in spins happen in the absence of external magnetic field. The aver-
age magnetization appears to be zero and thus become superparamagnetic. Super-
paramagnetic nanoparticles are stable, when dispersed into an aqueous solution and
after applying the coating is formed ferrofluid. Superparamagnetic nanoparticles are
widely used in vivo and in vitro for different applications such as drug delivery, mag-
netic hyperthermia and contrast agent in MRI (Enriquez-Navas and Garcia-Martin
2012).

Importance of Graphene and GO/rGO-Related Materials

Carbon Materials

In Earth’s crust, the fifteenth most abundant element is carbon (Briscoe and Dunn
2016). All the celestial objects contain a large amount of carbon which is the basis of
all known life. Carbon shows allotropic properties as it exhibits variations in covalent
bonding among two carbon atoms.Every allotrope exhibits unique characteristics due
to the spatial conformation of carbon atom. There are many allotropes of carbon, e.g.
one-dimensional, two-dimensional, three-dimensional. The oldest three-dimensional
crystals of carbon are graphite, diamond and amorphous carbon (Falcao and Wudl
2007). In these allotropes, carbon shows different hybridization, i.e. sp2, sp3 and
mixed sp2/sp3 (Zhao et al. 2016). In near past era, several new allotropes have been
discovered and researchers are in view to find the new carbon allotropes. In 1985,
zero-dimensional fullerene was discovered (Muhammad et al. 2013), in 1996 that
discovery got a Nobel Prize in Chemistry (Smalley 1997). In 1991, Sumio Iijima
discovered the one-dimensional carbon nanotubes (CNT) in fullerene soot (Paradise
and Goswami 2007).
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In 2004, the first two-dimensional single carbon sheet has been discovered in
which carbon is sp2 hybridized and it organized in hexagonal lattice similar to hon-
eycomb (Katsnelson 2007). More than fifty years ago, it was declared in the theory
that the multi-layered graphite has such single layers of carbon, but the idea was
not clear because of the thermodynamic instability, aggregation and decomposition.
But in 2004, Andre Geim and Kostya Novoselov in the University of Manchester
separate single-atom sheets by micromechanical cleavage overcoming the van der
Waals forces between the stacks of carbon sheets (Katsnelson 2007).

In 2010, they got a Nobel Prize in Physics as the graphene shows outstanding
results and self-supporting stability (Gerstner 2010). Discovery of graphene con-
sidered to be the building block for other carbon allotropes, e.g. fullerene, carbon
nanotubes and carbon nanohorns.

Over the last decade, research on such materials opens the new horizon. In near
future, it may be possible that new forms of allotropes will be discovered as scientists
are interested in the modification of carbon (Fig. 3.1).

Graphene is considered to be best as compared to its predecessor as it shows quan-
tum Hall effect, high electron mobility, optical transparency (97.7%), better thermal
conductivity and biocompatibility (Xu et al. 2016). It also provides a larger surface
area. Apart from all these properties, zero energy gap highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) are shown
by graphene.

There are enormous applications of graphene that have been established in recent
past years, including energy storage, photovoltaic, field-effect transistors, biosensing

Fig. 3.1 Zero-dimensional carbon nanomaterials, a carbon dots and b fullerene. One-dimensional
carbon nanomaterial, c carbon nanotube. Two-dimensional carbon nanomaterial, d graphene and
e graphene oxide
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and catalytic applications (Zhu et al. 2010). An intelligent surface engineering of the
graphene domain, particularly, graphene oxide (GO) plays an essential role in many
applications.

For instance, the solubility (thanks to the abundant hydrophilic groups on its
surface) and biocompatibility of GO can be greatly enhanced after PEGylation,
reducing the inherent toxicity of GO in vitro and in vivo for biological applications.
Likewise, the specific high surface area of graphene or reduced graphene oxide
(rGO) as well as single-layered GO further provides an outstanding opportunity to
integrate them with high loadings of a variety of nanoscale structures, including, but
not limited to, metal nanoparticles (NPs) (Pd, Pt, Fe, Au and Ni) or their hybrids
(Pd-Au/Ag/Ni/Pt/Fe) and metal oxides.

These graphene-based nanocomposites have shown great potential in biomimet-
ics, catalysis and biomedical applications.

Graphene Oxide (GO) and Reduced Graphene Oxide (rGO)

The graphene sheet covalently decorated with the functional groups having oxygen,
e.g. hydroxyls, epoxide and a little amount of carboxyl group (Pei and Cheng 2012).
That is the reason for the mixed hybridization of carbon atom, i.e. sp2/sp3 hybridiza-
tion. When the water dispersed on the GO, it has a negative charge which provides
stable aqueous suspension.

Nowadays, GO has been prepared as a purified single layer but in 1859 the British
Benjamin Brodie first prepared the few layers of GO. However, the reduced graphene
oxide (rGO) is produced by the reduction of graphene oxide in diverse ways, includ-
ing thermal, chemical and UV-assisted methods. As rGO contains quite less amount
of oxygen, it is utilized to regain the electric conducting characteristics of graphene
oxide.

Sp2 carbon atoms permit different synthetic routes to be established to attach
different functional groups to the graphene and reduced graphene oxide. A variety
of oxygenated groups is permitted by rGO to attach with it and modifies the surface
of it, because of the difference in the reactivity. This property of rGO leads it to
make conjunction with an immense variety of molecules to attach with and provides
a platform in the biomedical field.

Superparamagnetic Composites

The most promising candidate among all metal oxides is iron oxide nanoparticles
(IONPs). As it enhanced the properties of graphene and its derivatives for various
applications, it is very easy to prepare, less expensive, havingbetter chemical stability,
non-toxic and provides an active surface for adsorption. There are different types of
IONPs, e.g. Fe3O4, Fe2 O3 (iron III oxides), α-Fe2O3 (hematite), β-Fe2O3 (beta
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phase) and γ-Fe2O3 (maghemite), have been used in the fabrication of magnetic
graphene nanocomposites. These are used in the enzyme mimicry, bio-analytical
chemistry and molecular imaging in a more suitable way.

It must be noticed that the graphene sheet is unable to become an anchor of IONPs,
as it does not have hydrophilic groups attachwith it. Therefore, it shows inertness and
not capable of loading IONPs. However, graphene oxide (GO) is the most effective
and convenient precursor for the loading of IONPs.

Synthesis of GO/rGO

It is interesting to note that the graphene oxidewas discovered tomeasure themolecu-
lar weight of the graphite. Brodie used fumes of HNO3 and mixes it with the graphite
in the presence of potassium chlorate (Yap 2015). The frequent oxidations created
the sample of graphite oxide (yellow solid) and that was known as the graphic acid
based on its dispersion behaviour at different pH values.

In 1958, Hummers used a mixture of NaNO3 and concentrated H2SO4 and intro-
duced KMnO4. Hummers’ modified method is used widely for the preparation of
graphene oxide.

Graphene oxide has been under study because of its chemical structure. Lerf
Klinowskimodel of graphite oxide is very famous andwell recognized by the scientist
working on graphene oxide (Fig. 3.2).

It is supposed that the surface of graphite oxide having many functional groups
attached to it, including hydroxyl (–OH), epoxide (C–O–C) functions, carbonyl
(CDO) and carboxylic acid (–COOH) groups. The presence of oxygen creates defects
(nanovoids and vacancies) on the surface, and it differs from the pristine graphite
because of this.

Graphite oxide composed of carbon, oxygen and hydrogen, and these are observed
by using high-resolution transmission electron microscopy (HRTEM) and maintains
a carbon/oxygen (C/O) ratio of 1.8 and 2.5; but in the most sample, the C/O ratio is
almost 2. Graphene oxide is very important as it is intermediate between graphite and
graphene, and we can obtain it by chemical, mechanical and treatments of graphite
oxide.

However, graphite oxide has the lamellar structure, and graphene oxide (GO)
consists of single layer, double layer or few layers of graphene sheet. These are dif-
ferent in structure but chemically they show the same behaviour and are hydrophilic
in nature due to the presence of different functional groups. As a result, the water
molecules are introduced between the layers and their hybridization state changes
from sp2 (planar) to sp3 (tetrahedral).

It is generally believed that in Hummers’ modified method, Bronsted acid is
present and it makes it a promising candidate for the acid-catalysed reactions.
Graphene oxide also acts as the oxidant due to the presence of a large amount of
oxygen, and it can oxidize Fe2+ to FeCl2 and Fe2SO4. In situ deposition of Fe3O4

nanoparticles onto rGO nanosheets is the self-reduction from GO to rGO.
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Fig. 3.2 New structural model for a as-prepared GO; b GO after thermal treatment at 100 °C for
24 h in vacuum

Loading of iron oxide nanoparticles on graphene oxide is the preferred choice
for the synthesis of magnetic graphene nanocomposites, and for the synthesis, both
routes, i.e. ex situ and in situ routes, are applied.

Synthesis of the graphene oxide is done by Brodie, Staudenmaier or Hummers’
method, etc. In these techniques, oxidation of the graphite has been done at distinct
stages. In Brodie and Staudenmaier method, potassium chlorate and nitric acid are
utilized in a combination of the oxidation of graphite. But in Hummers’ method,
different chemicals as compared to the method discussed above are used. Potassium
permanganate and sulphuric acid are used for the treatment of the graphite. Graphite
salts are synthesized by introducing strong acids such as sulphuric acid, nitric acid
and hydrogen per chloric acid with graphite. As there are polar oxygen functional
groups are present in graphene oxide, so these show hydrophilic property and it may
be exfoliated in other solvents. Graphene oxide has good dispersion in water (Zhu
et al. 2010).

It is also reported that the graphene oxide can also be prepared by thermal treat-
ment; these methods are cost-effective and more efficient. In electrochemical reduc-
tion method, removal of oxygen functional group from graphene oxide has been
done. Sodium borohydride with sulphuric acid is used in thermal annealing which
provides high purity carbon. Now, the focus of the scientists is chemical reduction
and oxidation and tuning of graphene platelets.
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Hummers’ Method of Synthesis of GO

In Hummers’ method, oxidation of graphite has been done to synthesize graphene
oxide. For the preparation of graphene oxide, graphene flakes and sodium nitrate are
mixed in sulphuric acid and continue the stirring process for two hours under−5 °C
and added potassium permanganate slowly. During the addition, it must be kept in
mind that temperature does not exceed than 15 °C. After removing an ice bath, the
mixture stirred at 35 °C until it turned to pasty brownish and kept it for stirring for
two days.

The dilution of the mixture was done with the help of water and that increased
the temperature to 98 °C, and it changed colour also, by adding water that solution is
more diluted and stirred continuously. To end the reaction, hydrogen per oxide has
been used. For removing all impurities, 10% hydrochloric acid was used and after
that many times with deionized water. Graphene oxide has been obtained by drying
it in vacuum at room temperature and after filtrating the mixture (Fig. 3.3).

Scanning electronmicroscopy gives information about the structure andmorphol-
ogy of the material. The images of graphite and graphene oxide taken from scanning
electron microscopy are shown in figure. The image (a) describes the stacking of
graphene sheets, and the image (b) shows that the graphene sheets are exfoliated.
In modified Hummers’ method, oxidation and exfoliation of graphite are involved
because of the thermal treatment of solution (Paulchamy et al. 2015).

Fig. 3.3 SEM image of a graphite b graphene oxide



110 H. Anwar et al.

Fabrication of Smart Magnetite/Reduced Graphene Oxide
Composite

Due to the extensive use of nanocomposites of magnetite based on graphene oxide
or reduced graphene oxide in drug delivery, magnetic resonance imaging and water
purification process, these are researched on a large scale. A magnetorheological
material consists of iron oxide based on graphene oxide nanocomposites which are
fabricated by in situ chemical deposition. When dispersed in silicone oil, the mag-
netorheology characteristics of the material were measured by using a rotational
rheometer at different magnetic fields under steady flow. Particularly, Fe3O4/GO has
been used as anode in lithium-ion batteries. As reduced graphene oxide also has anal-
ogous structure to graphene oxide, and it can also be used as magnetorheological
fluid.

The graphene oxide has greater surface area and stability that allows to combine
it with Fe3O4 to form Fe3O4/rGO composites. Fe3O4 is used in different biomedi-
cal applications because it is less toxic, easy to prepare and show better magnetic
characteristics. The in situ synthesis of graphene-based Fe3O4 is involved in the
chemical deposition, hydrothermal treatment, sol–gel procedure, reduction of iron
salt precursors and self-assembly of Fe3O4 on GO or rGO sheets. These increased
the dispersion stability of Fe3O4 and reduced the accumulation of the graphene oxide
and reduced graphene oxide sheets (Fig. 3.4).

Fig. 3.4 Preparation route to Fe3O4/RGO via redox reaction between GO and Fe2+ (Hong et al.
2016)
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Fig. 3.5 SEM image of Fe3O4/rGO

The structural composition of superparamagnetic Fe3O4/rGO nanocomposites
can be observed by using scanning electron microscopy and transmission electron
microscopy images. The sedimentation stability was also checked by both testing the
density of the Fe3O4/rGO particles and measuring its sedimentation profile (Hong
et al. 2016) (Fig. 3.5).

Importance of Magnetic Composites in Biomedicine

The superparamagnetic composites based on graphene oxide or reduced graphene
oxide are the most promising candidates for the detection of molecules. As these
show greater surface-to-volume ratio and larger rate of transfer of electron, so they
considered to be more appropriate in sensors. Sp2 carbon hybridized domain of car-
bon, and the oxygen presents in graphene oxide nanohybrids more suitable materials
for biomedical applications.

Graphene and its derivatives are very suitable for the destruction of cancerous
cells. Nanocomposites of graphene oxide behave as carriers that help anticancer
drugs to move to the cells. The extraordinary characteristics of superparamagnetic
composites of graphene oxide are attracted the researchers to use these in the drug
delivery process and for the magnetic resonance imaging (MRI).

By dispersing magnetic nanoparticles, ferrofluids are prepared. By using external
magnetic field, ferrofluids are projected to that part of body where the drug delivery
is required, and the same phenomenon is applied for magnetic resonance imaging.
Due to this efficient behaviour, magnetic particles gained the special attention of
researcher. They are biocompatible and have facile surface modification. As they
have come in contact with human body, so it is necessary for them to be biocom-
patible and does not harm human body. Biocompatibility can be divided into two
categories (i) hemocompatibility and (ii) histocompatibility. Hemocompatibility is
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necessary when the nanoparticles are in contact with the blood cells. So, the blood
aggregation and hemolysis are studied to check that the blood is compatible with
the nanoparticles. The surface area, surface charge, hydrophobicity and hydrophilic-
ity of nanoparticles significantly affect blood compatibility. In histocompatibility,
nanoparticles are compatible to tissues. Superparamagnetic material shows suitable
surface chemistry for many in vivo applications, for example, in tissue repairing,
detoxification of biological fluids, hyperthermia and cell separation.

Biomedical Applications of Superparamagnetic Composites
Based on GO/rGO

Magnetic Resonance Imaging

The technique which provides image of the organs and internal structure of the body
by using magnetic field and pulses of radio waves is known as magnetic resonance
imaging (MRI). The person, who is supposed to be examined, comes to the place
in MRI scanner, and the part of the body, whose image wants to be observed, kept
under the strongmagnetic field zone. The presence of hydrogen in human body plays
significant role in MRI.

When body is under magnetic field, the protons become excited, and these release
radiowaves. The radiowaves aremeasured through a receiving coil. The radio signals
give the position information by changing the magnetic field using gradient coils.
Alternately, switching it on and off creates the characteristic repetitive noise of an
MRI scanner. The most promising aspect of MRI in biomedical is the high spatial
resolution and better tissue contrast.

Working of MRI is based on minimizing the longitudinal relaxation time (T 1)
or the transverse relaxation (T 2) of water protons. Negative (T 2) contrast agents are
used in blood pool imaging. On the other hand, (T 1) contrast agents are used as
extracellular agents in clinical applications.

MRI is a prevailing technique for finding the location and distributing cells in non-
invasive manner. Fe3O4 nanoparticles provide inhomogeneity of field due to which
signal intensity decreases which in turn decreases the transverse relaxation time. To
get the increment in the contrast effect of MRI and stability, Fe3O4 nanoparticles
have been modified with appropriate functionalities. Superparamagnetic composites
based on GO are used in cellular MRI application as T 2 contrast agent. Prussian blue
staining analysis shows that Fe3O4/GO can adopt by HeLa cells, which depends
upon the concentration of Fe3O4/GO nanocomposites that incubated in cells. It is
also observed that Fe3O4/GO shows comparatively improved cellular MRI as com-
pared to Fe3O4 only (Chen et al. 2011). Gonzalez-Rodriguez et al. also reported iron
oxide–graphene oxide (Fe3O4/GO) nanocomposites having the size of 260 nm. Iron
oxide (Fe3O4) presents in composites provided the superparamagnetic properties that
allowed to manipulate the magnetic field required for magnetic drug delivery with
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Fig. 3.6 a Cell viability of HeLa cells subject to: GO-Fe3O4 (black squares), DOX-GO-Fe3O4
(blue squares) and DOX (red squares) and b GO-Fe3O4 internalization fluorescence imaging in
HeLa cells

high relativity (r2/r1) ratio ~10.70. The nanohybrids were used for the delivery of
hydrophobic doxorubicin. The results showed that prepared nanohybrids have good
efficiency in vitro drug delivery 2.5-fold as compared to free drug and in vivo capable
of cancer detection by MRI as shown in Fig. 3.6 (Gonzalez-Rodriguez et al. 2019).

Drug Delivery

One of the major applications of GO/rGO-based nanohybrids is their use in drug
delivery systems. The advancements in drug delivery systems revolutionized the
biomedicine (Hu et al. 2012). Various techniques have been used for better control
of delivering and releasing the drugs as compared to the traditional methods. Carbon
presents in GO/rGO has sp2 hybridization lattice configuration, and large surface
area of nanoparticles enhances the capacity of loading and delivering of drugs. The
electrons present on the surface of two-dimensional GO nanosheet actively interact
with the drug specifically aromatic drugs, whereas the functional groups such as
carboxyl, epoxide and hydroxyl etc. (Jeong et al. 2008) present in the material alters
the nanoparticles by covalent bonding in targeted system (Weaver et al. 2014). GO-
based nanohybrids are preferred in drug delivery applications because they have
much better adsorption in bloodstream as compared to other materials (Mccallion
et al. 2016).

In recent years, various GO/rGO-based nanohybrids are reported for drug load-
ing and delivery applications and provided exceptionally good results (Ahmad et al.
2018). Bao et al. reported the graphene oxide–chitosan (GO/CS) nanosheets with 64
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wt% of chitosanwhich are synthesized by facile amidation process. Graphene oxide–
chitosan (GO/CS) nanohybrids were loadedwith anticancer drug (camptothecin) that
is insoluble in water by hydrophobic interactions and π-π stacking. Results showed
that the prepared nanohybrids have excellent biocompatibility and aqueous solubility
as well as better loading capacity for camptothecin (Bao et al. 2011).Ma et al. synthe-
sized the graphene oxide–iron oxide nanohybrids composites that are functionalized
by polyethylene glycol to attain the stability in solutions. It was loaded by anticancer
drug doxorubicin that enables the targeted drug delivery magnetically. The results
exhibit that these composites have a good optical absorbance from far visible to near-
infrared region and can be used for photothermal ablation of cancer cells that made
them a promising candidate in cancer theranostics (Ma et al. 2012).Weaver et al. also
reported a controlled drug delivery system in which graphene oxide nanocomposites
were doped with polypyrrole and used for the controlled delivery of dexamethasone
(anti-inflammatory drug). The electrical stimulation was used for the release of drug
from the nanohybrids. The results showed that the drug released efficiency is 2.30
times better than the normal polypyrrole, and the whole process is surface dependent.
They also studied the maximum drug delivery by various stimulations, and after 600
stimulations for 0.5 V for 5 s, drug delivery provides linear response over 400 stim-
ulations. It was applied to HCT 116 cancer cells and showed high anticancer effect
(Weaver et al. 2014). Yang et al. also reported graphene oxide-based drug delivery
system that dual targeting and pH-sensitive. They first prepared iron oxide–graphene
oxide (Fe3O4/GO) nanocomposites by precipitation technique then used folic acid
as a targeting agent for cancer cells that were coupled with iron oxide by using the
chemical linkage of (3-aminopropyl) triethoxysilane (APTES) as shown in Fig. 3.7.
The anticancer drug, doxorubicin hydrochloride, was loaded with high capacity of
0.387 mg/mg. The results showed that the iron oxide–graphene oxide (Fe3O4/GO)
nanocomposites have potential applications in targeted anticancer drug delivery.

Photothermal Therapy
Photothermal therapy (PTT) is a medical treatment in which light is used to treat
the disease. It has proved itself a promising candidate for the treatment of external
infections as well as for various types of cancers like prostate cancer (Lu et al. 2010),
epithelial carcinoma (El-Sayed et al. 2006) and breast cancer (Ye et al. 2019). This
technique is an extension of photodynamic therapy (PDT) in which sensitizer that
is photosensitive mostly infrared exited with a particular band gap. In this excited
state, photosensitizer releases the vibrational energy in the form of heat that kills the
cancer cells. The major advantage of this kind of treatment is that it does not require
oxygen to interact with cancer cells as in photodynamic therapy (PDT) (Kim and Lee
2018). The schematic diagram of photothermal therapy is given in Fig. 3.8 (Yang
et al. 2012).

In recent years, various researches reported in which graphene oxide-based
nanohybrids were used for photothermal therapy. Sharker et al. reported the reduced
graphene oxide nanohybrids which are near-infrared-sensitive and pH-dependent
by using electrostatic interaction technique. The rGO nanohybrids are coupled with
indocyanine green that not only targeted the cancer cells but also have very low impact
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Fig. 3.7 a Images of GO-Fe3O4 fluorescence in HeLa cells at different transfection times and
b GO internalization over time assessed by average normalized intensity per unit emissive area of
GO-Fe3O4 fluorescence in HeLa cells

on normal cells in surroundings. These nanohybrids showed the photothermal heat
generation capability in the pH range of 5–7.4 due to quenching mechanism. In near-
infrared irradiation, these nanohybrids treated cancer cells (tumours) and healed after
the treatment of 18 days (Sharker et al. 2015). Justin et al. also prepared the iron
oxide-reduced graphene oxide quantum dots by using green hydrothermal technique
that not only converted the graphene oxide nanosheet into the quantum dots but also
reduced it. Results showed that the prepared quantumdots radiated in violet at 320 nm
and had very low cytotoxicity at low concentration towards the non-cancerous cells.
The magnetic hysteresis tests showed the zero-residual magnetization. Their appli-
cation for photothermal therapy was carried out by rapid increase in temperature up
to 50 °C with suspension of 100 μg/ml. The results showed the ablation of cancer
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Fig. 3.8 Schematic diagram of thermal destruction and photothermal treatment (PTT) study using
real-time phase-contrast imaging system with live cell chamber. a The live cell imaging chamber
with the cancer cell line on an indium tin oxide (ITO) heating plate is heated to calculate the
heating-induced cellular destruction rate. b The light source for phase-contrast imaging is a 525-
nm-wavelength LED, and the source for the PTT is a 960-nm-wavelength laser

cells (HeLa cells) under near-infrared (NIR) irradiation (Justin et al. 2016). Cheon
et al. also reported the reduced graphene oxide nanosheet functionalized by protein
(bovine serum albumin) as shown in Fig. 3.9. This was used for the anticancer drug,
doxorubicin delivery and photothermal chemotherapy of brain tumour at 60 °C and
pH 12. The characterization was carried out by using UV-Vis spectrometer and pho-
toelectron spectrometry. The results showed low cytotoxicity with better efficiency
(Cheon et al. 2016).

Ma et al. recently reported the reduced graphene oxide–cadmium sulphide–iron
oxide (rGO/CdS/Fe3O4) nanohybrids prepared by solvothermal technique. The char-
acterization was carried out by using XRD, Raman spectroscopy, TEM and FTIR
spectroscopy. The live–dead assay technique was used for the cytocompatibility
analysis which showed 95% survival of rGO/CdS/Fe3O4 nanohybrids, i.e. these are
excellent for cancer treatment (Ma et al. 2019).

Gene Therapy
In recent years, gene therapy has gained enormous importance in biomedical and
therapeutic studies. Non-specific in vivo distribution of drug creates serious side
effects specifically in neuroblastoma (Ratner et al. 2016), cystic fibrosis and Parkin-
son’s patients; during chemotherapy, it cannot differentiate among the healthy and
cancerous cells that lead to lifelong health problems (Sagnella et al. 2018). In gene
therapy, a mutated gene of affected cell is replaced by the new genes that resist
against the disease caused by mutated genes (Aoyama et al. 2015). The magnetic
nanoparticles encapsulate the gene and help it to reach the target cell effectively.
There are two major types of gene therapy—somatic gene therapy and germline
gene therapy. The germline gene therapy is banned because of the risks attached to
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Fig. 3.9 Schematic diagram of the reduced graphene oxide nanosheet functionalized by protein
(bovine serum albumin)

it (Glannon 2018). The gene therapy (somatic) is carried out by both viral and non-
viral vectors. In viral vectors, gene is directly transferred to DNA very efficiently,
but it has its own limitations in the selectivity of gene, whereas in non-viral vectors,
core–shell nanoparticles, peptides, micelles have less efficiency as compared to viral
vectors but more safe, easily synthesized and economical. Graphene oxide nanohy-
brids have gained the attention of researchers due to their biocompatibility and gene
carrier ability. Various publications have been reported in the past decade. Lerra et al.
prepared a nanohybrid based on magnetic iron oxide nanoparticles in combination
with graphene oxide (GO/MNPs) by redox reactions and used it for the delivery of
doxorubicin in cancer cells (neuroblastoma SH-SY5Y). The schematic diagram of
the process is shown in Fig. 3.10.

The results showed that the pH response is better in acidic environment (45% at
pH 5) as compared to neutral (28% at pH 7.4)with an increase in the drug release. The
presence of GO/MNPs nanohybrids inside the neuroblastoma SH-SY5Y cytoplasm
was confirmed by cell internalization studies. The nanohybrids help to control the
doxorubicin cytotoxicity level and MNPs allowed remote actuation and enhanced
the dose delivery to the target (Glannon 2018).
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Fig. 3.10 Schematic representation of the synthesis of nanohybrid C@HSA-MNPs@rGO

Conclusion

Application of graphene oxide (GO) and graphene-based superparamagnetic com-
posites in biomedical has become highly attractive research field. A lot of investiga-
tions have been done in order to develop various chemical routes for their synthesis
to make them compatible with biological systems. It is very important to understand
the interaction between graphene-based composites and biological systems in order
to employ these in biomedical applications. Functionality of these graphene-based
composites depends upon different parameters such as size, surface charge, surface
chemistry and lateral dimensions, and these parameters may also affect the biological
systems. Although exciting properties of these materials are already being explored,
still there is a dire need for research in such a way to open up new avenues for the
betterment of mankind, and it is only possible if this field can be converted into a
market-oriented research field.
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Chapter 4
Gadolinium-Doped Iron Nanostructures
Decorated with Novel Drugs for Magnetic
Resonance Imaging, Photodynamic,
and Photothermal Therapy Applications

Muhammad Fakhar-e-Alam, Arslan Mahmood, Shabab Nasir,
Malik Saadullah, M. Waseem Akram and Magnus Willander

Abstract Multidrug drug resistance (MDR) builds many limita-
tions/troubles/problems in magnetic resonance imaging (MRI) and treatment
techniques. In this strategy, novel idea of polyethylene glycol/polyacrylic acid
(PEG-co-PAA)-decorated gadolinium-doped iron was employed for cancer diag-
nostics and therapy purposes. In real sense, multifarious/various morphology
of Gd-doped Fe-NMPs was found to be useful in versatile format of biomed-
ical applications. Schematic of ongoing experimental strategy illustrates that
three efficient photosensitizers, e.g., chlorine e6, Foscan®, and 5-ALA were
decorated with Gd-doped iron capsulated with PEG-co-PAA such that their
size/morphology consists within range of 100–120 nm of nanospheres. Final form
of this nanospheres/nanocapsule plays a vital role through synergistic response
of mutual plasmonic reaction of drug decorated nanocapsule. One of the prime
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focus of this novel experimental approach/review is to trace feasibility of PEG-
co-PAA-decorated Gd-doped Fe-NMPs complex with drugs for photothermal
therapy, magnetic resonance imaging (MRI) and photodynamic therapy (PDT)
application. Current chapter consists of diverse flavor of original results includes
SEM and TEM analysis, UV-Visible spectroscopy, NMR analysis of final product
of PEG-co-PAA-doped Gd-Fe3O4 decorated with effective drugs, and cytotoxic and
phototoxic effects of current developed organic–inorganic nanocapsule. The results
indicate that PEG-co-PAA-encapsulated Gd-doped Fe-NMPs are very promising
nanospecies for T1-MRI applications. Both the individual Gd-doped Fe-NPs and
its conjugated species exhibited significant toxic effects for photodynamic therapy
(PDT) and photothermal therapy (PTT) applications as observed in MCF-7/Hela
cancer cell model. These results led to the empirical modeling of individual
Gd-doped Fe-NPs and its conjugated species with cancer cells by analyzing the
statistical data obtained from experiments and thus novel way toward a more
practical strategy for the concept of PEG-co-PAA-encapsulated Gd-doped Fe-NMPs
and its conjugates as photosensitizers for MRI, PTT and/or PDT.

Introduction

Molecular imaging, as a simple, economical, convincing, comprehensive and well-
developed technique, is an emerging and fascinating field of research for early cancer
detection. It not only saves human life without significant invasiveness with living
tissues/cells, but also it has attracted many young researchers to biomedical science
because of unique appealing characteristics. In this context, activatable imaging
nanoprobes, that is, designed to amplify or boost the imaging signals in response to
the marked/located place only, play a key role in nanomedicine. It has been reported
that below 5 nm morphology, the composites of iron nanoparticles (IPs) become
T1-MRI contrast, while above 5 nm its characteristics are shifted to act as T2-MRI
contrast agent (Zeng et al. 2013).

The use of gadolinium-based contrast agents (GBCA) plays a vital role in mag-
netic resonance imaging (MRI)-based diagnosis as an outcome of T1 contrast agent
or T2 contrast agent and follow-up of many central nervous system (CNS) disor-
ders. Although free gadolinium metal is proved to be invasive, its chelated forms
with eight bonds have been revealed to be adequately safe throughout the diag-
nostics and treatment protocol. The T1-based MRI contrast agents, demonstrated
by conventional low-molecular-weight Gd-chelates, have enabled well resolved and
contrast-enhancedMR imaging for manifold diagnostics application in clinical prac-
tice especially tumor detection and characterization as well as vascular imaging
(Helm 2010).

The multifunctional nanobiocomposites have attracted great attention in recent
years due to their versatile characteristics of magnetic resonance imaging (MRI),
cell separation, drug delivery agents, labeling, and as optical probes that led to
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their applications in the field of nanobiotechnology and nanomedicine. In this con-
text, gadolinium-doped nanomaterials possess many advantages, such as high flu-
orescence, quantum yields, low toxicity, long life cycles, and high stability, when
compared to quantum dots and organic dyes.

Photodynamic Therapy

Photodynamic therapy (PDT) is one of the alternative methods in tumor treatment. It
consists of three components, photosensitizer, cellular oxygen, and light of suitable
wavelength. The basic idea of this photochemistry-based treatment modality is that
to take a chemical and excite with light. Furthermore, the key point of this treat-
ment modality is that laser light (photon) is used to initiates chemistry and chemistry
infects initiates biology (Verma et al. 2007; Solban et al. 2006; Dougherty et al.
1998; Huang 2005). In many studies, the pharmacokinetics of different PS’s for
killing of malignant cells with and without laser light has been studied in various
biological tissues in vivo (Sprague Dawley andWistar rats)/in vitro (HepG2, Hep2C,
RD, HEK293T, foreskin fibroblast, melanocytes), and finally, biological-damaging
effects were assessed using neutral red assay (NRA)/MTT assay, reactive oxygen
species (ROS) detection, staining of mitochondria, microscopic, and macroscopic
analysis of biological cells/tissues and confocal microscopy. Ongoing research sug-
gests that photodynamic therapy (PDT) is an encouraging, minimally invasive treat-
ment modality for premalignant, malignant lesions requiring the interaction of light
(UV-Visible). The drug uptake/pharmacokinetics is one of the important factors in
field of PDT; the beauty of photosensitizer is that it accumulates preferentially in the
tumor (Boyle and Dolphin 1996; Peng et al. 1997a, b, c, d; Wu et al. 2003). Selec-
tivity for eradicating only the tumor area is conferred by the preferential localization
of the sensitizer and light to the treatment area.

Advantages of PDT

• Effective
• Noninvasive, well tolerated
• Selective
• Tissue sparing
• Excellent cosmetic results
• Repeated therapy possible
• Outpatient therapy.
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Laser Interactions with Tissues

Heat generation is the primarily focusing parameter in the field of biomedical optics
research, e.g., absorption of light, light emission, heat generation, and interaction
of light with biological cells/tissues like phenomena involved in aforementioned
research. Moreover, the generation of heat is unnecessary factor/constituent in PDT
as well as optical diagnosis system, because in our research context cell killing
via apoptosis or necrosis because of photochemical reactions relatively at low tem-
perature. Clinical applications of laser dosimetry were analyzed with the earliest
types of lasers, e.g., He–Ne and diode laser (red light, 630 nm). The first appli-
cations to cosmetic surgery were performed and rely on easily available industrial
and research lasers. Medical lasers are now developed for the purpose of thera-
peutically and diagnostic clinical applications for the treatment of different timo-
rous/carcinogenic organs including liver carcinoma, lung carcinoma, cervical cancer,
and general surgery fragmenting of kidney and gall stones (Grossweiner et al. 2005).
The emission wavelength, power level, and temporal mode of operation are the most
constituents/basic factors in field of laser therapy (PDT). Above the threshold dose
of light, many other factors, e.g., photocoagulation, carbonization, and photoabla-
tion, are involved in field of PDT. We have to cure our suggested tissue/sample from
all these undesirable phenomena for experimental accuracy and targeting PDT. But
the interaction of light with tissue/cell is not much simple basically it is too much
difficult/complex to understand the reality of this complex system. Along with pho-
tochemical reactions, many other factors, i.e., heating on the optical and thermal
properties of tissues, may enhance the light tissue interaction. The laser tissue inter-
action is grouped in different categories, i.e., “thermal” and “non-thermal.” Induction
of laser heating and vaporization mechanism is due to light thermal properties. High
power with continuous form of light as well as pulsed lasers may induce the quick
response of ejection of material referred to laser ablation phenomena. But in spite of
all this context, pressure waves and visible plasmas are responsible for the generation
of high-power pulsed lasers because of cavity and resonator configuration of “laser.”
The ultraviolet excimer laser is capable for the production of “cold laser,” on the
basis of all background data relevant to configuration and laser characteristics abla-
tion produced/obtained which resulted from photochemical pressure waves induced
by photoionization (Grossweiner et al. 2005).

Laser Tissue-Heat Equation

The thermal energy which relates and equilibrate between the different loss contri-
bution and generation of heat after interacting with the tissue/cell can describe in this
relationship:
Heat Accumulation = Heat Input − Heat flow − Heat removal by blood flow.
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Tissue Heating by Laser Radiation

Laser radiation stimulates biological injury/damage in suggested tissue via photo-
chemical e.g., cell apoptosis/cell necrosis, photothermal, and photomechanical inter-
actions. The type of light (visible) response depends on the tissue’s optical and ther-
mal properties, rate of light flux, wavelength, light density as well as pulse duration
(Grossweiner et al. 2005).

Optical Transition in Molecules

Colony of atoms combined in molecules oscillates and vibrate in directions deter-
mined by the structural analysis of chromophores. It is easier to assess/trace
vibrational energy in the context of a small/tiny molecule, its relevant vibrational
energy levels, and corresponding assigned type of motion. Very complex vibra-
tions/oscillations and rotations in the context of comparatively heavy molecules
must be estimated by means of molecular orbital theory. According to the afore-
mentioned theory, the separation of vibrational energy levels is lower than the elec-
tronic levels. Each electronic energy level has the corresponding band of vibrational
or vibrionic levels. In some context of atomic motion, the colony of atoms might
have/involved in rotatory motion; it is, therefore, the gap/separation of rotational
levels is usually smaller than the spacing of vibrionic energy levels which leads to
IR spectra. Figure 4.1 depicts the schematic/algorithm of the Jablonski diagram.
The ground/lowest state of molecule/chromophore is assigned by “0” state and its
corresponding vibrational level implied by S0. The highest state in the energy level
diagram/Jablonski diagram was assigned by S1, S2, S3. The length of each verti-
cal adjacent gap/separation indicates photonic energy of each corresponding tran-
sition. Commonly, the most excited/highest state and its reside atoms/molecules
“hot” molecules are unstable (not in equilibrium) as compared to the environment.
During the deexcitation state, the excess vibrational energy might be in the form
of radiative (fluorescence/phosphorescence) or non-radiative decay (heat emission).
If the probability of decay process existence occurs between allowed transitions
(singlet to singlet), the decay process/mechanism must be assigned in the form of
fluorescence (FLUOR), which is important for diagnostic point of view. In case
of disallowed/forbidden transition decay process (triplet state to singlet state), the
emissive energy must be in the form of phosphorescence (PHOSPHOR), acts as key-
stone for the liberation of reactive oxygen species (ROS)/RNS leads to cell death.
It is suggested by many researchers that the fluorescence emission band is focused
at longer wavelengths than the longest wavelength absorption bands owing to the
energy decay process in the form of heat loss; the givenmechanism is assigned by the
Stokes shift. The basic theme/essence of the Jablonski diagram concludeswith strong
evidence that the emissive fluorescence spectrum is not dependent on the exciting
wavelength of light and also depends upon the configuration/structural properties
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Fig. 4.1 Schematic representation of the Jablonski diagram showing different energy levels S0, S1,
S2, S3, …, Sn (The image is taken from the Ph.D. thesis of Dr. Fakhar-e-Alam “Photosensitizer’s
Dynamics Studies in Different Biological Samples using Laser Irradiation”)

of chromophores/biomolecules. The strong evidence suggested by many research
experts is that non-radiative decay commonly takes place in fast consecutive stages.
The initial step is of energy-conserving “horizontal” transition within range of high
vibrational (Sn − S3, S2, S1) which is assigned by internal conversion (IC), another
important fate of the fluorescent state is its spontaneous conversion to a triplet state
via a change of an electron spin direction, and the process is called the intersystem
crossing (ISC) usually represented by wavy/wiggly horizontal curve/line. The prob-
ability of ISC becomes into reality in case of heavy atoms and paramagnetic ions,
and it is also dependent on structure and environment state. It occurs in stepwise
non-radiative decay during singlet to triplet transition. “T” state has longer decay
lifetime as compared to “S”.
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The Science of PDT

The originating of photochemical reactions in phototherapy may lead to the vascular
shutdown of malignant/timorous cells, e.g., killing of cancer cells or tissues, and
alteration of the immunity/immune system. The basic mechanisms regarded to cell
death are described/demonstrated below.

Necrosis

Necrosis is a cell deathmechanismvia cell blebbingor cell inflammation andmechan-
ical stress/trauma. Most of the targeted/focusing areas of necrosis are the plasma
membrane, mitochondria, and lysosomes.

Apoptosis

The mechanism of programmed cell death is assigned by apoptosis, which is
characterized by multiple morphological modifications/alterations, e.g., cell shrink-
age, nuclear condensation, bleb formation, and basically absence of inflammatory
responses of the affected tissue (Richter 2000). Apoptosis is a highly regulated and
interdisciplinary controlled process that avoids inflammation and damage to the sur-
rounding tissue. Apoptosis is an indisputable process during normal growth, tissue
hemostasis, development of the nervous system, and regulation of the immune sys-
tem. Disregulation of programmed cell death has been entitled to the pathogenesis
of many diseases, including immune deficiency syndrome, neurodegenerative disor-
ders, and vascular injury. It is also characterized by a recognizable pattern of DNA
fragmentation complied by the mutation of cells to apoptotic bodies. Mitochon-
dria and DNA are likely focusing areas by damaging point of view in the process
of the apoptotic response. Moreover, apoptotic and pathways are implicated in the
immunological responses to PDT (Grossweiner et al. 2005).

Vascular Effects

The relationship between the photodamaging effect and drug configuration/structure
is still questionable because a drug may localize within the cell after the initial accu-
mulation. However, some evidences obtained by experimental model conducted via
animal in vivo/in vitro, and some general drug uptake/response has been suggested
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from the background/previous data. Results compiled by experimental model regard-
ing vascular damage have been recorded by using different efficient photosensitiz-
ers, e.g., including Photofrin®, 5-aminolevulinic acid (ALA-PpIX), PPDME, and
Photogem®. The primary poring part of the cell-damaging effect is endothelial cells
of the microvasculature. Hypoxia is basically in favor of type 1 reaction (oxidative
products) develops within few minutes after the start of photochemical reactions.
Basically, mention response involves three stages:

(1) Initial oxygen consumption, (2) reduction in regional blood supply, and (3)
total vascular exclusion (ischemia). Formation of 1O2 or oxidative products, i.e.,
libration of reactive oxygen species (ROS) leads to cell killing mechanism via vas-
cular blockade of cell, mitochondria-damaging effect or lysosomal injury (cell necro-
sis/cell apoptosis). The significant vascular damage for hydrophilic agents takes place
afterward, unless peak serum levels are attained. Hydrophobic and factors show var-
ious patterns in which the vascular damage parallels the serum concentration at the
time of illumination. The described cellular effects of PDT on epithelial cells admit
release of clotting factors, calcium inflow, and modification of the cytoskeleton.

Types of Reaction

The photochemical reaction resulted in two types:

• Type I reaction
• Type II reaction.

Type I Reaction

The light stimulates the photosensitizer from its ground state to excited singlet states.
Then intersystem crossing (ISC) occurs and the photosensitizer decays to a triplet
state. Thus, excited sensitizer transfers its excess energy to species in the surround-
ing medium by a radiationless mechanism and causes the formation superoxide
radicals and oxidative products, e.g., (1O2) or hydroxyl radicals (OH) and H2O2.
These radicals then destroy the target tissue (Allen et al. 2001; Berlin 2006).

Type II Reaction

Photosensitization of malignancy by most PDT drugs is assigned to the type 2 path-
way intermediated by singlet oxygen 1O2. The photochemical mechanism is shown
in Fig. 4.2. The photosensitizer localized in the target tissue is stimulated as before
to its lowest energy triplet state and then transfers its excess energy to molecular
oxygen present in surrounding tissue to form particularly oxidative products e.g.,
“1O2” (amount of energy ≈22 kcal/mol, is required). This singlet/toxic oxygen may
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Fig. 4.2 Image represents the oxidative stress cause cell death (the image is taken from the Ph.D.
thesis of Dr. Fakhar-e-Alam “Photosensitizer’s Dynamics Studies in Different Biological Samples
using Laser Irradiation”)

destroy target tissue. After the transfer of energy, the photosensitizer returns to its
starting point, where it is available to begin the whole process again (Allen et al.
2001; Valenzeno 1987; Dolmans et al. 2003).

Role of Drugs in Photodynamic Therapy

The low dark toxicity of PDT photosensitizers, comparatively high uptake and reten-
tion by malignant/tumors, rapid clearance from the normal healthy cells, and effec-
tive tumor drug properties are possible requisites of efficient PDT drugs. A desir-
able treatment protocol, matchable wavelength of light source, and ideal/efficient
drug carrier are basic demands for effectivity of PDT drugs (Boyle and Dolphin
1996). Drugs deduced from second-generation photosensitizer are most widely used
as famous PDT photosensitizers currently. Dougherty and his coworkers have dis-
cussed in their data that the active component in mentioned photosensitizer as a
dimeric atoms/molecule comprising of two porphyrin units linked by an ether link-
age which was named as dihematoporphyrin ether (DHE). Again DHE comprises
mixture of pigments, dimmers, and small amount of oligomers linked by ether and
ester bridges (Ferriera et al. 2008). The absorption peak of suggested drug is an
important constituent for PDT outcome. Most of the drugs take part in a vital role
due to high penetration of visible region of light, e.g., Photofrin® offers the good PDT
outcome due to high penetration of light in visible region (630 nm of wavelength)
(Atif et al. 2010). The optical absorption of given photosensitizer is typical due to its
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strong band near 370 nm and four weak visible bands (Q bands) which lie between
510 and 630 nm. But the rest of the bands, i.e., fluorescence emissions bands, lie
between 630 and 680 nm. In addition, 5-ALA have maximum absorption peak at
635 nm of red-light wavelength (Atif et al. 2009). It has been analyzed that ALA is
not a photosensitizer it is precursor to PpIXwhich having therapeutic effectivity. The
slow clearance of Photofrin® from serum and skin has been a major motivation/basic
need in the search for new PDT drugs for excellent PDT outcome. Basically, a long
serum lifetime is not necessarily disadvantageous because in some cases it permits
effective laser treatments many weeks after the initial administration of Photofrin®.

Types of Drugs

• Hydrophilic

Such compounds which are freely soluble in water at physiological conditions. Com-
pounds with three or more charged peripheral substituents are usually hydrophilic
(Prasad 2003; Grossweiner et al. 2005).

• Hydrophobic

Such compounds are virtually insoluble in water and alcohol. Molecules without
charged substituents are usually hydrophobic (Prasad 2003;Grossweiner et al. 2005).

• Amphiphilic

Such compounds have present in their structures both a hydrophobic and hydrophilic
region (Grossweiner et al. 2005).

Pharmacokinetics of PDT Drugs

Administration of the photosensitizer is the basic step/factor step in PDT. For sys-
temic administration of photosensitizer in the drug dose is assigned as mg/kg of
body weight in vivo andμg/ml in vitro. Hydrophilic drugs, e.g., Photofrin and Npe6,
are administered by intravenous injection through tail vein or cava vein. Aqueous
solutions of porphyrins are referred to as concentration-dependent self-aggregation.
But the reversible conjugations, e.g., dimmers with irreversible aggregates may con-
sist of larger entities (Korbelik 1996). The exact finding of efficient concentration
of PDT drugs in the malignant cell as well as serum is very difficult. Radiolabel-
ing technique along with clear image of biodistribution of Photofrin® (lipophilic
PS) in Sprague Dawley rats acts as an animal model which has been studied in our
previous published data (Fakhar-e-Alam et al. 2010). A vehicle for drug carrier is
required for administration of a hydrophobic agent, e.g., a liposome suspension or
an oil-in-water emulsion. Amphiphilic drugs, e.g., BPD-MA, may be administered
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either in aqueous medium or via carrier, e.g., nanoparticles (ZnO, Fe2O3). Lipo-
somes are usually employed for PDT applications in order to facilitate drug cellular
response/uptake. Aqueous vehicles such as Hyskon are employed for topical PDT
with ALA (Bellnier and Dougherty 1996). The aqueous solubility of a PDT drug and
its interactions with serum proteins and biological membranes are important factors
in the pharmacokinetics of drug delivery (Bellnier and Dougherty 1996).

Photosensitizers in Photodynamic Therapy

The pharmacokinetics/uptake and efficacy of mentioned photosensitizers (heme and
Porphyrin like photosensitizers) have been proved in the USA, China, and Germany
as a PDT drug for the treatment of late stage esophageal cancer (1995) and early stage
lung cancer (1998). The mentioned drug (PS) has been in Canada for the treatment
of recurrent bladder cancer in Japan for early stage lung, esophageal, gastric and
cervical cancer aswell as cervical dysplasia in theNetherlands andFrance for advance
esophageal and lung cancers and in Germany for early stage lung cancer. These
approvals motivated the inspiration of drug (PS) in the field of clinical PDT. There
are marvelous number of clinical trials around the world testing the efficacy of PDT
with several new developing photosensitizers as a primary or an adjuvant therapy
for the treatment of variety of cancers as well as for local infections, e.g., actinic
keratosis (A. K), cutaneous leishmaniasis (CL), and macular degeneration (Jeffes
et al. 1997). The member of this porphyrin family acts as an ideal photosensitizer
from an experimental as well as clinical point of view due to its photobleaching
capability, high uptake in tumors, quick secretion from normal/healthy cells and
successful therapeutic results (Mang 2004). The aforementioned drug has been used
to treat a variety of malignancy/tumors in the past including choroidal melanomas
(Schmidt-Erfurth et al. 1994), lung carcinoma (Furuse et al. 1993), brain tumors
(Whelan et al. 1993), and breast cancers (Xue et al. 2001). Currently, Photofrin®

has been employed for the successful treatment of human gliomas and in preclinical
animal experiments (Whelan et al. 1994). The drug appears to be efficient, reliable,
active pain-free, safe, and non-toxic (Xue et al. 2001). Photofrin® is not a single
chemical entity. It is a mixture of oligomers formed by ether and ester linkages of
up to eight porphyrin units. Molecular formula of Photofrin® can be expressed as
C68H74N8O11 for n = 0.

The major limitation in the treatment of cancer by the PDT method is quench-
ing of fluorescence by chromophores, blood and normal tissues that hold the data
acquisition and recording of the fluorescence radiographically or photographically.
Therefore, radioactive labeled porphyrins with gamma emitters of short half-lives
were suggested to be better alternative for tumor detection (Bases et al. 1958; Thaller
et al. 1983; Fawwaz et al. 1990; Georgakoudi et al. 1997; Dougherty et al. 1998)
(Fig. 4.3).
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δ-Aminolevulinic acid (ALA, Levulan®) is the biosynthetic precursor of all por-
phyrins in nature. In the animal pathway, two molecules of ALA condense to form
porphobilinogen (PBG), followed by the reaction of four PBGmolecules and several
decarboxylation steps to form protoporphyrin PpIX (Khursid et al. 2010). ALA is a
promising second photosensitizer has been evaluated as an inducer of photodamage
on different malignant cell line (RD, HepG2, Hep2C, HeLa, melanocytes). It is a
prodrug and acts as a starter in the biosynthesis of heme group. It is the first interme-
diary in the biosynthesis of protoporphyrin IX (PpIX) and of the heme group. Many
researchers proved in their published data that the concentration of PpIX in malig-
nant cell line is higher as compared to normal cell line because in cancerous cells,
the excess of low-density lipoproteins (LDL) receptors and enzyme which converts
PpIX to heme has been found to be reduced. In experimental studies, optimal con-
centration of mentioned PS, irradiation time, various combinations of PS and light
doses has been traced by investigating effective PDT outcome in research as well as
clinical point of view (Atif et al. 2009; Peng et al. 2001). Its molecular structure and
HAEM reaction are shown in Figs. 4.4 and 4.5 (Grossweiner et al. 2005).

In literature survey, it has been complied that 5-ALA, i.e., second-generation pho-
tosensitizer induces apoptosis in humanmalignant cell lines after conversion in PpIX,
undergoing multiple molecular mechanisms, e.g., mitochondrial and nuclear DNA
damage (Khursid et al. 2010), mitochondrial release of cytochrome C (Kriska et al.
2005), apoptosis-inducing factor (AIF) for caspase-independent apoptosis, endo-
plasmic reticulum stress, decrease in Bcl-2, Bcl-Xl, and activation of caspase-9 and

Fig. 4.4 PROTOPORPHYRIN IX” to synthesize the HAEM
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Fig. 4.5 Absorption
Spectrum of Photogem®

(results obtained newly
developed materials by
Fakhar-e-Alam and Arslan
Mahmood)

caspase-3 (Grebenová et al. 2003; Furre et al. 2005). Moreover, ALA-PDT causes
cytoskeletal changes in human carcinogenic cells (Uzdensky et al. 2005). Some
researcher analyzed that mitochondria play a key role in the metabolic pathway to
cell death either bymitochondria proteins involved in the cell killingmechanism (cell
apoptosis) or by the loss of functionality resulting in ATP depletion. Thus mitochon-
drial damage is suspected to be themajor cause of phototoxicity (Bernardi et al. 1999;
Morgan and Oseroff 2001). In one of our studies, we have studied/tested the effec-
tiveness of 5-ALA-PDT for triggering of apoptosis in rhabdomyosarcoma cells and
explored the multiple but complex mechanisms involved in this process (Karmakar
et al. 2007). The preferential uptake of 5-ALA in the tumor is reported for the intense
metabolic activity of carcinogenic cells and to the confined capacity of ferrochelatase
to convert porphyrins in heme. ALA-PpIX or other photosensitizer mediated PDT
produces oxidative insult to tumor cells, thereby leading to the initiation of cell death
mechanisms through necrosis/apoptosis. Our group performed series of experiments
for determination of optimization and efficacy of ALA-mediated PDT using dif-
ferent malignant cell lines as an experimental model. Different steps of 5-ALA to
HAEM reaction are shown in Fig. 4.4. Furthermore, in our previous study synthe-
sized the “PROTOPORPHYRIN IX,” now by using the PROTOPORPHYRIN IX”
to synthesize the HAEM.

The production of 5-ALA-PpIX has been investigated by many research experts,
which are almost 6 h in case of in vivo study (Fakhar-e-Alam et al. 2010). A promis-
ing approach in PDT involves the exogenous administration of 5-ALA which is
naturally occurring compound present in malignant cells, e.g., mammalian cells that
can be metabolized to a porphyrin photosensitizer, PpIX via the heme biosynthetic
pathway (Bourre et al. 2008). A significant drawback to ALA-PDT is also included
along with tremendous advantage, ALA is zwitterions at physiologic pH resulting
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in low lipid solubility and limiting passage through biological barriers, e.g., cellu-
lar membranes. To overcome this problem, several chemical approaches have been
attempted to improve the accumulation of ALA and also its selectivity in the tumor
greater amount as compared to healthy cells with a ratio of 3:1. One approach has
been to use more lipophilic ALA derivatives, such as alkyl or ethylene glycol esters,
which are potential substrates for cellular esterases (Kloek and Beijersbergen 1996;
Berger et al. 2000), or different delivery systems including dendrimers (Battah et al.
2001; DiVenosa et al. 2006; Battah et al. 2006) or liposomes (Casas et al. 2002; Casas
and Batlle 2006). For the determination of effectivity of ALA-PDT and drug uptake
into different cell lines (malignant) has been explored by many research scholars
(Tsai et al. 1999). The potential usefulness of ALA for PDT of tumors has been
demonstrated in vivo (Kennedy et al. 1990; Kennedy and Pottier 1992; Messmann
et al. 1995) and human studies (Loh et al. 1993; Cairnduff et al. 1994). As a clin-
ical trial, ALA-PDT has been used systematically, e.g., intravenous/intraperitoneal
and topical (in the form of cream) in case of nodular BCC and superficial basal
cell carcinomas (BCC) (Ikram et al. 2011). Its treatment response in terms of BCC
was significant ≈90%, but insignificant achievement has been got in the treatment
of nodular BCC, which is ≈45–60%. But the major drawback for ALA uptake is
the permeability of cell membrane and active immune system which allows the
multidrug resistance (MDR) like characteristics. The mentioned disadvantage has
been dissolved by tracing the ALA esters, which having a capability of increased
lipophilicity have therefore been accomplished in order to increase the penetration
depth of the precursor and efficacy of 5-ALA useful in clinical practice as well as in
the field of PDT. Preclinical studies developed the concept that 5-ALA esters induce
PpIX more efficiently by applying/practicing the given drug in case of topical appli-
cations, than 5-ALA [76, 77]. Discriminate transport/uptake systems usually serve
for cationic, zwitterionic, and anionic amino acids in different cell lines specifically
in mammalian cell type which has been analyzed by many research scholars (Peng
1996; Rud et al. 2000). It has been reported by many PDT experts that PpIX uptake
depends on the levels of key enzymes of porphyrin biosynthesis, e.g., ferrochelatase
and porphobilinogen deaminase in the carcinomas/tumors (Christensen 1985). Fur-
thermore, the availability of iron also plays a vital role in the enhancement of PpIX
production level in tumor and normal tissue (Kondo et al. 1993; Hinnen et al. 1998).
The most advantageous effect/versatility of ALA is that it has been successfully
used in the diagnosis and treatment of neoplastic tissue along with local bioinfec-
tions. ALA itself is not a photosensitizer (PS), but serves a biological precursor in
the heme biosynthesis pathway (Gardner et al. 1991; Peng et al. 1997a, b, c, d).
The potential applications of ALA-PDT in the treatment of tumors have been mani-
fested in vivo model (Kennedy and Pottier 1992; Messmann et al. 1995) and human
studies (Mlkvy et al. 1998; Soler et al. 2000; Friesen et al. 2002). But along with
tremendous advantageous effect of different drugs, not free from drawbacks, i.e.,
side effects of cutaneous photosensitivity of some PS’s are commonly found in the
clinical trials of PDT. The advantage of ALA-PDT is that it having less prolonged
photosensitivity or cumulative toxicity as compared to other PS’s, e.g., Photofrin
(Kennedy et al. 1996). ALA can be administered topically as well as orally, but the
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most preferable choice for superficial lesions in skin as well as local infection and
oral cavity. The developing evidence in topical application of ALA-PDT is an effec-
tive as systematically administered 5-ALA, resulting in a significant response rate
with excellent healing and little to no scarring of the treated site (Rhodes et al. 1997;
Kübler et al. 1998; Gerscher et al. 2000). Matchable statement has been quoted by
many research experts that the accumulation of photosensitizer (PS) in tumor cells
is so much high as compared to surrounding normal tissue, due to high uptake tumor
cells which were selectively destroyed compared to normal cells (Peng et al. 1997a,
b, c, d). The effectiveness of PDT depends upon both amount of PpIX production
along with its relevant light dose. Time of span for production of intracellular PpIX
levels by applying exogenous 5-ALA administration in different cell lines has been
investigated bymany research scholars (Krieg et al. 2002; Tsai et al. 2004; Zhang and
Zhang 2004). Many PDT experts proved experimentally that ALA-PDT is useful not
only for cancerous, sometimes it is feasible for the treatment of local infections e.g.,
cutaneous leishmaniasis (C. L) (Akilov et al. 2007). There are several other mecha-
nisms involved in tissue damage by photodynamic effects. An initial destruction of
the vascular system and the intracellular matrix is followed by hypoxia, which leads
to the production of reactive oxygen species especially oxidative products with type
1 reaction, resulted in cell death via mitochondria-damaging process/vascular injury.
It is assumed that the vascular damage would have less effect in PDT for cutaneous
leishmaniasis (CL) as compared to PDT against tumors with their abundant vascu-
larity (Luksiene 2003; Vishwanath and Takashima 2007). ALA, a non-fluorescent
drug, has been used as a precursor to the fluorescent photosensitizer protoporphyrin
IX (PpIX) which acts as keystone in the field of PDT. Conversion of PpIX happens
under irradiation of visible light especially 630 nm of red light, triplet oxygen (3O2)
to singlet oxygen (1O2), which initiates the induction of abnormal cell death, the
expectation of efficient results of ALA depends upon the accumulation of PpIX into
targeting cell/tumoral tissue (Kennedy and Pottier 1992; Dougherty et al. 1998; Col-
laud et al. 2004). ALA-PDT having great importance not only in the field of research
also plays an important role in clinical treatment too, especially in effective treatment
of superficial basal cell carcinoma (BCC) (Kopera et al. 1996; Rifkin et al. 1997;
Loncaster et al. 2005). Porphyrins act as keystone not only as a prerequisite for heme
synthesis, but also in the approach to the treatment or cancer detection by applying
various novel techniques one of them is the photodynamic diagnosis (PDD) using
fluorescence dye material for detection (Kennedy et al. 1990; Moan and Berg 1992;
Gahlen et al. 1999). The metastasis process involves the detachment and infiltration
of the cells from original primary tumor. Firstly, the malignant/abnormal cells have
to penetrate to blood and lymphatic vessels. The circulating cells can then migrate
through the cell wall vessels to surrounding tissues. Secondly, the cell released from
primary tumor settle, adhere, proliferate, and induce angiogenesis. Some experts
reported that PDT having promising preference over other conventional therapies act
as successful candidate for suppression of metastasis (Gomer et al. 1987; Schreiber
et al. 2002; Lisnjak et al. 2005). In addition, absorption spectrum of Photogem®.
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Role of Nanomaterials in Photodynamic Therapy

Some specific nanomaterial has a great importance in the field of biomedical applica-
tions due to its cytotoxic effects. Such compounds possess attractive features for the
development of new technology of medical diagnostic procedures and drug delivery
system. Nanomaterials interact with proteins and enzymes in human cells medi-
ating through antioxidant defense mechanism leading to reactive oxygen species
(ROS) generation, resulting in inflammatory response and destruction of the mito-
chondria/DNA damage, causing apoptosis or necrosis. Nanowires (ZnO and MnO2)
and nanoparticles (Fe2O3) contain several properties to play a dominant role in their
enhanced magnetic, electrical, optical, mechanical, and structural effects on human
cells (Christofori 2006). The results of the given articles describe that cell toxi-
city is dose and incubation time dependent. In addition, ZnO nanoparticles with
size of 70 nm and 420 nm liberates the significant ROS fluorescence and loss in
cell toxicity (82% loss for 70 nm, 72% loss for 420 nm) in human lung epithelial
cells via cell membrane leakage, ROS production, reduced GSH levels, increased
LDH levels, lipid peroxidation as well as oxidative DNA damage (Ferreira et al.
2006; Soikkeli et al. 2015). Steep response template/pattern was observed with other
metal oxides. P. J. Moos et al. are of the opinion, cell toxicity of RKO cells is time
and concentration of nanoparticles—cell contact dependent, but independent of the
amount of Zn in cell culture media. In addition, nano-sized ZnO (nZnO) particles
owing more cytotoxic as compare to micro-sized ZnO (mZnO) nanoparticles in cell
lines. The multiple factors are involved in cell death mechanism, e.g., disruption
of mitochondria function, loss of mitochondrial function, increase in generation of
superoxide’s ions, Annexin V staining and robust markers of apoptosis. Moreover,
the impact of particle size, structure, and dimension of ultrafine nanoparticles on
cell toxicity is still query in recent studies, but the correlation of cytotoxicity with
size of macrophages exposed to silica particles was investigated bymany researchers
(Semelka et al. 2016). It is under debate that the ultrafine nanoparticles dietary metal
oxides, e.g., ZnO, have chronic effects on the colon. Ingestion of large amounts of
ZnO has been demonstrated by many investigators. Ultrafine nano-oxides can cause
gastroduodenal corrosive injury in humans without systemic toxicity. Inhaled ZnO
can cause pulmonary toxicity but minimal toxicity to other organs (Kaushik et al.
2008; Ghaghada et al. 2009; ZubairIqbal et al. 2015; Kanal 2016; Tomonori Kanda
et al. 2016; Liza and Valappil Mohanan 2016; Frangville et al. 2016). Increased
consumption of fine and ultrafine particulate matter is hypothesized to exacerbate
inflammatory bowel disease (Fakhar-e-Alam et al. 2017a; Shaheen et al. 2017a, b;
Fakhar-e-Alam et al. 2017b). The original finding/real picture is still not clear.
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Role of Magnetic Nanoparticles for Photothermal Therapy

Revolution of nanotechnology opens new horizons and contributes significantly in
the field of biomedical and clinical applications. Nanotechnology is the emerging
field which utilizes the novel materials and device for controlling and development of
chemical and physical mechanisms at atomic and microlevel scale with one dimen-
sion within range of nanometer scale. Biotechnology deals with metabolic and phys-
iochemical response of biological organisms. The mutual combination of these tech-
nologies, e.g., nanobiotechnology, plays a key role for development and employs
several cherished tools for quality of life. According to the NIH report, every year
7.6 million out of 68 million causalities happened due to various types of cancer.
After the successful development of ultrafine Fe3O4 nanoparticles, it will be possible
to recognize and treatment of liver cancer, whichmight be significant contribution for
survival of cancer patient life. Photothermal therapy and photodynamic therapy are
non-invasive treatment modalities which need desired nanoparticles along with exci-
tation wavelengths of light. The basic idea of photothermal therapy is to take desired
drug/nanoparticles and produce hypothermia conditions after successful demonstra-
tion of photothermal effect. Initially, the significant biodistribution/pharmacokinetics
of photothermal responsible nanoparticles toward targeted site is the key factor. After
suitable biodistribution of iron oxide nanoparticles/Gd-doped Fe3O4 nanoparticles
the optimal wavelength of NIR light, e.g., 808 nm of wavelength required for optimal
photothermal reactions. The internal temperature of tissues/organ tends to 106 °C or
larger than this temperature then hyperthermia condition reached finally cell killing
mechanism convolutedwithin territory of cancerous/malignant (Soikkeli et al. 2015).

Iron oxide nanoparticles (IONPs) are very exciting materials for liberating hyper-
thermia and very excellent materials for their wide range of biomedical applica-
tions. Current project highlights the basic concept of photothermal therapy, mag-
netic hyperthermia therapy, photodynamic therapy, and magnetic resonance imag-
ing. This project also elaborates the basic concepts, various therapy approaches (PTT,
PDT, magnetic hyperthermia therapy (MHT), chemotherapy and immunotherapy),
intrinsic properties, and mechanisms of cell death of IONPs; it also provides a brief
overview of recent developments in IONPs, with focus on their therapeutic appli-
cations. Much attention is devoted to elaborating the various parameters, intracel-
lular behaviors and limitations of MHT. Bimodal therapies which act alone or in
combination with other innovative treatment modalities. Meanwhile, IONPs can be
exploited for imaging-guided delivery and multimodal theranostics, 19 where more
than one cancer modality is combined, such as PTT, PDT, MHT, chemotherapy,
and immunotherapy. Tailored design of magnetic NPs is crucial to determine the
effectiveness of NPs for a desired biomedical application (Gu et al. 2015; Semelka
et al. 2016). The synthesis, surface functionalization, and tumor targeting strategies
of magnetic NPs are discussed elsewhere.
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Magnetic Resonance Imaging (MRI)

It is a powerful cancer/local infectious diagnostic technique inwhich strong powerful
magnets, radiowaves, and computers used to construct the detailed pictures of the
body. Unlike X-rays, computed tomography (CT) in this type of diagnostic technique
MRI does not use any ionizing radiation. Principle of MRI is “water protons in all
over the body” when strong magnetic field is applied to targeted area, these water
protons are aligned and through computer software the image of internal structure
can be drawn under resonance effect. The versatility of this imaging technique is
to diagnose any type of cancer, e.g., lung cancer, kidney, head and neck cancer,
pancreatic, and liver cancer.

In addition, their aqueous colloidal stability, with low toxicity and excellent self-
heating efficacy, makes nanomaterials suitable for the PTT and PDT treatment of
cancer,while their luminescent entity canbebeneficial to identify the location ofmag-
netic nanoparticles during in vitro cellular imaging. Although most FDA approved
MRI contrast agents, such as Gd (III) complexes and some superparamagnetic iron
oxide (SPIO) agents, have an excellent research track record due to simple, economi-
cal, well-established technique and reliable data providing portable instrumentation,
there are some serious acute/invasive problems of kidney/renal dysfunctions and
ischemia in patients. In addition, these contrast agents have a tendency to cause
nephrogenic systemic kidney disorder (Soikkeli et al. 2015)

The Gd-loaded liposomes have drawn a significant attention in tumor diagnosis
as they are efficient MRI contrast agents with significant dispersion stability, optimal
size, and high zeta potential for tumor targeting, with favorable imaging properties
along enhanced relaxation time. A severe challenge, that limits the potential of Gd
as MRI contrast agent, is desirable specificity and efficiency in targeted sites. The
stable gadolinium-based contrast agents (GBCAs) are believed to be safe and suit-
able for MRI, but the controversy of GBCAs as a safe drug still exists, particularly
among patients with renal/kidney problems (Semelka et al. 2016). Subsequently,
Kanal (2016) reported the short-term and long-term safety issues of intravenous
gadolinium-based contrast agents (GBCAs) and their possible solution (Kanal 2016).

Recently, the use of MRI contrast agents is being minimized due to a revolution
in the technology, and the applications have shifted to organic radicals (Kanda et al.
2016). Thus, the trend toward organic nitroxide radicals in basic research has acceler-
ated in the last three decades. However, the rapid reduction of nitroxide free radical
via hydroxylamine in the presence of natural reductants, such as ascorbic acid, is
a serious problem that has not been resolved to date. Consequently, the research is
underway to overcome this problembyutilizing the appropriate bonding arrangement
of some chelating ligands in the natural reducing agent (Ghaghada et al. 2009).

Well-stabilized form of iron oxide nanoparticles with dextran (DIONPs), a
potential candidate for hyperthermia treatment, led to oxidative stress of prema-
lignant/human blood lymphocytes and malignant tissues/cells due to their ultrafine
size and magnetic susceptibility, while their individual form may be useful for MRI
techniques (Liza and Valappil Mohanan 2016).
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Synthesis and modification of PEG derivatives are easily adapted for the coating
of metallic and oxidic substrates. A copolymer consisting of a negatively charged
poly (acrylic acid) (PAA) is the backbone to which PEG side chains could be grafted.
Since Gd-doped iron nanostructures can be stabilized in solution via negative sur-
face charges, as in most colloids, they should readily adsorb to positively charged
surfaces via electrostatic interaction. Accordingly, the synthesis of the PEG-co-PAA
biopolymer can be carried out in aqueous solution at room temperature as the copoly-
mer spontaneously adsorbs to positively charged surfaces. However, there have been
no reports on the combination of magnetic properties with bipolymer conjugated
gadolinium-doped iron nanostructures (Frangville et al. 2016).

A novel strategy presented for the preparation of polymer blend of inorganic
various morphology involving nanospheres within the range of 25–37 nm of Iron
individual and their composite with gadolinium owing/having various morphol-
ogy, e.g., nanospheres, nanostarts, and nanorods in the presence and absence of
novel effective photosensitizers/chemical agents. Co-polymer blend of inorganic
and photosensitizers have examples such as PEG-co-PAA-encapsulated Gd-doped
Fe-NPs/Chlorine (e6), PEG-co-PAA-encapsulated Gd-doped Fe-NPs/5-ALA, and
PEG-co-PAA-encapsulated Gd-doped Fe-NPs/Foscan®. Results provide not only an
easy approach to accomplishMRI and treatment analysis of tumor cells, based on the
over-expressed intracellular GSH level, but also gives a new insight into the design
of activated MRI/NMR nanoprobe along with its multimodal therapeutic applica-
tions. In addition, this novel strategy recommends the immune boost up and tumor
suppressed scheme which of course big break proves to be as milestone in the field
of biomedical research.

Synthesis and Characterization of PEG-co-PAA Blend
of Gadolinium-Doped Iron

A hydrophilic route and hydrophobic chemical route were adopted for successful
fabrication of PEG-co-PAA blend of Gd-doped iron (Kaushik et al. 2008; Zubair
Iqbal et al. 2015). The prime task of this novel approach was getting idea of magnetic
resonance imaging (MRI) and photodynamic therapy (PDT) as well as immune
therapy using versatile nanocapsule as schematic is shown in Scheme 1. This idea
assisted a lot to overcome the deficiency of significant drug nanoparticle ligand
along with bipolymeric compound, i.e., PEG-co-PAA blend with Gd-doped iron
conjugated with three various efficient photosensitizers (chlorine e6, 5-ALA, and
Foscan®). In this experimental technique, very novel and comprehensive synthesis
scheme was employed for achieving the various morphology of Gd-doped iron oxide
nanoparticles forMRI and PTT applications. In addition, the importance ofAu doped
TiO2 doped with DOx for PDT mechanism was elaborated. In addition, no such
concept of bipolymeric form of organic blend with inorganic form along with drug
was used for first time toward biomedical applications.
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Scheme 1 Graphical flowchart of experimental strategy (prime task of this novel approach was
getting idea of magnetic resonance imaging (MRI) and photodynamic therapy (PTT) as well as
immune therapy used to treat the cancer) (new develop)

Figure 4.6 depicts the scanning electron (SEM) morphology of Gd-doped Fe
nanospheres. SEM analysis shows that the average diameter of both Gd and Fe
nanospheres between 25 and 37 nm and which is below 40 nm (indicated by mark-
ing some nanospheres) as shown in Fig. 4.7a. The spheres are agglomerated shape
and the surface is highly porous. SEM and EDS analysis confirms the desired mor-
phology and Gd–Fe blend in nanostructure pattern. These nanospheres were investi-
gated by energy dispersive spectroscopy (EDS) to determine the elemental compo-
sition of these spheres. The EDS analysis shows that Fe is the main constituent and
the presence of Gd peaks confirms doping. Other shoulder peaks appeared due to
solvothermal constituent’s compounds consisting of ferric and ferrous chloride and
gadolinium chloride drop-wise solution addition. In addition, the dominant peaks of
Fe, Gd were seen in EDS analysis as depicted in Fig. 4.7b. For more details about
the morphology of Gd-doped iron NPs, SEM images of said discussed particles are
shown in Fig. 4.7c–e, g. In all above SEM images, the nanoparticle size lies between
30 and 50 nm which is fit for biomedical analysis of magnetic resonance imaging,
immune therapy as well photodynamic therapy. In recent submitted article by our
group, iron composite with black titiana, manganese, and organic free radical blend
with iron were employed toward MRI and therapeutic applications as MRI contrast
agent and PDT and PTT photosensitizing agent.

Gd nanostructures with three different shapes: Nanospheres, nanostar, and
nanorod are shown in low magnification TEM image (Fig. 4.7a–c). Figure 4.7a–
f shows TEM image of multifarious morphology of gadolinium, e.g., gadolinium
nanospheres (Gd NSps), gadolinium nanostars (Gd NSts), gadolinium nanorods (Gd
NRds) having scale bar of 50 nm. It is cleared from TEM image that the nanospheres
of Gd are about 5–8 nm of size, and similarly, the size of the nanostar in the range of
35–45 nm and nanorods size of about 8–10 nm of diameter and 40–45 nm of nanorod
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Fig. 4.6 SEM analysis of Gd-doped Fe3O4 (a, c–e), EDS analysis shown (b and f) high qual-
ity/intensity SEM of Gd-doped iron (Fe3O4) shown (g) (data/results obtained newly developed
materials by Fakhar-e-Alam)

length. In this experiment, very simple and facile method of hydrothermal approach
was employed as described briefly. Combine all above chemicals (FeCl3 · 6H2O
3.45 g, FeCl2 · 4H2O (90%) 3.5 g, oleic acid (90%)-3.5 g, oleylamine (80–90%)-
3.3 g and ethanol absolute-2.3 g) into suitable capacity of beaker. For homogenous,
perform sonication of 10 min and allow it for 20 min of vigorously magnetic stirring.
Now the solution is ready for next step. For the further pursuit of desired nanomate-
rial, place an updated form of chemical solution in hydrothermal reactor Teflon and
the internal empty space of autoclave around Teflon filled with 10 ml ethanol and
5 ml of deionized water. The reaction was continued for 18 h at 180 °C till the few
nanometers of iron oxide Nanostructures (Nanospheres) developed. On the next day,
put off the oven and wait for cooldown of oven reach to room temperature. After
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Fig. 4.7 TEM analysis of a gadolinium spheres (Gd NSps), b gadolinium nanostars (Gd NSts),
c gadolinium nanorods (Gd NRds), d iron (Fe3O4 nanospheres) interfaced gadolinium spheres
(Gd NSps), e iron (Fe3O4 nanospheres) interfaced gadolinium nanostars (Gd NSts), f iron (Fe3O4
nanospheres) interfaced gadolinium nanorods (GdNRds); scale bars 100 nm

thorough examine, the black precipitate can be visualized via naked eye. Wash this
prepared form of iron oxide nanospheres with ethanol twice very gently with the
help of centrifuge having 11,500 rpm for 10 min at room temperature. Now add 97%
of n-hexane C6H14 for perfect dispersion and suitable amount of cyclohexane for
non-polar chain/mixing mode. Now stored it at room temperature the nanomaterial
should be dark brown color. The capping of Gd multifarious morphology on the
surface of iron is obvious from TEM image as sown in Fig. 4.8d–f. All these Gd
nanostructures are attached/dispersed to the surface of Fe nano-ellipsoids as shown
in Fig. 4.7c–e.

+ EDC / 
NHSPAA in pH=6 

Buffer

Activation

Activated PAA

+
PE

+ NaOH

Titration to pH=8.2

PEG-co-PAA

Fig. 4.8 Capsulation of bipolymer blend on surface of Gd-doped iron oxide nanospheres (synthesis
scheme new develop)
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The optical characterization has been done using UV/VIS/NIR (PerkinElmer
Lamda-19 spectrophotometer). It is clear that Iron oxide NPs having sonly one
shoulder peak but in case of Iron blend with Gd nanomorphology one shoulder
peak between 200 and 300 nm of wavelength is very prominent and second peak
which lies between 300 and 400 nm of wavelength tries to develop, which confirms
the successful formulation of iron-Gd-doped form. Development of new form of
peak toward visible region is a sign of excellent outcome of photodynamic therapy
reaction whose wavelength usually lies in the region of visible wavelength. These
techniques are especially useful for iron oxide NPs and Gd-doped iron oxide NPs
due to actively involvement of biomedical (therapeutic) and diagnostic MRI appli-
cations. Size/morphology along with crystallite plays a key role in clinical practice
as well as medical novel modalities.

After successful fabrication of desired morphology of Gd-doped iron oxide NPs,
the main task was capsulation of PEG-co-PAA on the surface of Gd-doped iron.
After successful growth of polymer-coated iron oxide NPs and polymer-coated Gd
composite with iron oxide NPs, synthesized nanomaterials were tested for feasibil-
ity of PDT, PTT, and MRI applications. For ongoing experiment, multiple 96-well
plates were cultured for exploring the feasibility of toxicity occurring in the presence
of iron oxide NPs and Gd-doped iron oxide NPs alone and conjugation with three
efficient photosensitizers, e.g., chlorine e6, 5-ALA, and Foscan® toward Hela cell
line (cervical cancerous model). It is investigated that alone iron oxide NPs are non-
toxic/biocompatible in the dark and when conjugated with chlorine e6 and Foscan®

show significant toxicity up to 80–90% cell death assessed, which implies that chlo-
rine e6 and Foscan® in the presence of PEG-coated iron oxideNPs not only overcome
the possibility of drug accumulation also produced countable toxicity toward cer-
vical carcinoma, cell viability plot depicted in Fig. 4.10a, b (Fakhar-e-Alam et al.
2011a, b, c; Zubair Iqbal et al. 2015; Boix-Garriga et al. 2015; Shaheen 2017a, b;
Fakhar-e-Alam et al. 2017a, b).

From Fig. 4.9a, b, the same trend in the loss in cell viability was seen with the
difference in 5-ALA relevant cell viability loss. In case of PEG-coatedGd-doped iron
NPs, only the steeply tumbling behavior of cell viability loss was noted. When Hela
cells were exposed with PEG-coated Gd-doped iron NPs conjugated with chlorine
e6 or Foscan®, the trough hump in the cell viability plot was recorded, which implies
that initially the critical cell loss was assessed but after a certain uptake, and some
Hela cells shows resistance against ligands uptake and start reproduce from dead
population factor (Fakhar-e-Alam et al. 2011a, b, c) (Fig. 4.9a MTT assay).

Modeli = P1 ∗ x2 + P2 ∗ x + P3 (1)

where model has four options as shown in the figure = {1, 2, 3, 4}, x is PEG-doped
iron oxide NPs and P1, P2, P3 are extracted from least square errors method as
shown in Table 4.1.
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Fig. 4.9 a Cell viability of Hela cell line when labeled with PEG-coated iron oxide NPs by MTT
assay. b%Cell viability of Hela cell line when labeled with PEG-coated Gd-doped iron oxide NPs
by MTT assay
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Table 4.1 Number of different constant values used in the model given in Eq. 4.1 and extracted
through least square errors method along with the indicators of fitness of the curve

P1 P2 P3 SSE R-square Adjusted
R-square

RMSE P-value

Model1 2.617e−05 −0.03999 98.06 0.335 0.9966 0.9943 0.3342 4.46e−06

Model2 −6.234e−06 0.02203 5.803 1.902 0.9866 0.9776 0.7962 6.79e−05

Model3 7.327e−05 −0.133 101.5 28.91 0.9842 0.9736 3.104 9.44e−05

Model4 1.197e−05 −0.0151 14.7 0.5813 0.9264 0.8774 0.4402 0.002082

Model1 = PEG + FeNPs; Model2 = PEG-doped FeNPs + chlorine (e6); Model3 = PEG-doped FeNPs + ALA;
Model4 = PEG-doped FeNPs + Foscan. Data relevant to Fig. 4.6b

Table 4.2 Values of different constants used in the model given in Eq. 4.1 and extracted through
least square errors method along with the indicators of fitness of the curve

P1 P2 P3 SSE R-square Adjusted
R-square

RMSE P-value

Model1 4.109e−05 −0.05812 102 35.76 0.8133 0.6888 3.453 0.013984

Model2 −9.807e−06 0.02552 4.435 22.15 0.8571 0.7619 2.717 0.008049

Model3 2.489e−05 −0.06962 82.3 19.68 0.9822 0.9704 2.562 0.000119

Model4 2.201e−05 −0.02908 19.92 2.141 0.9352 0.892 0.8448 0.001611

Model1 = PEG Gd-doped + FeNPs; Model2 = PEG Gd-doped FeNPs + chlorine (e6); Model3 = PEG
Gd-doped FeNPs + ALA; Model4 = PEG Gd-doped FeNPs + Foscan. Data relevant to Fig. 4.6b

Model presented is same as described in Eq. 4.1. The model has four options as
shown in Fig. 4.6b and Table 4.2, i = {1, 2, 3, 4}, x is PEG-coated Gd-doped iron
oxide NPs and P1, P2, P3 are extracted from least square errors method as shown
in Table 4.2 (Figs. 4.10 and 4.11).

By analyzing the data via empirical modeling of statistical approach of experi-
mental data, it is obvious that experimental data and empirical modulated data show
very worthy agreement. It is investigated and provides by model, maximal/severe
toxicity was recorded in case of PEG-coated iron and PEG-coated Gd-doped iron
when conjugated with chlorine e6 or Foscan®. Empirical model fitted curve with
experimental plot was shown in Fig. 4.6a, b (Fakhar-e-Alam et al. 2011a, b, c) [131–
132]. Some overview of schematic illustration is shown in Fig. 4.12 (WaseemAkram
and Fakhare-Alam 2018).

But product may be useful for multimodal applications, i.e., magnetic resonance
Imaging (MRI), immune therapy (experiment conducted with normal cells) as well
as photodynamic therapy (PDT) in a single uptake which has been already proved by
conducting the series of relevant experiments for results confirmation. Single form of
nanostructure for trimodal purpose (MRI, immune therapy and PDT) is the novelty
of these nanosystems.

For further step of experimental scheme, MCF-7 cells were cultured on suitable
conditions and environments (having 10%FBS, 5%CO2, 37 °C and in the presence of
penicillin and streptomycin). Foresaid cells were administered to different concentra-
tions of PEG capped Gd-doped iron NP individual and conjugated with chlorine e6,
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Fig. 4.10 a Empirical modeling of Hela cells when incubated with PEG coated with iron oxide
NPs. b Empirical modeling of Hela Cells when incubated with PEG coated with Gd-doped iron
oxide NPs

Foscan, and 5-ALA. In addition, very outstanding correlation morphology of treated
cells was obtained when exposed with chlorine e6 and Foscan® and is depicted in
Fig. 4.13c control MCF-cells and MCF-7 cells treated with PEG-capped Gd-doped
Iron + 5-ALA shown from Fig. 4.13b, MCF-7 cells treated with PEG-capped Gd-
doped iron + chlorine e6 and MCF-7 cells were treated with PEG-capped Gd-doped
iron+ Foscan® from Fig. 4.13c, d, respectively. Furthermore, iron NPs or Gd-doped
iron NPs alone does not evoke significant cell toxicity at recommended/suitable
concentrations toward MCF-7 provided that exposed in the dark without any drug
labeling agent. This novel experimental strategy will not demonstrate and overcome
the problem of cancer diagnostic also useful for treatment modality. It is investigated
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Fig. 4.11 Schematic illustration of iron oxide NPs for photochemical reactions and empirical
modeling implementation (new develop)

Fig. 4.12 Microscopic view of cancerous cells stained with various concentrations of nanoparticles
and drug



148 M. Fakhar-e-Alam et al.

Fig. 4.13 Cell mitochondria stained with mitotracker for ROS analysis (from Fig. 4.14, it is obvi-
ous that reactive oxygen species (ROS) fluorescence is being increased after significant chemical
reactions which leads to synergisticity of singlet oxygen + free radicals and as resulted of cell
death.)

that PEG-coated Gd-doped iron NPs alone should be useful for MRI (MRI contrast
agent as T1 and at low concentration as T2), but demonstrated the unique properties
in addition of two efficient photosensitizers (chlorine e6 and Foscan®).

Toxicity of Gd-doped iron conjugated with chlorine e6 and Foscan® was con-
firmed by staining mitochondria using mitotracker dye. From Fig. 4.8, it is obvious
that reactive oxygen species (ROS) fluorescence is being increased after significant
chemical reactions which leads to synergisticity of singlet oxygen + free radicals
and as resulted of cell death. In first snapshot very faint/superficial ROS fluorescence
were visualized but it increases as far as liberation of reactive oxygen species stimu-
lated as shown in figure (Fig. 4.14b–d). Similar kind of study has already conducted
and reported by [136–138]. After careful investigation of cell/tissue analysis and
conducting series test of experiment, e.g., cell viability by MTT assay [139–140],
cell morphology analysis, ROSfluorescence, mitochondrial membrane potential test,
nanoparticle-drug distribution test, and histopathological results of breast tissue anal-
ysis, it is confirmed that chlorine e6 and Foscan are very potential candidates for
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Fig. 4.14 Drug peak in in vivo tissue analysis

breast cancer treatment and very efficient toward MRI applications in the presence
of Gd blend with iron oxide nanoparticles.

Three animals (Dawley rats) were quantified for each group of PDTmeasurement,
initially their optimization parameters, i.e., optimal dose/concentration of each rele-
vant nanoparticles alone/complex ligands form of disperse solution, PDT absorption
light suitable dose and wavelength selectivity, time of light irradiation, etc. were ana-
lyzed for suitability of excellent outcome. The results obtained from the histopatho-
logical analysis of the animal model (Fig. 4.15). It is obvious from the results that in
case of nanoparticles conjugated with chlorine e6 and Foscan® very acute cell apop-
tosis/necrosis was attained as 1.15 (b, c and e, f), the detail information regarding
control cells and various concentration of PEG-coated iron oxide and PEG-coated
Gd-doped iron oxide NPs. Furthermore, precise measurement of PEG-coated iron
oxide/Gd-doped iron oxide toward animal studywas confirmed by animal γ (gamma)
chromatography. This is more reliable and precise form measurement of nanoparti-
cle/drug accumulation study. Our recent published data concluded that many novel
materials are useful forMRI and photodynamic therapy applications (Fakhar-e-Alam
and Butt 2018; Waseem Akram and Fakhare-Alam 2018). The scientific analogy of
conjugations iswhen any drug nanoparticles ligand is employed for toxicitymeasure-
ment into mimic model of breast cancer/tissue phantom, there are three possibilities,
either nanoparticle-drug complex cancel each other effect or enhance the possible
mechanism of toxicity/necrotic producibility or no response/interaction each other
effects.

In this case when iron oxide/Gd-doped iron oxide were labeled with chlo-
rine/Foscan their toxicity enhanced but opposite in case of 5ALA, only chlorine
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Fig. 4.15 Histopathological analysis of cancerous tissue model (for confirmatory test, four groups
of animal models were employed to check the toxicity and phototoxicity effects of optimized
parameters of PEG-coated Fe, PEG-coated Fe + 5ALA, and PEG-coated Fe + chlorine e6 and
Foscan®)

e6 and Foscan claims significant outcome which may be in the future very helping
for overcoming the huge causalities due to breast/cervical cancer.

Magnetic Resonance Measurements with Clinical MRI

The relaxation times (T1, longitudinal; T2, transversal) as well as relaxivities (r1, r2)
of individual and conjugated magnetite nanoparticles (Gd-Fe3O4) were examined at
different field strengths, i.e., 1.5T. Relaxation times (T1 and T2) values of MNPs
were calculated with the help of a clinical MRI instrument at 1.5T Field. Standard
“birdcage” head coil was used throughout the experiments. The temperature in the
magnet room was 20.1 °C. The diluted samples (25 mL) were placed in a plastic
box filled with water. T1 and T2 were calculated for Gd-doped iron nanoparticles
with different concentrations (1, 2.5, 5, 7, and 10 mg Gd-Fe3O4/L). According to
the theory [10 c], the relaxation rates (1/T1, 1/T2) are linearly dependent on the iron
concentration. Relaxivities r1 and r2 were then calculated as the slope of the plot of
1/T1 and1/T2 versusGdconcentration in the diluted suspensions ofMNPs to compare
contrast enhancing effect of different coatings. Results are depicted in Figs. 4.16 and
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Fig. 4.16 Gd-doped iron
nanoparticles as contrast
agent (from high
concentration to low
concentration)

H2O
H

L

4.17, respectively. Coefficient of determination (R-squared) was calculated to assess
the goodness of each curve fit.

The novel photodynamic therapy approach based on PEG-co-PAA-decorated Gd-
doped iron oxide nanoparticles pure and PEG-co-PAA-decorated Gd-doped iron
oxide nanoparticles conjugated with chlorine e6, 5-ALA, and Foscan are exciting
material demonstrate the ability of cell killing properties up to maximum via direct
excitation process of two simultaneous therapeutic techniques PDT/PTT. Of course,
there are some significant MDR issues which resolve by decorating nanocapsule
with PEG-co-PAA which enhance free standing drug distribution toward targeted
site of malignancy. It has been explored that even after attempt of manifold treat-
ment modalities (chemotherapy, radiotherapy, phototherapy, and hypothermia ther-
apy) there were some live island of cancerous/malignant tissues were found which
liberate tissue mutation finally leads to poor quality of survival of malignant patient

H2O

Fig. 4.17 Gd-doped iron nanoparticles as contrast agent from (high concentration to low
concentration) (new developed result)
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Fig. 4.18 Schematic diagram of PDT and PTT (preferred for the treatment of cancer)

life. To overcome said mentioned problem, new comprehensive form of experimen-
tal strategy was introduced for demonstrating the perfect treatment PDT/PTT plan
based on synergistic response of Gd-doped iron oxide nanoparticles conjugated with
chlorine e6, 5-ALA, and Foscan which can act as MRI contrast agents that act as
targeting weapon toward malignant cervical tissues. Prime focus of experimental
development is to address and resolve MDR problem, to kill targeted unnecessary
tissue island comprehensively, and online MRI contrast agent facility as schematic
shown in Fig. 4.13. Given figure shown the comprehensive tissue removal by expos-
ing 980 nm of NIR light via ROS liberation as outcome of hypothermia treatment
leads to loss in mitochondrial membrane potential as result of cell death (Fig. 4.18).

Conclusion

Gd-doped nanoparticles such as magnetic nanoparticles were preferred for biomed-
ical applications. Gd-doped iron oxide nanoparticles are the magnetic nanoparticles
and are of great importance because of extensive potential in biomedical applications.
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For instance, these particles are used for treatment of cancer, by using many fields of
biological science like targeted drug delivery, magnetic hyperthermia therapy, MRI
as a contrast agent, controlled drug release process, photodynamic therapy, pho-
tothermal therapy, biosensor technology, drugs delivery, and X-ray imaging process.
All these techniques are more suitable for magnetic nanoparticles. But non-toxic
material for human cells like doped iron oxide nanoparticles is mostly preferred
for all these techniques. Therefore, here much effort has been focused toward MRI
contrast agent along with therapeutic approach. Gd-decorated iron oxide NPs are
obtained/developed by employing direct, facile, and economical synthesis approach.
Firstly, the obtained product, e.g., polyethylene glycol/polyacrylic acid (PEG-co-
PAA)-encapsulated gadolinium-doped iron having multistructural nanomorphology
(Gd-doped Fe-NMPs), was found to be useful in versatile format of biomedical appli-
cations. Prior to PDToutcomefinding the final product of nanocapsule (PEG-co-PAA
decorated with Gd-doped iron oxide NPs) was successfully conjugated with three
various efficient photosensitizers and confirmed by applying diverse variety of ana-
lytic techniques. Histopathological analysis of malignant cells and tissues declared
that PEG-co-PAA decorated with Gd-doped iron oxide NPs complex with Foscan®
not only produce favorable outcome after overcoming the problem of multidrug
resistance (MDR) also excellent nanocapsule for comprehensive treatment of cer-
vical cancer. Our results were justified with variety of techniques, e.g., MTT assay,
mitochondrial membrane potential analysis, ROS detection, and histopathological
analysis. Secondly, it was proved that Gd-doped iron oxide NPs having excellent
characteristics for feasibility of T1 MRI contrast agent. The combined effect of
Gd-doped iron oxide NPs along with Foscan floats the comprehensive idea of pho-
todynamic therapy in our study which produces a synergistic effect; hence, such
combined process is more convenient and effective than the individual nanoparti-
cles. Finally, it was realized that experimental results and empirical modulated data
having very similar trend cell viability loss/malignant tissue loss Foscan-decorated
nanocapsule of Gd-doped iron oxide.
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Chapter 5
Magnetic Nano- and Microparticles
in Life Sciences and Medical Imaging

Daniel Horák

Abstract The rapidly growing interest in biology and medicine is due to ongoing
progress in noninvasive in vitro or in vivo diagnosis and imaging or treatment of
various diseases, including monitoring of the survival, migration, and fate of trans-
planted cells over the long-term.This requires the use of contrast agents, drug delivery
vehicles, and separation media often based on magnetic nanoparticles and/or micro-
spheres. This chapter is going to describe approaches to their development at the
Institute of Macromolecular Chemistry in Prague, the Czech Republic, during the
last twenty-five years.

Keywords Magnetic · Nanoparticles · Microparticles · Surface modification ·
Biomedical applications

Introduction

The rapidly growing interest in medicine is due, in part, to ongoing progress in cell
therapy. Its success profoundly depends on noninvasive in vivo monitoring of the
survival, migration, homing, and fate of transplanted cells over the long-term. This
monitoring requires the use of contrast agents, among which magnetic particles play
a special role. Magnetic nano- and microparticles are well-established materials that
offer controlled size, ability to be manipulated externally by the magnetic field, and
enhancement of contrast in magnetic resonance imaging (MRI) of cells and tissues.
Because of the potential benefits of multimodal functionality in biomedical appli-
cations, researchers design and fabricate multifunctional magnetic particles. As a
result, these particles have additional applications in biology and medicine, includ-
ing cell labeling, immunomagnetic separation of pathogenic microorganisms from
complex mixtures like blood, urine, tissues, foodstuffs, and soil, protein purifica-
tion, drug delivery, hyperthermia for tumor treatment, the embolization of tumorous
vascular system, or in immunoassays for genome analysis. Industrial applications
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of magnetic particles, which are not subject of this review, then include magnetic
inks and fluids, recordingmedia, or isolation of environmentally hazardous materials
fromwastewater. Distinct advantages of magnetic particles include high-speed high-
throughput gentle separation, elimination of mechanical damage by centrifugation,
the absence of dilution, possibility of reusing, or improved protein and enzyme and
pH stability. Generally, magnetic particles consist of ferromagnetic elements, such
as iron, cobalt, manganese, zinc, and nickel, included in ferrites (e.g., ZnFe2O4) or
lanthanummanganese perovskites (La1−xSrxMnO3) with controllable Curie temper-
ature (Horák et al. 2009). Because the last three elements can induce toxicity (Lanone
et al. 2009), they are not good candidates for applications in biomedicine. In con-
trast, iron-based particles, namely maghemite (γ-Fe2O3) and magnetite (Fe3O4), are
the most appropriate for medical uses because they exhibit minor toxicity and were
FDA-approved as MRI contrast agent (Hafeli et al. 2009; Thurman and Serkova
2013; Shubayev et al. 2009). Their additional advantage is that iron participates in
human metabolism and is thus well-tolerated by the living organism. After the intra-
cellular uptake, the iron oxide nanoparticles are metabolized in the lysosomes into a
soluble, non-superparamagnetic form of iron that becomes a part of the normal iron
pool (e.g., ferritin, hemoglobin).

Currently, there are three strategies to fabricate multifunctional magnetic par-
ticles. (i) Molecular biofunctionalization involves conjugation with proper ligands
such as antibodies, proteins, and dyes to the magnetic particles to exhibit highly
selective binding. (ii) Integration of the magnetic particles with other functional
nanocomponents, such as quantum dots or metallic nanoparticles. Because they can
exhibit several features synergistically and deliver more than one function simultane-
ously, such multifunctional magnetic nanoparticles could have unique advantages in
biomedical applications. (iii) Paramagnetism that exhibits features such as magnetic
targeting.

Magnetic particles intended for biomedical applications have to fulfill some spe-
cific requirements. (i) Surface of the particles has to be tailored not only to render them
with non-toxicity, biocompatibility, non-genotoxicity, and non-immunogenicity, but
also to provide suitable functional groups to allow immobilization of antibodies, pep-
tides, and other biomolecules. Possible toxic effects can be significantly reduced if
non-toxic precursors and reactants are used in the synthesis. (ii) Size of the magnetic
nanoparticles has to be in the range of 10–50 nm. Particles <10 nm undergo effi-
cient renal clearance that drastically reduces their half-life in the bloodstream (Gallo
et al. 2013). Particles >50 nm have high value of remanent magnetization, which
induces magnetically derived aggregation compromising application in the living
organism. (iii) Magnetic nanoparticles have to also form stable aqueous dispersions
without agglomeration; such colloids are called ferrofluids. The absence of aggre-
gates is important, because they can clog the arteries, decreasing theranostic efficacy
and resulting in embolization, localized hypoxia, necrosis, and hypersensitive reac-
tions (Chandrasekharan et al. 2011). Although there are very many review works on
the magnetic nano- and microparticles (Barry 2008; Elaissari and Fessi 2010; Hao
et al. 2010; Ho et al. 2011; Thanh 2018; Panagiotopoulos et al. 2015; Park et al.
2009; Strehl et al. 2016; Mahmoudi et al. 2011), this chapter is going to describe
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approaches to their development at the Institute of Macromolecular Chemistry in
Prague, the Czech Republic, during the last twenty-five years.

A Reductionist View: Going from Microscale to Nanoscale

It is interesting to follow the development of particle sizes during the last forty
years. Starting from the 1980s, the particles for ion exchange or gas chromatogra-
phy were typically with size in hundred-micrometer range. Progress in high-pressure
liquid chromatography then shifted the size of packings to 10 μm. Major discovery
occurred, when John Ugelstad pioneered a process to manufacture monodisperse
magnetic microbeads (1–5 μm) (Ugelstad 1984). With the emergence of nanotech-
nologies in the 2000s, there was a growing demand for nanoparticles with the size
between 1 and 100 nm. This reduction of the particle size led to substantial changes
in structure, which in turn greatly influenced the properties of themagnetic materials.

In addition to the size, also the shapematters.Out ofmany conceivable shapes (rod,
wire, tube, membrane, slab, irregular, etc.), the spherical form is essential for prac-
tical applications if the best possible hydrodynamic (flow) properties are required.
It offers important practical advantages of easy handling both in batch and contin-
uous separation processes. Irregularly shaped particles are much more susceptible
to mechanical attrition and breakdown to “fines” than spherical ones. In contrast to
conventional particles with a broad particle size distribution, monodisperse parti-
cles (or at least with a narrow size distribution) provide a great advantage, because
they possess uniform physical, chemical, and biological properties and do not aggre-
gate in liquids so easily as polydisperse particles do. Moreover, the size uniformity
guarantees reproducibility in the reactions and enables them to obtain a nice and reg-
ular array in microchip applications. Large particles have a disadvantage of a small
specific surface area available for the attachment of functional groups or immobiliza-
tion of biomolecules (including enzymes). This is the reason why microspheres and
especially nanoparticles (micrometer size and smaller) are required on the market,
because they ensure a sufficiently high specific surface area available for immobi-
lization of reactive groups, enzymes, and other biologically active compounds and
boost catalytic activity in phase transfer reactions. However, too small particles may
cease to be magnetically responsive.

Principles of Magnetism

Magnetic Properties

Magnetism is a physical phenomenon that arises from the intrinsic properties of
electron, namely its movement around the atomic nucleus and spin (Coey 2010).
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Each electron in an atom has a magnetic moment that makes it act like a tiny magnet.
Vector sum of all magnetic moments of atoms (μ; A m−2) divided by volume (V;
m3) is called magnetization (M; A m−1) as shown in Eq. (5.1):

M = μ/V (5.1)

M depends on temperature and nature of the material and is related to the intensity
ofmagnetic field (H; Am−1) viamagnetic susceptibility (χ ; dimensionless) (Callister
and Rethwisch 2006; Narayan 2009) according to Eq. (5.2):

M = χ · H (5.2)

χ provides information about the degree of thematerial magnetization in response
to a magnetic field. It depends on the temperature according to Curie law in Eq. (5.3):

χ = C/T (5.3)

whereC is thematerial-specific Curie constant and T (K) is the absolute temperature.
All materials can be divided into three classes depending on the magnetic ordering,
magnitude, and temperature dependence of the magnetic susceptibility (Fig. 5.1)
(Callister and Rethwisch 2006).

Diamagnetic (χ < 0) substances have only paired electrons. Applied external
magnetic field induces change in their orbital movement and consequently produces
small magnetic moments, direction of which is opposite to the applied field. χ is
negative and very small (typically −1 × 10−5).

Paramagnetic (χ>0)materials have unpaired electrons that are randomly oriented
within different atoms inside thematter.Whenmagnetic field is applied, the electrons
preferentially align along the field, but their magnetic moments act individually
without mutual interactions.χ of the paramagnetic material is positive, ranging from
10−5 to 10−2.

Ferro- and ferrimagnetic (χ � 0) materials have unpaired electrons, which are
parallel to each other and act simultaneously. The mutual alignment of magnetic

H = 0 H →

Diamagnetism

H = 0 H →

Paramagnetism

H = 0 H →

Ferromagnetism

Fig. 5.1 Different types of magnetism. Orange arrows represent the magnetic moments; rings are
atoms; H = 0 means that magnetic field is absent; H → is the presence of external magnetic field;
red arrows show direction of applied magnetic field
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Fig. 5.2 Dependence of magnetization (M) of a ferromagnetic and b superparamagnetic materials
on applied magnetic field (H); yellow circles schematically represent domain wall motion of multi-
domain ferromagnet in the magnetic field

moments is preserved even in the absence of H. In contrast to paramagnetic mate-
rials, ferro- and ferrimagnetic substances exhibit much higher values of magnetic
susceptibility (typically 10−2 to 106).

Dia- and paramagnetic materials interact with the external magnetic field weakly;
therefore, they are not good candidates for applications involving manipulation and
sensing through external magnetic field. At macroscopic level, any ferro- and fer-
rimagnetic materials are composed of small regions, where magnetic moments are
uniformly oriented. The regions called magnetic domains are separated by magnetic
(Bloch) walls. When external magnetic field is applied, the domains change shape
and size by the movement of the Bloch walls. If H is high enough, domains grow,
while their magnetic moments align in the direction of field, until the entire space in
the substance is occupied (Fig. 5.2a). At this point, material reaches its highest value
of magnetization—saturation magnetization (Ms). After removal of external mag-
netic field, the matter stays magnetized with remanent magnetization (Mr). Ferro-
and ferrimagnetic materials have a coercive field (Hc) defined as a magnetic field
of opposite sign needed for returning system to the state of M = 0. Because reori-
entation of magnetic domains takes some energy, in alternating magnetic field the
magnetization will trace out a hysteresis loop. In addition, temperature has a strong
impact on themagnetic properties. Thermal motion of atoms neutralizes the coupling
forces between neighboring magnetic moments inducing their misalignment (Callis-
ter and Rethwisch 2006). As a result, Ms of ferro- and ferrimagnets decreases with
increasing temperature and finally drops to zero at point called Curie temperature
(T c; 585 °C for Fe3O4) (Narayan 2009). Above this temperature, both ferro- and
ferrimagnetic materials are paramagnetic.

As already mentioned above, the size has a crucial impact on the properties of
the nanoparticles. Multi-domain structure of a ferromagnet cannot exist, when its
size is smaller than a critical value. Because the formation of domain walls requires
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energy, which at a certain size overcomes the magnetostatic energy required to ori-
ent magnetic moment in parallel direction to external magnetic field, single-domain
state is favored. If the external field is removed, the thermal energy of a nanoparticle
is sufficient to readily invert the orientation of magnetic moment and magnetization
decreases to zero (Jun et al. 2008).Magneticmaterialswith above-described behavior
are called superparamagnetic (Knobel et al. 2008). Superparamagnetic nanoparticles
exhibit a net magnetization only when an external magnetic field is applied and relax
to the initial state once the field has been removed. Superparamagnetic particles have
a high value of Ms, but in contrast to ferromagnetic ones, they do not show hysteresis
and Mr = 0 (Fig. 5.2b). The superparamagnetic state of iron oxide nanoparticles
is observed if their size is <30 nm (Qiao et al. 2009; Ghazanfari et al. 2016). This
behavior makes superparamagnetic iron oxide nanoparticles the most suitable candi-
dates for biomedical applications, because they can bemanipulated bymagnetic field
without aggregation induced by internal magnetization after removal of the external
magnetic field. Moreover, hysteresis loop enables estimation of the concentration of
iron oxide in the composite particles by comparing their saturation magnetization
with that of neat iron oxide; the value has to agree with the Fe content found by chem-
ical analysis. Although reported saturation magnetization of, e.g., bulk maghemite,
is relatively high (Ms = 74 emu/g) (Hasany et al. 2012), real magnetic behavior
of γ-Fe2O3 nanoparticles evaluated by vibrating sample magnetometer (VSM) is
usually lower (e.g., Ms = 56.5 emu/g) (Zasońska et al. 2013). This is explained by
the fact that the material is not pure maghemite due to various surface effects and
imperfections in the crystal structure that are typical for nanoparticles (Goss 1988).
The saturation magnetization of silica or polymer-modified γ-Fe2O3 nanoparticles
is even lower due to the presence of coating.

Magnetic Polymer Nano- and Microspheres

Preparation of Magnetic Nanoparticles

The oldest technique for preparation of magnetic nanoparticles is grinding of bulk
magnetite in a ball mill for 500–1000 h in the presence of a surfactant (Papell 1965).
Nevertheless, in the past few decades a considerable attention has been paid to the
development of the new methods of iron oxide nanoparticle fabrication in order to
better control their properties, including morphology, size and its distribution, and
availability of the reactive groups on the surface (Jeong et al. 2006).

Coprecipitation

Coprecipitation of stoichiometric amounts of Fe2+ and Fe3+ salts in the presence of a
base (e.g., NaOH or NH4OH) produces magnetic iron oxide according to Eq. (5.4):
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2Fe3+ + Fe2+ + 8OH− → Fe3O4 + 4H2O (5.4)

Because magnetite (Fe3O4) is chemically unstable in air or water, its controlled
oxidation with sodium hypochlorite on maghemite (γ-Fe2O3) is preferred, see
Eq. (5.5):

2Fe3O4 + NaOCl → 3γ -Fe2O3 + NaCl (5.5)

The key step in the formation of a stable magnetite/maghemite colloid consists in
the careful removal of all the impurities remaining after the synthesis. Formation of
a colloid by purification with water using magnetic separation is called peptization.
Themethod allows preparation of particles with size in the range of 5–20 nm depend-
ing on the experimental conditions, such as type of iron salt (chlorides, sulphates,
and nitrates), Fe2+/Fe3+ molar ratio, pH, ionic strength, and temperature (Wu et al.
2008; Justin et al. 2017). To get an acid colloid, the Fe3O4 precipitate is stirred with
aqueous perchloric acid (HClO4). Sodium citrate is another electrostatic stabilizer
providing negatively charged colloid (ζ-potential ~ −46 mV at pH 7). Tetramethy-
lammonium hydroxide is example of agent providing an anionic colloid. Advantages
of the coprecipitation method include preparation of hydrophilic particles with good
magnetic properties and low cost of the starting materials. Disadvantage is a wide
particle size distribution that results in irregular magnetic behavior.

Sol–Gel Reaction

Sol–gel reaction involves hydrolysis and condensation ofmetal alkoxides or alkoxide
precursors, producing dispersion of oxide nanoparticles termed “sol” that forms
three-dimensional oxide network after removal of the solvent by drying, gelling, or
by chemical reaction (Hasany et al. 2012). Structure and properties of the produced
gel depend on the type of the solvent, temperature, nature and concentration of the
metal precursor, pH, and stirring speed (Laurent et al. 2008). The method provides
some benefits, such as fabrication of materials with predetermined structure, which
depends on experimental conditions, monodispersity, and good control of the particle
size in the range of 20–200 nm. Nevertheless, because the method produces gel, it is
not suitable for the formation of individual (non-aggregated) particles (Hasany et al.
2012).

Microemulsion

In this method, the iron oxide nanoparticles are synthesized inside nano-sized water
droplets (typically ~10 nm in diameter) homogeneously dispersed in a continuous
oil phase and stabilized by surfactants (Hasany et al. 2012). Water nano-reactors
provide unique microenvironment for particle formation, limiting nucleation and
growth (Teja and Koh 2009). Using this method, magnetic particles can be prepared
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by two different approaches. First approach involves the addition of reducing or
precipitating agent (e.g., hydrazine or NH3) to the microemulsion of metal salt dis-
solved in an aqueous phase (Pillai et al. 1995). Second approach uses the dissolution
of metal precursor and reducing agent in water phases of individual emulsions that
are then mixed. As a result, water droplets containing two different reactants col-
lide and produce nanoparticles (Pillai et al. 1995). The method allows preparation of
nanoparticles with controlled particle morphology, size in the range of 4–15 nm, nar-
row size distribution, and high Ms (Gupta and Gupta 2005). Significant disadvantage
of this approach is problem in scaling-up and the presence of impurities (residual
surfactants).

Flame Spray Pyrolysis

Flame spray pyrolysis is based on the combustion of aerosols or organic solutions,
which contain metal precursors (e.g., nitrates or carbonates), in flame (Teoh et al.
2010). The advantage of this procedure is large-scale production of high-purity non-
porous particles with size 5–60 nm (Gupta and Gupta 2005). The main disadvantage
is aggregation of the particles and their broad size distribution (Kammler et al. 2001).

Thermal Decomposition

Thermal decomposition of Fe-organic precursors, such as Fe(III) carboxylates
(typically oleate, mandelate, or glucuronate), Fe(CO)5, Fe(III) N-nitroso-N-
phenylhydroxylamine, and Fe(III) acetylacetonate, produces magnetic iron oxide
nanoparticles in the presence of a stabilizer (e.g., oleic acid or oleylamine) in a high-
boiling solvent (e.g., octyl ether or octadec-1-ene) (Hufschmid et al. 2015; Park
et al. 2004; Saravanan et al. 2003; Wang et al. 2011; Kostiv et al. 2017). The method
allows large-scale preparation of monodisperse magnetic nanoparticles with high
crystallinity and precise control of size in the range of 2–30 nm (Hufschmid et al.
2015). Increasing OA concentration decreases the particle size, while with increas-
ing boiling point of the solvent, diameter of Fe3O4 nanoparticles increases (Patsula
et al. 2014). The main disadvantage consists of usage of high temperature during the
synthesis and hydrophobic nature of coating on the particles, which requires post-
synthesis modification to make them water-dispersible (Wu et al. 2008). Properties
of the iron oxide nanoparticles depend on the reaction temperature and time, type
of solvent, iron precursor, and stabilizer and on their initial ratios in the reaction
mixture (Roca et al. 2006; Majewski and Thierry 2007). The mechanism of this pro-
cess involves three steps: (i) thermal decomposition of an iron precursor at elevated
temperature followed by formation of poly(iron oxo) clusters serving as building
blocks for particles, (ii) short burst nucleation, and (iii) nanoparticle growth at addi-
tional temperature increase (Fig. 5.3) (Park et al. 2004; Kwon et al. 2007). Due to
the combination of short nucleation time and the presence of the stabilizer, which
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Fig. 5.3 Scheme of iron oxide nanoparticle formation by the thermal decomposition

prevents aggregation of the nuclei and ensures uniform conditions for each particle
growth, the resulting particles are monodisperse.

Other Methods

Other methods for the preparation of the magnetic nanoparticles involve electro-
chemical, (hydro)solvothermal synthesis, sonolysis or biosynthesis (Wu et al. 2008;
Laurent et al. 2008). These techniques are generally quite complex, requiring high-
cost starting materials and equipment (autoclave for high temperature and pressure)
and therefore are less frequently used. Nanoparticles can bemade also by biomimetic
processes like biomineralization in ferritin or magnetosomes are produced by mag-
netotactic bacteria. Another technique includes the layer-by-layer method based on
the electrostatic attraction between the oppositely charged particles. It produces
coated colloids of different shapes, sizes, uniform layers of diverse compositions,
and controllable thickness.

Preparation of Magnetic Microspheres

The larger size ofmagneticmicrospheres ismore favorable for recovery by collection
in an external magnetic field than the nanoparticles. To be able to effectively intercept
a 10-μm cell, the microsphere size should be also in the micrometer range.

Magnetic microspheres are prepared in a number of ways usually involving the
coating of superparamagnetic particles (most often iron oxides) with synthetic poly-
mers by the solvent evaporation method. Alternatively, conventional supports are
“past magnetized” by treatment with magnetic ferrofluid, or magnetic particles are
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precipitated in situ in a polymeric matrix, for example, by chemical metal deposi-
tion. As far as polymers are concerned, they can be styrene, methyl methacrylate,
2-hydroxyethyl methacrylate (HEMA), glycidyl methacrylate (GMA), or thermore-
sponsive N-isopropylacrylamide (Macková et al. 2013). Surface functionalization of
the nano- and microspheres also allows further attachment of biomolecules. Alter-
natively, magnetite is incorporated into the particles during emulsion polymeriza-
tion (Horák et al. 2007). Suspension polymerization, typically stabilized by high-
molecular-weight poly(vinyl alcohol) (PVA) or poly(N-vinylpyrrolidone) (PVP), has
an advantage that porous particle can be prepared by the addition of a porogen, e.g., a
mixture of cyclohexanol (a thermodynamically good solvent for poly(2-hydroxyethyl
methacrylate)—PHEMA) and dodecan-1-ol (a thermodynamically poor solvent) in
the organic phase dispersed in water. An important requirement for magnetic poly-
mer nano- and microspheres is that the magnetic material has to be homogeneously
distributed and properly encapsulated in the polymer particles to avoid any leakage
of iron oxide and its interaction with a surroundingmedium and to resist non-specific
protein adsorption.

Multistep Swelling and Polymerization

Multistep swelling and polymerization are a complex and tedious procedure to pro-
duce robust separated (non-aggregated) monodisperse macroporous polymer micro-
spheres based on monodisperse seeds (Fig. 5.4). Over the other techniques, it has
the advantage of being industrializable in large batches, as shown by the continu-
ous commercial success of magnetic polystyrene microspheres prepared according
to the Ugelstad pioneering work (Ugelstad 1984). The condition for the successful
formation of monodisperse particles is that the number of initial seeds remains fixed
during the whole process; subsequently, they only increase in size by swelling based
on thermodynamic principles, maintaining monodispersity of initial seeds through-
out the whole process. The seeds, e.g., 0.7 μm in size, are typically prepared by
emulsifier-free emulsion polymerization of styrene. The swelling time has to be tuned
to completely transfer all the swelling (both the pre-swelling and that of monomer)
emulsion into the particles.

The synthesis is exemplified on copolymerization ofHEMAorGMAand ethylene
dimethacrylate (EDMA).ResultingPHEMAis hydrophilic, offering the advantage of
biocompatibility and low non-specific protein adsorption (compared with hydropho-
bic matrices), which are so important in the biomedical field. Moreover, PHEMA
has a long history of application as a non-toxic and mechanically stable material
(Wichterle and Lim 1960). In contrast, the greatest advantage of poly(glycidyl
methacrylate) (PGMA) consists in the presence of easily transformable oxirane
groups. Chemical modification is usually performed via ring-opening of the oxi-
rane. Oxirane groups can be hydrolyzed to vicinal diols or directly reacted with
miscellaneous substances, e.g., amines, aminopyridines, propanesultone, and phe-
nol (May 1988). By oxidation with sodium periodate, PGMA can be transformed to
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Fig. 5.4 Preparation of monodisperse macroporous PGMA-NH2 microspheres by multi-step
swelling polymerization and precipitation of iron oxide inside the pores; GMA—glycidylmethacry-
late, EDMA—ethylene dimethacrylate, PS—polystyrene. Reproduced with permission from (Kuan
et al. 2014). Copyright 2014, with permission from Elsevier (Mosby, Saunders, Churchill
Livingstone, Academic Press)

polymers containing aldehyde groups that easily immobilize proteins and antibodies
via a Schiff base linkage.

First, the seeds are activated (pre-swelled) with a highly water-insoluble com-
pound, such as dibutyl phthalate and/or dioctyl adipate, to increase their vol-
ume by approximately one thousand times and enable subsequent swelling with
the monomers, initiator, and porogen (e.g., cyclohexyl acetate) in the second and
third step. This is followed in the fourth step by 2-hydroxyethyl cellulose- and
(hydroxypropyl)methylcellulose-stabilized and benzoyl peroxide-initiated suspen-
sion polymerization of HEMA (or GMA) and EDMA (Fig. 5.4). The preparedmicro-
spheres contain macropores formed by phase separation during the polymerization
in the presence of sufficient amount of the porogen (cyclohexyl acetate). To pro-
duce magnetic carriers (Horák et al. 2012), magnetite (Fe3O4) is prepared inside the
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pores of the macroporous microspheres by the precipitation of a ferrous salt with
ammonium hydroxide and oxidation of Fe(OH)2 with oxygen (Fig. 5.4). The pre-
cipitation procedure can be repeated to increase the amount of loaded iron oxide.
The TEM micrograph of a cross section of a magnetic ammonolyzed poly(glycidyl
methacrylate) (PGMA-NH2) microsphere shows that iron oxide (dark spots) is dis-
persed mainly within the particle pores (Fig. 5.5a), while atomic force microscopy
(AFM) displays three-dimensional topography (Fig. 5.5b).

Solvent Evaporation

Solvent evaporation is the easiest way to encapsulate magnetic particles in a polymer.
The resulting microparticles, however, are polydisperse and usually rather large. The
magnetic material is dispersed in a polymer solution (typically dichloromethane)
and then emulsified with a surfactant until solvent evaporates. 125–250 μm mag-
netic spherical particles are prepared from a chloroform solution of poly(vinyl
butyral) containing magnetite, which is stirred in water with poly(vinyl alcohol)
(PVA), sodium dodecyl sulfate, and Pluronic F6800 (ethylene oxide/propylene oxide
block copolymer) emulsifiers until chloroform evaporates (Tanyolac and Ozdural
2000). Alternatively, magnetite nanoparticles and model drugs are encapsulated in
poly(d,l-lactic-co-glycolic acid) (Shubhra et al. 2014).

Sol–Gel Transition of Viscose

Magnetic bead cellulose (MBC; Fig. 5.6) is prepared using sol–gel transition of
viscose in the presence of maghemite (γ-Fe2O3) nanoparticles (Yan et al. 2013).
Cellulose microspheres are highly porous and swollen in water, consisting of about
85%water, which enables penetration of largemolecules into the cellulose bulk.With
negligible non-specific adsorption of biological substances and the possibility of
chemical modification, the cellulose materials are suitable as carriers in biochemical
and biological applications (Rittich et al. 2002).

Other Techniques

Other techniques proposed for the preparation of magnetic polymer particles include
heterogeneous polymerizations, such as microfluidic-based emulsification and poly-
merization, (mini)emulsion or suspension polymerization in the presence of iron
oxide; inverse emulsion is an option (Qiu et al. 2015). However, it is difficult to
increase amount of iron oxide and prevent its localization on the particle surface.
Alternatively, magnetic PHEMA or PGMA microspheres are prepared in a simple
one-step procedure by cellulose acetate butyrate-stabilized dispersion polymeriza-
tion in toluene/2-methylpropan-1-ol mixture in the presence of oleic acid-coated iron
oxides (Horák et al. 2000; Horák 2001). Advantage of the dispersion polymerization



5 Magnetic Nano- and Microparticles in Life Sciences … 173

Fig. 5.5 a TEM micrograph of magnetic PGMA-NH2 microsphere cross section and b 3D AFM
topography. Reproducedwith permission from (Horák et al. 2014). Copyright 2014,with permission
from John Wiley & Sons (Wiley-Interscience, Wiley-VCH, Wiley-Blackwell)
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Fig. 5.6 Magnetic macroporous bead cellulose; particle size 125–250 μm. Reproduced with per-
mission from (Rotková et al. 2009). Copyright 2009, with permission from Elsevier (Mosby,
Saunders, Churchill Livingstone, Academic Press)

is that it can provide monodisperse particles in the micrometer size range if the reac-
tion conditions are optimized. The size of the particles can be easily tuned by chang-
ing the reaction conditions (e.g., kind of stabilizer and initiator and their concentra-
tions). The size of themicrospheres also depends on the propan-2-ol/toluene and iron
oxide/monomer ratios, monomer concentration, and polymerization temperature.

Surface Modification of the Nano- and Microspheres
and Their Interaction with Environment

Coating of the particle surface by a biocompatible shell is a necessary condition
to ensure stability in media, prevent aggregation, minimize toxicity, and control
interaction of the particles with living cells in a well-defined and controllable way,
which enables particle internalization by the cells (Fig. 5.7). For example, a receptor-
mediated interaction is realized by immobilization of specific antibodies on the par-
ticle surface. Also, polymer coatings can be attractive for cell membrane; such a
particle–cell interaction is non-specific. Nanoparticles can adhere to the cell surface
or be engulfed into the cells through their membrane (Parton et al. 2007). Increased
affinity of the particles to the cell surface is needed for cell labeling applications
in regenerative medicine or preparation of drug carriers for cancer treatment. On
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Fig. 5.7 Interactions of magnetic nanoparticles with a living cell

the other hand, low affinity to cell membrane will be beneficial for preparation of
long-time circulating contrast agents for MRI of tissues.

Colloidal Stability

Superparamagnetic iron oxide nanoparticles have a large surface-to-volume ratio
and high surface energy. To minimize excessive energy, particles naturally tend to
aggregate, which makes them useless in biomedical applications. In addition, the
neat uncoated nanoparticles are not chemically stable and can be rapidly oxidized
in the presence of oxygen losing magnetic properties. Electrostatic stabilization is
possible; however, the particles tend to aggregate by changing pH or ionic strength
of the medium. Steric stabilization based on coating of the nanoparticle surface with
polymers, such as dextran, PVA, poly(ethylene glycol) (PEG), is therefore preferred,
providing a physical steric barrier and preventing these undesirable physical and
chemical processes in microenvironment. Stability of the particle systems is gov-
erned by the balance between different attraction and repulsive forces, i.e., van der
Waals attraction, double-layer electrostatic repulsion, and steric interaction (Tadros
and Tadros 2006; Kontogeorgis and Kiil 2016). To maintain colloidal stability, the
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attraction forces must be as low as possible and the repulsive forces must be suffi-
cient to counteract them. This can be achieved either electrostatically or sterically
(Fig. 5.8).

Electrostatic stabilization (using perchlorate, citrate, nitrate or tetramethylammo-
nium ions) is based on the presence of ionic charges on the surface of the particles
that results in their mutual repulsion. This effective surface charge determines the
distribution of counter and co-ions from the dispersant in the particle surroundings
and forces them to move with the particle. Such organization of ions around the par-
ticle is called electrical double layer (Tadros and Tadros 2006). Counter-ions located
near to the particle surface are strongly bonded and form the Stern layer (Fig. 5.8).
Ions located further are loosely bonded and form diffusion layer. The potential at
the slipping plane that separates Stern layer from the continuous phase is called
ζ-potential and is used as a reference value for the establishment of electrostatic
stability of colloids. To achieve maximum stability, ζ-potential should be as large
as possible, i.e., the particle colloid is considered to be stable when ζ-potential is >
+30 or < −30 mV (Greenwood 2003). The electrostatic repulsion force becomes
weaker as the ionic strength of the medium increases. Thus, use of electrostatically
stabilized colloids is problematic in biomedical applications that require high ionic
strength solutions isotonic with blood.

Steric stabilization of particles is based on the adsorption of nonionic amphiphilic
macromolecules on the particle surface. When two particles with adsorbed polymer
chains approach each other, the shells interact and two different situations can occur;
chains can overlap or undergo compression (Tadros and Tadros 2006). Both these
phenomena result in the increased local polymer concentration at the site of inter-
action, triggering thus strong repulsion. First effect is based on increased osmotic
pressure in the overlap area due to the adverse mixing of polymer chains and moves
solvent molecules separating the particles. Second effect, compression of the poly-
mer chains, is associated with loss of configurational entropy (Goddard and Gruber
1999). The compressed macromolecules tend to regain their extended conformations
and the only way how to attain this is particle disengagement. Sterically stabilized
particles are much less sensitive to electrolytes than electrostatically stabilized ones

Fig. 5.8 Particles stabilized by a electrostatic and b steric repulsion
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Fig. 5.9 Ammonolysis of PGMA microspheres, activation with 2,4,6-trichloro-1,3,5-triazine and
immobilization of antibody; PGMA—poly(glycidyl methacrylate). Reproduced with permission
from (Horák and Hochel 2005). Copyright 2005, with permission from De Gruyter

and can be used at a high ionic strength; therefore, they are appropriate for biomedical
applications.

Carboxyl and Amino Group-Containing Particles

Very useful is the introduction of functional groups on the particles to make
covalent attachment of biomolecules possible. Among them, carboxyl and amino
groups play priority. For example, carboxyl groups were obtained by oxidation
of PHEMA (or hydrolyzed PGMA) microspheres with potassium permanganate
(Horák et al. 2007). Optionally, carboxyl groups can be introduced by hydrolysis
of 2-[(methoxycarbonyl)methoxy]ethyl methacrylate (MCMEMA) comonomer in
PHEMA microspheres to covalently couple trypsin via EDC/sulfo-NHS chemistry.
Amino groups can be conveniently obtained by ammonolysis of PGMA (Fig. 5.9).
These newly developed biofunctionalized magnetic microspheres demonstrate the
possibility of long-term storage without significant changes, which thus indicates
great potential for their successful use in bioapplications (Horák et al. 2012).

Antifouling Properties

The major problem with biomedical applications of the magnetic polymer particles
is connected with the undesirable non-specific adsorption of cells and biomolecules,
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mainly proteins from cell lysates or complex aqueous media. Therefore, to mini-
mize the adverse nonspecific interactions, it is important to coat the particle surface
with various natural or synthetic blocking agents, e.g., albumin crosslinked with
glutaraldehyde (Horák et al. 2013), zwitterionic phosphorylcholine (Lewis 2000),
sulfobetaine, and carboxybetaine or non-charged polymers, such as poly(ethylene
glycol) (Shang et al. 2006) and poly[N-(2-hydroxypropyl) methacrylamide] (Fair-
banks et al. 2014). Non-specific protein adsorption on the magnetic PGMA-NH2

microspheres was suppressed by covering them with three generations of a compact
amino acid dendritic network (Ser-Lys-Ser/Lys-Ser/Lys-Ser) using peptide chemistry
(Fig. 5.10) (Hlídková et al. 2017). The resulting particles did not aggregate under
physiological conditions and contained ~1 mmol of NH2/g that was available for
further modifications. Alkyne groups accessible for click chemistry were introduced
to the dendrimer-coated particles by a reaction with 4-pentynoic acid. The ability
to undergo a click reaction was then confirmed by coupling with an 125I-N3-RGDS
peptide (Fig. 5.10).

Fig. 5.10 Modification of magnetic PGMA-NH2 microspheres with dendrimer, 4-pentynoic acid,
and click reaction with 125I-N3-RGDS peptide. Reproduced with permission from (Hlídková et al.
2017). Copyright 2017, American Chemical Society
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Surface Coatings

Toachieve the efficient and specific cellular uptakeofmagnetic nanoparticles requires
the nanoparticle surface to be modified with suitable ligands or transfection agents,
which also enhances colloid stability and cell interactions and minimizes toxic-
ity. Coatings significantly increase the size of the nanoparticles, which may affect
their penetration ability and metabolic clearance rate in the body. Functionaliza-
tion of the particle surface can be done in situ (during the synthesis) or as a post-
synthetic procedure. In both cases, binding of coating molecules to the surface of
magnetic cores is generally performed either by end-grafting or by surface encapsu-
lation. Two approaches are used to graft polymer chains onto particles: “grafting-to”
and “grafting-from” (Zhao and Brittain 2000). In the “grafting-to” system, end-
functionalized polymers react with surface groups of nanoparticles. In the “grafting-
from” method (also called surface-initiated polymerization), polymer chains grow
in situ from initiators that have been anchored to the surface of the nanoparticles. The
latter method allows easy control of the shell thickness and brush density by varying
the concentrations of the hydrophilic monomer and initiator during living polymer-
ization. Different modification strategies and coating agents result in the formation
of magnetic/composite nanoparticles with different morphology, such as core–shell,
multi-core–shell, and strawberry-like (Fig. 5.11) (Horák et al. 2007; Ramimoghadam
et al. 2014). However, the majority of biomedical applications require core–shell
morphology, where the magnetic core is enclosed in the outer coating layer (Umut
2013).

In contrast to other types of the nanoparticles, surface of iron oxide particles
contains a large number of hydroxyl groups that can be easily functionalized (Dave
and Chopda 2014). A variety ofmaterials were used for particlemodification tomake
them colloidally stable and biocompatible. These materials include low-molecular
organic compounds (citric acid, mannose, bisphosphonates, etc. (Laurent et al. 2008;
Borisova et al. 2014), noble metals (Au, Ag, Pt, etc.) (Duan and Wang 2013), silica
(Zasońska et al. 2016), or polymers. Polymer coatings can be divided into natural
and synthetic ones. From the vast variety of natural polymers, the most commonly
used are dextran, chitosan, alginate, heparin, hyaluronic acid, and starch (Uthaman

Fig. 5.11 Different morphologies of composite polymer/iron oxide nanoparticles: a core–shell,
b multi-core–shell, and c strawberry-like
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et al. 2015; Covaliu et al. 2011). From synthetic polymers, great attention is paid
to poly(ethylene glycol) (PEG), poly(ethyleneimine), poly(N-vinylpyrrolidone), and
poly(N,N-dimethylacrylamide) (PDMA) (Hlídková et al. 2017; Zasońska et al. 2013;
Babič et al. 2009; Zasonska et al. 2012).

Poly(L-Lysine)

Poly(L-lysine) (PLL; preferably of Mw = 93,800) is a suitable modification agent
of the surface of the nanoparticles with the aim of promoting cellular uptake (Babič
et al. 2008). Binding is achieved via the electrostatic attraction of opposite charges
of PLL and iron oxide surface.

Poly(Ethylene Glycol)

PEG is polyether synthesized by ionic ring-opening polymerization (Vohlídal 1995;
Bailey andKoleske 1976) of oxirane (Fig. 5.12) and is available with differentmolec-
ular weights and terminal functional groups. This non-ionic polymer is well soluble
in water and organic solvents, cheap, non-toxic (biocompatible), provides strong
steric hindrances and is also approved by FDA in the USA for clinical applications.
There are several strategies for introducing PEG onto the surface of particles, namely
physisorption, “grafting-to” and “grafting-from.”Although the “grafting-from” strat-
egy enables immobilization of PEG with high grafting density, the “grafting-to”
approach is less elaborate and time-consuming.

PEGylated surfaces resist cell and protein adsorption and have a high tolerance
to host immune system. Functionalization of proteins and liposomes with PEG sig-
nificantly increases their half-life in bloodstream, making it the most widely used
polymer for the preparation of pharmaceutical formulations (Harris and Zalipsky
1997). Prolonged half-life in blood (invisibility to the reticuloendothelial system)
improves the likelihood of reaching target tumor cells, e.g., by enhanced permeabil-
ity and retention effect. Moreover, PEGylation of magnetic particles significantly
reduces their adhesion on glass or poly(dimethylsiloxane) walls. PEGylation of
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Fig. 5.12 Synthesis of PEG by anion- and cation-initiated ring-opening polymerization of oxirane
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Fig. 5.13 Structure of synthesized PEG derivatives: (i) dimethyl ester of phosphonic acid-
terminated-PEG, (ii) phosphonic acid-terminated-PEG, and (iii) hydroxamic acid-terminated-PEG.
Reproduced with permission from (Patsula et al. 2014). Copyright 2014, with permission from
Springer-Verlag (Kluwer, Humana, Birkhäuser)

hydrophobic Fe3O4 particles via a ligand exchange with hydroxamic or phospho-
nic acid-terminated methyl-PEG (Fig. 5.13) with a strong affinity to iron made phase
transfer of the particles into water possible (Patsula et al. 2014).

Conventional approach involves coating of magnetic PHEMA or PGMA micro-
spheres with amino or carboxyl-functionalized poly(ethylene glycol) (PEG) via 1-
ethyl-3-(3-dimethylaminopropyl) carbodiimide/N-hydroxysuccinimide (EDC/NHS)
chemistry (Fig. 5.14).

Poly(N,N-Dimethylacrylamide) (PDMA)
and Poly(N-Propargylacrylamide) (PPRA)

Solution radical polymerization of N,N-dimethylacrylamide (DMA) in the pres-
ence of maghemite yields PDMA-coated γ-Fe2O3 nanoparticles. If the molec-
ular weight of PDMA is <50,000 Da, it is cleared by kidneys (Yang and
Kopeček 2015). Magnetic PHEMA microspheres were grafted with PDMA
using click reaction to couple chain transfer agent [CTA; 2-azidoethyl ester of
2-(ethylsulfanylthiocarbonylsulfanyl)propionic acid] on propargylamine-modified
microspheres, followed by reversible addition–fragmentation chain transfer (RAFT)
polymerization of N,N-dimethylacrylamide (DMA; Fig. 5.15) (Cao et al. 2016). It
is the advantage of controlled radical techniques including also nitroxide-mediated
polymerization (NMP) and atom transfer radical polymerization (ATRP) that the
synthesis of highly defined polymers is possible. And benefits of the click reactions
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Fig. 5.14 Surface modification of a magnetic PHEMA-COOH and b magnetic PGMA-
NH2 microspheres with PEG; EDC—1-ethyl-3-(3-dimethylaminopropyl) carbodiimide, NHS—
N-hydroxysuccinimide. Reproduced with permission from (Horák et al. 2015). Copyright 2015,
with permission from Elsevier (Mosby, Saunders, Churchill Livingstone, Academic Press)

Fig. 5.15 Attachment of azido-activated CTA to magnetic PHEMA-propargylamine microspheres
using azido-alkyne click reaction; CTA—chain transfer agent, EDC—N-(3-dimethylaminopropyl)-
N ′-ethylcarbodiimide hydrochloride, DCC—N,N ′-dicyclohexylcarbodiimide, DMAP—
4-dimethylaminopyridine, DMA—N,N-dimethylacrylamide, V-50—2,2′-azobis(2-
methylpropionamidine) dihydrochloride, and PHEMA—poly(2-hydroxyethyl methacrylate).
Reproduced with permission from (Cao et al. 2016). Copyright 2016, with permission from John
Wiley & Sons (Wiley-Interscience, Wiley-VCH, Wiley-Blackwell)

consist in that they allow mild (typically physiological) reaction conditions and pro-
vide high chemical selectivity, which makes it similar to many naturally occurring
reactions. They do not require stringent reaction conditions, such as harmful solvents
or high temperatures, can be easily performed without extensive purification, and a
high chemical yield is ensured due to the stereospecificity of the reaction.

Magnetic PPRA microspheres prepared by the precipitation polymerization of
propargylacrylamide (PRA) in a toluene/propan-2-olmedium in the presence of oleic
acid-coated Fe3O4 enable a click reaction with an azido-end-functionalized peptide
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Fig. 5.16 Labeling of magnetic poly(N-propargylacrylamide) microspheres; R = 4-phenylalanine
or GGGRGDSGGY(125I)–NH2 peptide. Reproduced with permission from (Macková et al. 2011).
Copyright 2011, with permission from JohnWiley&Sons (Wiley-Interscience,Wiley-VCH,Wiley-
Blackwell)

[radiolabeled azidopentanoyl–GGGRGDSGGGY [(Pongrac et al. 2016) I)–NH2]
and 4-azidophenylalanine using a Cu(I)-catalyzed 1,3-dipolar azide–alkyne cycload-
dition reaction in water (Fig. 5.16) (Macková et al. 2011). Also azide-modified
proteins, antibodies, oligonucleotides, carbohydrates or cells can be bound to the
alkyne-containing microspheres.

Carbohydrates

Dextran or (carboxymethyl)dextran is the most common coating of iron oxides pre-
pared by either their precipitation in a dextran solution or dextran solution is added
after alkaline precipitation. Carboxydextran has the advantage of the good affinity of
COOHgroups to Fe2+ ions. Dextran-coated iron oxideswere approved by FDAunder
trade names Resovist® (Bayer-Schering), Sinerem® (Guerbet), Feridex® (AMAG
Pharmaceuticals), Combidex® (Radboudumc), or Endorem® (Guerbet) as contrast
agents in MRI of tissues, though the companies withdraw the approval. The reason
consists in that the radiologists prefer white contrast of Gd complexes to the black
iron oxides. Another effective carbohydrate stabilizer preventing particle aggregation
is D-mannose (Horák et al. 2007). Recently, increased attention is paid to synthetic
carbohydrate-based polymers due to their ability to be recognized by cells (Slavin
et al. 2011). They are biocompatible, because theymimic properties of natural carbo-
hydrates (Narain 2011).As an example, poly(3-O-methacryloyl-α-D-glucopyranose)
(PMG) containing glucose units was synthesized by free-radical polymerization
of 3-O-methacryloyl-1,2:5,6-di-O-isopropylidene-α-D-glucofuranose (MDG) initi-
ated by 2,2′-azobis(isobutyronitrile) (AIBN) followed by removal of isopropylidene
groups by acidic hydrolysis (Fig. 5.17) (Sharma and Mudhoo 2011).

Glycoproteins

One widely used coupling method involves site-specific (oriented) immobilization
of glycoproteins (enzymes, hormones, and/or antibodies) through their carbohydrate
moieties on hydrazide solid supports (Bílková et al. 2002). Such reactors are suitable
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for enzymatic oxidation of glycoproteins or for the specific removal of biomolecules.
In the case of antibodies, such as immunoglobulin G (IgG), carbohydrate residues
are localized on the Fc fragment which is not involved in antigen recognition. As a
result, the fragment antigen-binding (so-called Fab) remains sterically available for
specific reaction with the antigen as the target molecule (Rao et al. 1998). Hydrazide-
containing particles obtained by functionalization of carboxyl group-containing
magnetic particles with adipic acid dihydrazide (Svobodová et al. 2018) or reac-
tion of P(HEMA-2-[(methoxycarbonyl)methoxy]ethyl methacrylate) with hydrazine
(Fig. 5.18) capture glycoproteins of bacterial origin (Francisella tularensis) (Horák
et al. 2012). It is an advantage of 2-[(methoxycarbonyl)methoxy]ethyl methacrylate
(MCMEMA) monomer that it carries a reactive moiety that subsequently provides
carboxyl groups necessary for the attachment of antibodies.Optionally, immunoglob-
ulin G (IgG) was immobilized on PGMA-NH2 microspheres via 2,4,6-trichloro-
1,3,5-triazine (Fig. 5.9). Orientally immobilized neuraminidase and galactose oxi-
dasewith high storage and operational stability, very good accessibility of active sites,
and increased thermal stability are obtained by their attachment through the carbo-
hydrate parts to hydrazide-modified magnetic bead cellulose and P(HEMA-EDMA)
microspheres (Bílková et al. 2002).

RNase A can be coupled to the magnetic bead cellulose or PHEMAmicrospheres
by the cyanuric chloride method to degrade high-molecular-weight RNA contami-
nating plasmidDNA in bacterial lysates, which enables high-performance size exclu-
sion chromatography of nucleic acids. Optionally, DNase I immobilized to the same
microspheres degrades chromosomal and plasmid DNAs in the presence of divalent
cations to avoid false results during PCR amplification (Horák et al. 2005).

Silica

Another suitable material for particle coating is silica due to its biocompatibility,
hydrophilicity, chemical and thermal stability, optical transparency, and low non-
specific protein adsorption (Bergna and Roberts 2005). Moreover, surface silanol
groups offer the possibility of additional functionalization. Silica can also possess
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Fig. 5.18 Scheme of covalent coupling of a carboxyl-containing magnetic particles with adipic
acid dihydrazide (ADH) and b subsequent site-specific immobilization of IgGs. Reproduced
with permission from (Svobodová et al. 2018). Copyright 2018, with permission from Hindawi.
c Hydrazidation of P(HEMA-MCMEMA-EDMA) microspheres and d isolation of glycopro-
teins; HEMA—2-hydroxyethyl methacrylate, MCMEMA—2-[(methoxycarbonyl)methoxy]ethyl
methacrylate, EDMA—ethylene dimethacrylate. Reproduced with permission from (Horák et al.
2012). Copyright 2012, with permission from The Royal Society of Chemistry

porosity allowing imbibition of drug solutions. A variety of methods exist for the
coating of the hydrophilic particles with silica, such as Stöber technique, sol–gel pro-
cess, andmicroemulsion (Wu et al. 2008). Hydrophobic particles can be conveniently
coated with silica by water-in-oil reverse microemulsion method, which can easily
control the silica thickness (1.8–30 nm) and introduce functional groups on the par-
ticle surface (Yi et al. 2006). The process is based on alkali-catalyzed hydrolysis and
condensation of tetramethyl orthosilicate (TMOS) inside micelles containing iron
oxide particles; as a result, core–shellmagnetic nanoparticles are obtained.Moreover,
amino-containing silica precursors [e.g., (3-aminopropyl)triethoxysilane—APTES]
enable surface decoration with amino groups, which can be used for introduction of
specific bioactive or targeting moieties and/or PEG via reaction with its succinimidyl
ester. Porosity of the silica shell is typically induced by cetyltrimethylammoniumbro-
mide (CTAB) as a porogen present in the silanization mixture; after completion of
the reaction, CTAB is removed from the silica by washing with ethanol and water
(Zasońska et al. 2016).
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Reproduced with permission from (Chekina et al. 2011). Copyright 2011, with permission from
The Royal Society of Chemistry

Fluorescent Magnetic Nanoparticles

The simultaneous combination of optical (fluorescent) andmagnetic resonance imag-
ing (MRI)with high spatial resolution andhighdepth of imaging, respectively, greatly
benefits in vivo disease diagnosis as well as in situ monitoring of living cells (Chek-
ina et al. 2011). The γ-Fe2O3 nanoparticles obtained by coprecipitation and oxida-
tion were coated with silica (SiO2) or carboxymethyl chitosan (CMCS) and labeled
with fluorescein isocyanate (FITC; Fig. 5.19) covalently bound to the nanoparticles;
quenching by the iron oxide core was prevented by the isolating silica and/or chitosan
shell.

Streptavidin

Oxirane groups of the magnetic poly(2-hydroxyethyl methacrylate-co-glycidyl
methacrylate) [P(HEMA-GMA)] microspheres were ammonolyzed and then func-
tionalized with streptavidin using 2,4,6-trichloro-1,3,5-triazine for immobilization
of biotinylated DNA and subsequent selective isolation of target DNA from complex
samples using DNA/DNA hybridization (Fig. 5.20) (Horák et al. 2011). Optionally,
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Fig. 5.20 Functionalization of P(HEMA-GMA)-NH2 microspheres with streptavidin and DNA
probe (biotinylated primer). Reproduced with permission from (Horák et al. 2011). Copyright
2011, with permission from Elsevier (Mosby, Saunders, Churchill Livingstone, Academic Press)

microspheres containing COOH can immobilize streptavidin with EDC and NHS
(Salih et al. 2016). Based on the highly selective recognition of streptavidin with a
biotin-labeled DNA probe, DNA sensor was constructed for magnetic separation of
DNA from real samples.

Tosyl

PHEMA and/or poly[HEMA-2-(methacryloyl)oxyethyl acetate-GMA] [P(HEMA-
Ac-GMA)] contain hydroxyl groups available for subsequent modification with
p-toluenesulfonyl (tosyl) chloride (TsCl) (Fig. 5.21), which can be then used for
nucleophilic substitution in various organic syntheses.

Miscellaneous Coatings

Optionally, dopamine-hyaluronate is used as a coating (Babič et al. 2012). Colloidal
γ-Fe2O3@polyaniline (γ-Fe2O3@PANI) hybrid particles with an average size of
about 350 nm obtained by PVP-stabilized oxidation of aniline with ammonium per-
sulfate in the ferrofluid respond to electric field (Bober et al. 2016). Combination of
magnetic (γ-Fe2O3) and conducting properties (PANI) can be beneficial for heavy
metals removal from wastewater, where PANI can adsorb them and thanks to the
magnetic properties they can be easily separated; optionally, such particles can be
in vivo manipulated and imaged and at the same time electrochemically stimulate
tissues and cell growth and/or differentiation. Optionally, chelating iminodiacetic
groups were attached and Ni(II) or Fe(III) ions immobilized to bind protein (Přikryl
et al. 2006).
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Fig. 5.21 Modification of P(HEMA-Ac-GMA) microspheres with ammonia, acetic anhydride,
and tosyl chloride. Reproduced with permission from (Reymond et al. 2013). Copyright 2013, with
permission from John Wiley & Sons (Wiley-Interscience, Wiley-VCH, Wiley-Blackwell)

Physicochemical Characterization of the Magnetic Particles

During all the synthetic and/or modification steps, the particles have to be thoroughly
characterized by a plethora of physicochemicalmethods, such as electronmicroscopy
(to determine morphology, particle size and distribution in dry state), dynamic light
scattering (hydrodynamic size), X-ray diffraction (crystallinity), energy dispersive
X-ray diffraction (structure), chemical analysis, atomic absorption spectroscopy (Fe
content), and magnetic measurements, such as magnetometry (saturation magneti-
zation) and Mössbauer spectroscopy (iron oxide phase). Thermogravimetric anal-
ysis, differential scanning calorimetry, X-ray photoelectron spectroscopy, Fourier-
transform infrared spectroscopy (FTIR), secondary ion mass spectra, conductome-
try, potentiometry, and solid-state NMR have been used to investigate the surface
properties.

Transmission Electron Microscopy

Transmission electron microscopy (TEM) determines the particle morphology, size
and its distribution. The number average diameter is calculated by the measurement
of at least 500 particles for each batch from micrographs using the image analysis
software. The number average (Dn) particle diameter isDn = � N iDi/� N i, whereN i

is the number of particles with the diameter Di. Dispersity Ð = Dw/Dn characterizes
the width of the particle size distribution, where Dw is the weight average particle
diameter andDw =� N iD4

i /� N iD3
i .Monodisperse particles haveÐ <1.05.TEMcan
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also confirm nanoparticle internalization in cell cytoplasm. Atomic forcemicroscopy
(AFM) is also useful to reveal topography of the particles.

Dynamic Light Scattering (DLS)

The size measured by DLS is that of water-swollen particles (hydrodynamic radius),
whereas the number average diameter size deduced from TEM measurement cor-
responds to particles in a dried state. Therefore, DLS gives always higher values
compared to TEM. This can also be ascribed to the effect of large particles on
hydrodynamic radius, because the DLS provides z-average of the radius that is pro-
portional to its sixth power and sensitive to the presence of large particles. Any other
reason can consist in that modified iron oxide particles are slightly aggregated in
water. Also, hydrophilic polymer coating of the particles increases significantly the
hydrodynamic radius.

Atomic Absorption Spectroscopy and Thermogravimetric
Analysis

Atomic absorption spectroscopy is used to analyze iron oxide content in the cells
or in an extract from the particles obtained with dilute HCl at elevated temperature.
Similarly, elemental analysis helps to estimate the amount of organic coating on the
particles. The amount of polymer coating on the surface of magnetic cores is also
determined by thermogravimetric analysis due to weight loss (decomposition) of
organic compounds at 200–400 °C.

Inductively Coupled Plasma Mass Spectroscopy

Inductively coupled plasmamass spectroscopy (ICP-MS) provides chemical analysis
of iron content in cells incubated with iron oxide magnetic nanoparticles.

Determination of Fe2+ Release from the Nanoparticles

The concentration of Fe2+ released from the iron oxide nanoparticles is determined
using a colorimetric method with a Fe2+-1,10-phenanthroline complex by measuring
the absorbance at 510 nm (Zuo and Hoigné 1992).
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Fourier-Transform Infrared Spectroscopy

Fourier-transform infrared (FTIR) spectroscopy with attenuated total reflection
(ATR) system analyzes coating on the surface of the magnetic nanoparticles.

X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) can, for example, confirm the presence of
Fe and/or Si and N in the magnetic and/or (amino)silica-coated magnetic particles,
respectively.

Crystallographic Analysis

Crystallographic analysis uses X-ray powder diffraction to determine the magnetite
or maghemite phase composition.

Magnetic Properties

Magnetic properties are primarily measured by a magnetometer. Mössbauer spec-
troscopydetermineswhether the particles are in superparamagnetic state, i.e.,without
hysteresis loops. Superparamagnetic character enables separation of the particles
using a magnet, while the particles can be re-dispersed in aqueous media in the
absence of magnetic field. The saturation magnetization >15 A m2 kg−1 is sufficient
for good attraction by amagnet.Moreover, by comparing saturationmagnetization of
the polymer-coated particles with that of uncoated particles it is possible to estimate
the amount of coating and compare it with data from other analytical techniques
(elemental analysis, TGA, etc.).

Magnetic Resonance Relaxometry and MR Imaging (MRI)

Magnetic resonance (MR) relaxometry and MR imaging of cells labeled by surface-
modified nanoparticles show T 1 and T 2 relaxation times responsible for contrast
enhancement in T 1- and T 2-weighted MR images. Relaxation time values are con-
verted to relaxivities and related to the actual iron concentration. For example, relax-
ivity r2 is calculated as the inverse relaxation time T 2 after deducting the contribution
of gel and unlabeled cells. Relaxation measurements reflect the amount of iron oxide
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taken up into the cells. The relaxivity rates decrease during cell differentiation, which
might correspond to the cell proliferation and contrast dilution is also reported in
several labeling studies (Jiráková et al. 2016). A minimum concentration required
for detection with MR imaging in the case of magnetic nanoparticles is 1.4–3 pg
Fe/cell (Heyn et al. 2005).

Flow Cytometry

Flow cytometry can screen the cell population to evaluate the labeling efficiency
and to analyze the differentiation potential of labeled and unlabeled stem cells and
quantify the presence of pluripotent neural and neuronal markers.

Toxicity of the Particles

Superparamagnetic iron oxide nanoparticles (Fe3O4 or γ-Fe2O3) are the most com-
monly used for magnetic cell labeling because their main component (iron) may
be recycled by cells via natural metabolic pathways (Weissleder et al. 1989). In
order to achieve efficient cell labeling, response of intracellular iron oxide content
on the metabolism of the cells should be taken into account because the intracel-
lular overload may cause cytotoxicity due to the formation of free radicals. The
specific properties of nanoparticles, namely an enhanced reactive surface area and
the ability to cross cell and tissue barriers, amplify their cytotoxic potential in com-
parison with bulk materials of the same composition (Nel et al. 2006; Shubayev et al.
2009). The toxicity of a nanomaterial may depend upon its chemical composition,
size, shape, porosity, surface charge, colloidal stability, surface functionalization, and
route of exposure (Harper et al. 2008). Moreover, the particle/cellular interactions
and responses differ, depending on the cell type (Mahmoudi et al. 2011).

Cell Viability

Cell viability is often investigated parameter in cytotoxicity testing. The most com-
mon in vitro assays that determine two different cytotoxic pathways are based on
metabolic activity andoxidative stress (Vrček et al. 2015), namely cell viability assays
(MTT, MTS, and WST-8) and assays employing fluorescent dyes as markers for the
production of reactive oxygen species (DCFH-DA and DHE) or glutathione level
(MBCl). Interference with optical readouts and interactions between the particles
and cellular systems, which were concentration type-, particle type- and assay type-
dependent, were difficult to predict. Particle interaction with fluorescent dyes may
compromise the measurement. MTT, MTS, andWST-8 use tetrazolium salts that are
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reduced by dehydrogenases in metabolically active cells to a soluble formazan prod-
uct, quantity of which is indicative of the number of viable cells in culture and can
be determined spectrophotometrically. The MTT cell proliferation assay determines
cellular metabolic activity by the reduction of the yellow tetrazolium salt MTT [3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] to a purple MTT–for-
mazan crystal, which is dissolved in DMSO and determined spectrophotometrically
at 590 nm. The resulting optical density of the formazan product is dependent upon
both the concentration of MTT and the incubation time. The MTS cell viability
assay uses MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium] that can be reduced to a soluble MTS–formazan prod-
uct determined at 490 nm. The WST-8 assay utilizes 2-(2-methoxy-4-nitrophenyl)-
3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, which produces a water-
soluble formazan dye determined spectrophotometrically at 450 nm. WST-1 colori-
metric assay is based on the cleavage of the tetrazolium salt (4-[3-(4-iodophenyl)-2-
(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate) to a highly water-soluble
formazan dye by mitochondrial dehydrogenases in viable cells (Vrček et al. 2015).

The viability of labeled cells is assessed also using the trypan blue exclusion test
of cell vitality (Horák et al. 2009). Due to the impaired plasma membrane, dead cells
are blue, while the intact cells having undamaged plasma membrane are not stained
(Horák et al. 2017). Optionally, the calcein acetoxymethyl (AM) ester/propidium
iodide (PI) assay is used to assess the percentage of living cells (labeled with calcein
AM) and dead cells (labeled with PI) (Pongrac et al. 2016). Labeling efficiency
is also assessed by counting Prussian blue-positive cells. To monitor cytotoxicity
of the nanoparticles, blood tests can be used to determine liver enzyme activities,
such as bilirubin, alanineaminotransferase (ALT), and aspartate aminotransferase
(AST) activities. Cell viability can be also determined using a real-time cytotoxicity-
monitoring assay using the xCELLigence system (Zasonska et al. 2016), which has
an advantage that it measures the growth and proliferation of the cells for a longer
time (up to 10 days). In the system, the electrode impedance, which is displayed
as a cell index value, is used to monitor cell viability, growth and morphology, and
adhesion degree.

Oxidative Stress

The elicitation of reactive oxygen species (ROS) generation and cellular oxidative
stress, subsequently resulting in oxidative damage to biological macromolecules,
cellular dysfunction and cell death, are generally considered to be the underlying
mechanisms involved in nanomaterial toxicity (Nel et al. 2006; Shubayev et al.
2009). Moreover, oxidative stress is involved in the pathogenesis of many diseases,
such as cancer, diabetes, and respiratory problems, as well as in aging processes. The
genotoxicity of the particles (DNA damage) is studied using an alkaline version of
single cell gel electrophoresis (comet assay) with an analog of mammalian OGG1–
formamidopyrimidine DNA glycosylase (FPG) and endonuclease III (ENDO III)
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(Collins 2004). This approach enables the detection of single- and double-strand
breaks in DNA, transient gaps arising as intermediates during base excision repair,
alkali-labile sites, apoptotic DNA fragmentation and a broad spectrum of oxidized
purines and pyrimidines (Singh et al. 1988; Møller 2005). Particle toxicity for the
treated cells is often manifested by time-dependent evolution of vacuoles in the
cell cytosol (Zasońska et al. 2013). Obviously, negatively charged particles can be
responsible for such irritation of the living cells, in contrast to positively charged
particles that do not invoke cytotoxicity effects.

To determine cytotoxicity of magnetic nanoparticles on immune response, in par-
ticular, lymphocyte proliferative and phagocytic activity, and leukocyte respiratory
burst and in vitro production of interleukin-6 (IL-6) and 8 (IL-8), interferon-gamma
(IFN-γ), tumor necrosis factor-alpha (TNF-α), and granulocyte macrophage colony-
stimulating factor (GM-CSF) are analyzed (Zasońska et al. 2016) on human periph-
eral blood cells (T-lymphocytes and T-dependent B cells) after 24–72 h exposure
(Zasońska et al. 2016). However, in vivo experiments are always needed to confirm
non-toxicity of the material.

Oxidative stress assays utilize fluorescent molecular probes, such as 2′,7′-
dichlorodihydrofluorescein-diacetate (DCFH-DA), dihydroethidium (DHE), and
monochlorobimane (MBCl). The DCFH-DA assay is based on the oxidation of
2′,7′-dichlorodihydrofluorescein (DCFH) dye by reactive oxygen species (ROS)
to highly fluorescent 2′,7′-dichlorofluorescein, which emits green fluorescence at
520 nm after excitation at 485 nm. DHE is oxidized in the presence of a superox-
ide to 2-hydroethidium (excitation and emission at 480 and 567 nm, respectively)
and intermediate products, which can react with hydroxyl radical or hydrogen per-
oxide to form ethidium measured at excitation of 500–530 nm and emission of
590–620 nm. MBCl is a cell permeable dye which reacts with glutathione (GSH) to
generate highly fluorescent adducts measured using excitation and emission at 380
and 460 nm, respectively. GSH is an important marker of oxidative stress.

To reveal toxicity of particles, levels of reactive oxygen species, intracellular
glutathione, mitochondrial membrane potential, cell membrane potential, and activi-
ties of superoxide dismutase (SOD) and glutathione peroxidase (GPx) are examined
(Pongrac et al. 2016). Mitochondrial homeostasis is the particle major cellular tar-
get. GPx activity is measured by reaction with glutathione reductase, while SOD
activity is determined by xanthine oxidase and hypoxanthine. Changes in mito-
chondrial membrane potential are estimated using the fluorescent carbocyanine dye
3,3′-dihexyloxacarbocyanine iodide.

Real-Time Polymerase Chain Reaction (qPCR)

Real-time polymerase chain reaction can be also used to determine quality of particle
coating with polymers, e.g., PEG (Horák et al. 2015; Trachtová et al. 2016). DNA
amplification by qPCR is used for the evaluation of the efficiency of polymer coat-
ing of hydrophilic magnetic P(HEMA-GMA) and PGMAmicrospheres. Incomplete
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encapsulation of magnetite cores (nanoparticles) influences the PCR course and PCR
sensitivity (Španová et al. 2003).

Biomedical Applications of Magnetic Nano-
and Microspheres

Magnetic nano- and microparticles are currently utilized in a wide variety of medi-
cal diagnostic and therapeutic applications, such as hyperthermia, cell sorting, cell
tracking by MR imaging and tissue engineering, and for the manipulation and spa-
tial organization of cells. Manipulation of D-mannose-coated γ-Fe2O3 nanoparticle-
labeled brain nerve terminals by an external magnetic field has a potential for diag-
nostic or drug application and regeneration of injured neurons (Borisova et al. 2014);
surface-modified magnetic nanoparticles are then promising for in vivo colon cancer
theranostics. Moreover, methods based on antigen–antibody interaction have been
used for protein purification, nucleic acid isolation, environment monitoring, and
food safety. Many studies are then dealing with magnetic drug delivery systems.

Diagnostics

Magnetic Resonance Imaging (MRI)

In assessing the therapeutic possibilities of stem cells, accurate tracking methods
for determining the function, dynamics of cell migration, and differentiation after
implantation into the host organ are needed. Cell labeling with surface-modified
magnetic nanoparticles is an increasingly common method for long-term in vivo cell
separation and monitoring the fate of cells transplanted into a host organism, includ-
ing their in vivo migration, localization and differentiation, in human and veterinary
medicine, as the labeled cells can be detected by noninvasive MRI after implanta-
tion. These cell-based therapies are due to the iron oxide high relaxivities, which are
responsible for contrast in MR imaging, and their easy internalization by cells. On
the other hand, it is essential to preserve and not to violate any biological functions
of the labeled cells or cause toxicity or affect unique stem cell characteristics, such
as stemness and differentiation potential.

The ability to detect labeled cells by MRI depends on the quantity of iron oxide
nanoparticles in the cells. The efficiencywithwhich cells can be loadedwith nanopar-
ticles is thus a major determinant of MR sensitivity at the single-cell level. The effi-
cacy of iron oxide nanoparticles dependsmainly on their physicochemical properties,
particularly on their size and surface chemistry, including surface charge and surface
hydrophilicity (Sun et al. 2005). Conjugation with biologically active molecules,
such as antibodies, receptor ligands, polysaccharides, or proteins, then governs their
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MRI application. The cellular uptake of particles also depends on the number of pas-
sages of the cells, which is a characteristic physiological cell property. The lower the
passage, the more efficient is the cell labeling. Labeling efficiency can be determined
by relaxometry, spectrophotometrical iron content analysis, and by manual evalu-
ation of Prussian blue-stained nanoparticle-labeled cells (Fig. 5.22). For example,
poly(L-lysine) (PLL)-coated nanoparticles enter the cells via electrostatic interaction

Fig. 5.22 Photomicrographs of Prussian blue-stained rat mesenchymal stem cells labeled with a
Endorem®, b γ-Fe2O3@D-mannose, c γ-Fe2O3@PLL, and d γ-Fe2O3@PDMA nanoparticles;
scale bar 100 μm; PLL—poly(L-lysine), PDMA—poly(N,N-dimethylacrylamide). Reproduced
with permission from (Horák et al. 2009). Copyright 2009, with permission from Elsevier (Mosby,
Saunders, Churchill Livingstone, Academic Press)
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Fig. 5.23 TEMmicrographs of rat mesenchymal stem cells labeled with γ-Fe2O3@PLL nanopar-
ticles; scale bar 1μm; PLL—poly(L-lysine). Reproduced with permission from (Babič et al. 2008).
Copyright 2008, American Chemical Society

between positive charges of PLL and the negatively charged glycoconjugate moi-
eties on the cell surface (Moskvin et al. 2018). The internalization of PLL-coated
nanoparticles by the cells rather than simply their bonding to the cell surface was
confirmed by TEM (Fig. 5.23). The majority of the internalized nanoparticles were
located in the lysosomes of the cells, which supports their intracellular trafficking.
Nanoparticles are transported in endosomes and finally fused with lysosomes, a pro-
cess during which the vesicle membranes disappear. The very good ability of the
cells to internalize the colloid can be explained by the extremely small size of the
particles. Themechanism of nanoparticle uptake into the cells is different, depending
on the type of the coating. The mechanism responsible for the cellular internalization
of ca. 10 nm nanoparticles is thought to be receptor-mediated endocytosis involving
macropinocytosis and/or diffusion through the cell membrane (Dormer et al. 2005).
In contrast, D-mannose-coated iron oxide nanoparticles are supposed to be trans-
ported into the cells via the mannose transporter on the surface of the majority of
mammalian cells. Improved cellular uptake significantly contributes to the high r2
relaxation rate of cells labeled by modified iron oxide nanoparticles. The amount of
iron inside the cells in the case of labeling with PLL- or D-mannose-modified iron
oxide nanoparticles is up to ten times higher than in the case of cells labeled with
Endorem®. PLL-modified iron oxide-labeled mesenchymal stem cells are also well
visible onMR images as a hypointense area at the injection site and in the lesion after
intracerebral grafting into the contralateral hemisphere of adult rat brain (Fig. 5.24)
(Babič et al. 2008). In applications, cells are labeled in vitro with the nanoparticles
prior to transplantation and in vivo imaging monitors their migration throughout the
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Fig. 5.24 a Axial and b coronal MR images of a rat brain with 1000 cells labeled with γ-
Fe2O3@PLL nanoparticles implanted into the left hemisphere and 1000 Endorem®-labeled cells
implanted into the right hemisphere. MR images were taken 3 days after implantation. Enlarged
insets clearly show a hypointense signal in the left hemisphere; such a signal is not visible in the
right one; PLL—poly(L-lysine). Reproduced with permission from (Babič et al. 2008). Copyright
2008, American Chemical Society

body after transplantation. Cellular monitoring is particularly important for evalu-
ating cell-based therapies. γ-Fe2O3@PLL also excelled in labeling efficiency, via-
bility, and proliferation of neural stem cells without influencing their identity and
differentiation potential. Interaction of PLL-heparan sulfate proteoglycan on the cell
surface may be the first step mediating γ-Fe2O3@PLL internalization by tumor cells
(Fig. 5.25) (Siow et al. 2018). Epigallocatechin-3-gallate (EGCG; a component in
tea) and magnetic force exert a synergistic effect on magnetic particle internaliza-
tion by the cells. γ-Fe2O3@PLL nanoparticles can be thus considered as appropriate
candidates not only for the future neural stem cell in vivo tracking studies, but also
as drug carriers in targeting tumors (Pongrac et al. 2016; Siow et al. 2018).

As macrophages participate in many pathological processes, including heart dis-
orders (atherosclerosis, myocardial infarction), Alzheimer’s disease, diabetes, infec-
tious diseases, obesity, and rejection of donor organs after transplantation, MRI
detection of magnetically labeled macrophages is useful for imaging of pathological
loci, e.g., inflammation site or atherosclerotic plaques, and prediction of risks and
assessment of prospective therapies. A possibility to track the macrophages in vivo
allows monitoring the immune response (Fleige et al. 2002), inflammations, and cell
migration, as well as getting an insight into the development of different pathological
states in the organism in cell therapy (Flogel et al. 2008). As an example, the trans-
port of macrophages labeled with γ-Fe2O3@PLL nanoparticles in rats is confirmed
by MRI (Babič et al. 2015). Reverse transport of cholesterol is able to slow down
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Fig. 5.25 Schematic diagram of the interaction of PLL-MNPs and HSPG on the cell surface. The
amino groups of PLL coating endow positively charged residue (+) on the NP surface and interact
with negatively charged residues (−) of heparan sulfate on cell surface. The upper diagram is an
amplification of the red square in the lower diagram.Abbreviations: PLL—poly(L-lysine),MNPs—
magnetic nanoparticles, HSPG—heparan sulfate proteoglycan. Reproduced with permission from
(Siow et al. 2018). Copyright 2018, with permission from Dove Medical Press

gradual changes of macrophages to residual macrophages and to positively influence
deceleration of the atherosclerosis process.

Diagnosis of Cancer

Cancer represents a major health concern because it causes approximately 13% of
all deaths’ worldwide (Ferlay et al. 2008), and approximately, 90% of cancer deaths
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Fig. 5.26 Ephesia systemprinciple. aDesign of the chip,b the bottom layer of the chipwith anchor-
ing points, c self-assembly of magnetic beads under the magnetic field. d immunomagnetic-based
capture of cancer cells. Reproduced with permission from (Guneri et al. 2014). Copyright 2014,
with permission from The Royal Society of Chemistry

are caused bymetastases originating from cancer stem cells (CSCs). Molecular char-
acterization and development of specific therapies targeted to CSCs have scope for
improvement of survival and quality of life of patients with cancer, in particular, for
those with metastatic disease. To capture CSCs from blood, new technologies with
enhanced sensitivities and specificities are required. For example, CD133-positive
cells (CD133 is a marker of brain, colorectal, lung, and liver cancer stem cells)
were effectively captured from human cancer cell lines (HepG2, HCT116, MCF7,
and IMR-32) by using magnetic PGMA microspheres conjugated to an antihuman
CD133 antibody; later they were detached from the microspheres (Kuan et al. 2014).
Such microspheres are very promising for cancer diagnosis because the CD133-
expressing cells in cancer cell lines have been suggested to be cancer stem cells.
Monodisperse macroporous PGMA microspheres (~5 μm in size) containing car-
boxyl groups to immobilize DO-1 antibody can be used for the specific isolation of
the tumor suppressor protein p53 (Koubková et al. 2014). Analysis of p53 expression
level in cell lysates is important for the detection of human cancer biomarkers.

Microchips

There is increasing demand for the development of cost-effective and user-friendly
lab-on-a-chip medical devices for in vitro molecular diagnostics of cancer and infec-
tious, as well as neurodegenerative diseases. Analysis of clinically relevant nucleic
acid targets is thus becoming an integral part of such novel point-of-care testing.
Microfabrication (microchip) technology and integration of flow systems is prefer-
able alternative to the conventional batch processes, offering a great potential for
mass production of low-cost devices for protein identification (Bílková et al. 2006).
Chip is typically the consumable part of the microfluidic platform consisting of array
of independent micro-channels with inlets and outlets (Fig. 5.26). Implementation of
enzymatic reactions in micro-channels allows a decrease in the amount of consum-
ables and sample by several orders of magnitude. Detection sensitivity can also be
improved for a sample with small total volume since no dilution is necessary, and the
smaller scale increases the speed of diffusion-limited reactions allowing faster assays
(Sakai-Kato et al. 2003). Finally,microfluidic integrationmay allow long-termhigher
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Fig. 5.27 Microchip system. a Column formation; 30 mT magnetic field is used to construct the
columns; the remaining beads are washed out with the PBS flow. b The anchoring column system
composed of 48 rows and 1000 columns; the hole depth is 5 μm. c Capture principle; epithelial
cells pass through the column system and are caught by antibody/antigen interactions, PBS—
phosphate buffer solution. Reproduced with permission from (Horák et al. 2013). Copyright 2013,
with permission from John Wiley & Sons (Wiley-Interscience, Wiley-VCH, Wiley-Blackwell)

automation and better reproducibility. Magnetic microspheres, which are organized
by an inhomogeneous external magnetic field perpendicularly to the direction of the
channel, open the route to automated, high-throughput proteomic microchip devices.
For example, antibodies of epithelial cell adhesion molecule (anti-EpCAM) immo-
bilized on the albumin-coated monodisperse magnetic PGMA microspheres using
the carbodiimide method can be used in microfluidic immunomagnetic cell sorting,
with a specific application to the capture of circulating tumor cells (CTCs) (Horák
et al. 2013). In the microfluidic technology, such microspheres bearing antibodies
directed against the cancer cells are inmagnetic field self-assembled in amicrofluidic
channel, onto a predefined array of “magnetic anchors” (Fig. 5.27). Thanks to appro-
priate positioning of the magnetic columns, the probability of collisions of cells and
microspheres is very high, allowing thus the capture of all the EpCAM-expressing
cells in the blood sample.
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Proximity Ligation Assay (PLA) and Rolling Circle Amplification (RCA)

Also innovative, ligation-based assays, using highly specific padlock probes, are
attractive for the detection of mutations or diagnostics of pathogens (Salih et al.
2016). In the solid-phase PLA, the target protein is captured via an antibody immo-
bilized on a solid support such as magnetic microparticles. The protein is then rec-
ognized by a pair of PLA probes, each consisting of an antibody conjugated to a
DNA oligonucleotide. Once in proximity, the DNA oligonucleotides are joined by
enzymatic ligation in the presence of a connector oligonucleotide to form a template
for amplification and quantification using quantitative real-time PCR. Functionality
of the tosyl-activated magnetic bead cellulose as a solid support in PLA was tested
on the detection of VEGF peptide in crude chicken serum (Yan et al. 2013).

Probed targets can be amplified also by rolling circle amplification (RCA) forming
large DNA bundles which can be fluorescently labeled and digitally counted (Baner
et al. 1998). Detection sensitivity is greatly improved by applying two rounds of
RCA, so-called circle-to-circle amplification (C2CA) (Dahl et al. 2004). RCAof pad-
lock probes guarantees high specificity to identify nucleic acid targets down to single
nucleotide resolution in amultiplex fashion. This makes the assay suitable for molec-
ular analysis of various diseases, and interesting to integrate into automated devices
for point-of-care analysis. A critical prerequisite for many molecular assays is (i)
target-specific isolation from complex clinical samples and (ii) removal of reagents,
inhibitors, and contaminants between reaction steps. Efficient solid supports are
therefore essential to enable multi-step, multi-analyte protocols. Superparamagnetic
micro- and nanoparticles, with large surface area and rapid liquid-phase kinetics, are
attractive for these multi-step protocols. Recently, streptavidin-modified magnetic
monodispersed poly(2-hydroxyethyl methacrylate) microspheres were used as solid
support in C2CA (Fig. 5.28) to detect DNA sequences from Escherichia coli (Salih
et al. 2016).

Diagnosis of Neurodegenerative Disorders

Magnetic microspheres have been extensively used in ELISA applications due to
increased active surface area and enhanced assay sensitivity. Combination of mag-
netic and non-magnetic microspheres functionalized with capture (anti-ferritin) and
detection (biotinylated anti-ferritin) antibodies has been evaluated in view of ampli-
fying the number of enzymatic labels in the immuno-complex for microfluidic
immunoassay (Fig. 5.29), which is much more rapid and requires less volume than
the conventional enzyme-linked immunosorbent assay (ELISA) and is amendable
to automation. Applicability of such microspheres was demonstrated in microfluidic
ELISA tests with electrochemical detection for the dosage of ferritin, which is rec-
ognized as a promising biomarker for early diagnosis of neurodegenerative disorders
that are typically associated with L-ferritin mutation (Reymond et al. 2013).
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Fig. 5.28 Schematic C2CA protocol. (1) Hybridization of linear synthetic DNA capture probes and
padlock probes (both in orange) to their bacterial target DNA strand (black). The padlock probes are
specifically circularized by enzymatic ligation of their target complementary sequence motifs. They
additionally contain a backbone sequence that enables further downstream processing and labeling
as described below. (2) Probed targets are captured to the orange magnetic microspheres through
biotin–streptavidin interaction. After conjugation, excess and unreacted probes are removed by
washing. (3) Circularized padlock probes are amplified by rolling circle amplification (RCA) by a
polymerase, utilizing the target as a primer to initiate the reaction and to form long single-stranded,
concatenated rolling circle products, RCPs (black). (4) The RCPs are digested to monomers by
introducing a probe (orange) to form double-stranded sites along the molecules that are recognized
by a restriction enzyme (illustrated by scissors). (5) The monomers are re-circularized and ligated,
and a second round of RCA is performed, followed by (6) fluorescent labeling of the amplification
products (orange) through hybridization of short labeled probes (labels illustrated by blue stars).
Finally, the RCPs are digitally counted by a fluorescent scanner. Reproduced with permission from
(Salih et al. 2016). Copyright 2016, with permission from Elsevier (Mosby, Saunders, Churchill
Livingstone, Academic Press)

Alzheimer’s Disease Biomarkers Detection

Both ß-amyloid and ApoE4 biomarkers are considered as valid neurochemical
indicators to estimate the risk or the presence of the disease. Their detection in
some physiological fluids such as cerebrospinal fluid (CSF), serum, and plasma
can be used to diagnose Alzheimer’s disease in a very early stage and also to pro-
vide objective and reliable measures of disease progress. Of special interest are
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Fig. 5.29 Principle of electrochemical ELISA test with magnetic microspheres coated with cap-
ture antibody (CA) and non-magnetic microspheres coated with a biotinylated detection antibody
(DA); PAPP stands for p-aminophenyl phosphate, AP for aminophenol, and QI for quinonimide.
Reproduced with permission from (Reymond et al. 2013). Copyright 2013, with permission from
John Wiley & Sons (Wiley-Interscience, Wiley-VCH, Wiley-Blackwell)

the recent approaches based on the use of magnetic particles for the analyte pre-
concentration/purification before detection by gold nanoparticle tags, which cat-
alyze hydrogen evolution (de la Escosura-Muñiz et al. 2015). Highly porous mag-
netic PHEMA-COOH microspheres with immobilized capture antibody were used
in a sandwich immunoassay using Au particles with detection antibody to find ß-
amyloid and ApoE4 biomarkers in human CSF and plasma of patients suffering from
Alzheimer’s disease. Another approach took advantage of magnetic PGMA-PEG-
COOHmicrospheres with anti-Aß 6E10 antibody immobilized via EDC/NHS chem-
istry to enable pre-concentration of labeled Aß 1-40 amyloid peptides, which was
determined by capillary electrophoresis with laser-induced fluorescence detection
(Horák et al. 2014).

Diagnosis of Multiple Sclerosis Patients

Magnetic PHEMA microspheres coupled with a potential disease biomarker,
p46/Myo1C protein purified from blood serum of multiple sclerosis (MS) patients,
enabled easy isolation of monospecific anti-p46/Myo1C immunoglobulin G antibod-
ies from crude antibody preparations of mouse blood serum (Fig. 5.30) (Horák et al.
2017). Thesemicrospheres are a promising tool for affinity purification of antibodies,
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Fig. 5.30 Binding of p46/Myo1C antigen on magnetic PHEMA particle and capture of monospe-
cific anti-p46/Myo1C antibody. Reproduced with permission from (Horák et al. 2017). Copyright
2017, with permission from Portland Press

which can improve diagnosis and effectiveness of treatment of MS patients, which
is the most common chronic inflammatory disease of the central nervous system
with supposed autoimmune etiology. If conjugated with any specific antigen present
in cells of patients suffering from neurological disorders, they can be exploited for
highly sensitive affinity isolation of any biomarkers.

Diagnosis of Autoimmune Diseases

Anti-histone antibodies were found in a variety of autoimmune disorders, including
inflammatory, hepatic, malignant, infectious, and rheumatic diseases (Dunorier and
Muller 2007). Detecting these antibodies in blood serum is thus useful for diagnos-
ing specific diseases and for the prognostication and evaluation of treatment effi-
cacy. Rapid purification of the anti-histone immunoglobulins from blood serum of
systemic lupus erythematosus patients on calf thymus histone-conjugated magnetic
poly(2-oxoethyl methacrylate) (POEMA-His) microspheres enabled the diagnosis
and prognosis of this disease (Fig. 5.31) (Horák et al. 2015). The procedure might be

Fig. 5.31 Affinity isolation of anti-histone immunoglobulins from blood serum of systemic lupus
erythematosus patients using histone-conjugated magnetic poly(2-oxoethyl methacrylate) micro-
spheres; IO—iron oxide, HIS—histone. Reproduced with permission from (Horák et al. 2015).
Copyright 2015, with permission from the Royal Society of Chemistry
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suitable not only for patients with systemic lupus erythematosus but also for persons
suffering from other autoimmune diseases.

Treatment

Controlled Drug Targeting

The aim of targeted drug delivery and therapy is to transport a drug directly to the dis-
ease loci with no or minimal side effects on the human body and to reduce the needed
dosage. The potential of drug delivery systems based on the use ofmagnetic nanopar-
ticles offers three major significant advantages: (i) the ability to target-specific loca-
tions in the body; local retention of nanocomposites may prolong the half-life of the
drug and enhance therapeutic efficacy, (ii) the reduction of the drug quantity needed
to attain a particular concentration in the vicinity of the target, and (iii) the reduc-
tion of the drug concentration at nontarget sites which minimizes severe side effects
(Arruebo et al. 2007). Magnetic field can steer and concentrate magnetically labeled
cells inside the body.

Antitumor Activity of Magnetic Nanoparticles

Example of antitumor activity of magnetic nanoparticles will be now shown on
an animal model. Poly(N,N-dimethylacrylamide-co-acrylic acid)-modified γ-Fe2O3

(γ-Fe2O3@PDMA) nanoparticles showed higher antitumor (decreasing the tumor
volume by 60%) and antimetastatic activities than commercial CuFe2O4 particles and
the conventional antitumor agent cisplatin or doxorubicin, when administered per os
to mice with Lewis lung carcinoma or Wistar rats with Walker-256 carcinosarcoma
(a model of mammary gland carcinosarcoma) due to enhanced oxidative stress in
tumor cells (Fig. 5.32) (Macková et al. 2015; Horák et al. 2017). The tumor size
was measured with a caliper and tumor volume [V; cm3] was calculated using Eq. 6:
(Faustino-Rocha et al. 2013)

V = (4/3) × π × (L/2) × (W/2) × (D/2)/1000 (5.6)

where L, W, and D represent the tumor length, width, and depth (mm), respec-
tively. The presence of tocopherol (Toc) enhanced spontaneous Fe2+ release from
γ-Fe2O3@PDMA nanoparticles, increasing their antitumor activity (Horák et al.
2017). Iron is known to play an important role in tumor development and cancer
treatment, and iron oxide nanoparticles induce dose-dependent cytotoxicity and gen-
erate oxidative stress by increasing the production of intracellular reactive oxygen
species (superoxide anions and nitric oxide) in human umbilical endothelial cells via
the Fenton reaction (Torti and Torti 2013; Voinov et al. 2011).
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Fig. 5.32 Antitumor effect of γ-Fe2O3@PDMA nanoparticles on Walker-256 mammary gland
carcinosarcoma in Wistar rats. From left to right: untreated rat with a tumor (control), rat with a
tumor treated with intraperitoneally administered doxorubicin, and rat with a tumor treated with
γ-Fe2O3@PDMA nanoparticles administered per os. Reproduced with permission from (Horák
et al. 2017). Copyright 2017, with permission from Dove Medical Press

When considering the mechanism of the antitumor effect of γ-Fe2O3@PDMA
nanoparticles, the particle dispersion has to first pass through the stomach and then
enters the gastrointestinal tract and blood circulation system, reaching organs, such
as the liver, kidney, and mesentery (Hughes et al. 2013). To be resorbed into the
bloodstream, it is speculated that the particles penetrate the mucus barrier of the
small intestine due to the small particle size, which allows secretion by the epithe-
lium. Particles circulating in the bloodstreamare preferentially accumulated by tumor
cells due to their increased proliferative activity and passive transfer, which is known
as the enhanced permeability and retention (EPR) effect (Duncan and Sat 1998). Dif-
ferences in cellular uptake between cancer cells and normal cells have been observed
bymany authors, though the reasons for these differences are still under investigation
(Zhang et al. 2016). This difference may be related to the difference in the endocy-
tosis pathways between normal cells and cancer cells. Within tumor cells, cytotoxic
Fe2+ is released under the formation of a singlet oxygen, leading to cell membrane
and mitochondrial damage (Xu et al. 2009).
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Hyperthermia

Hyperthermia is a minimally invasive procedure which destroys cancer cells by heat
generated in alternatingmagnetic field (AMF) due tomagnetization reversal losses of
magnetic nanoparticles applied to a tumor. Different thermotolerance between tumor
and healthy tissue cells enhances the sensitivity of the cancer cells to a simultaneous
chemotherapy or radiotherapy (Pankhurst et al. 2003). The first application of mag-
netic iron oxide nanoparticles (20–100 nm) in hyperthermia was described already
five decades ago (Gilchrist et al. 1957). Since that time many metal (Cherukuri et al.
2010) and metal oxide particles were suggested for hyperthermia using different
magnetic field strengths and frequencies (Amiri and Shokrollahi 2013). However,
iron oxide particles (maghemite γ-Fe2O3 and magnetite Fe3O4) are still considered
as the best candidates for the biomedical applications since they exhibit minimum
general toxic effects. Nevertheless, the mechanism of heat generation by the super-
paramagnetic nanoparticles is still not fully understood since the induced heat can be
affected by viscosity, susceptibility, and hysteresis losses. Susceptibility losses have
two relaxation times, i.e., Néel relaxation (τN) and Brownian rotation (τB), which
differ in their dependence on the nanoparticle size. The susceptibility loss of particles
of the identical size induced by the Brownian rotation is higher at low frequencies
of alternating magnetic field than that due to Néel relaxation. A second mechanism
addresses magnetic hysteresis losses, which occur for larger ferrimagnetic particles
with a magnetic anisotropy. Coercivity and relative remanence and the heating effi-
ciency are function not only of particle size and/or shape, but also the strength and
frequency of the applied magnetic field.With increasing particle diameter, coercivity
and relative remanence increase, which correspond to transition from superparamag-
netic to ferrimagnetic behavior. This is reflected in enhanced specific absorption rate
(SAR) of particles exposed to alternating magnetic field. Particles with sizes >10 nm
and <50 nm are generally considered as best for tissue penetration and AMF-driven
heat generation. Also, size distribution has an important influence on resulting SAR;
particles with a broader size distribution result in increased SAR than narrow size
distributed particles of comparable mean size (Patsula et al. 2016). The SAR value
(W g−1) was calculated according to Eq. (5.7):

SAR = Cpρ

m

(
dT

dt

)
(5.7)

where Cp (4.18 J K−1 g−1) and ρ (1016.5 kg m−3) are the specific heat and density
of the colloid, respectively, and m is the mass of iron oxide per unit volume of the
colloid.

As an example, Fig. 5.33 shows the SAR of γ-Fe2O3, poly(N,N-
dimethylacrylamide-co-acrylic acid) (DMA)- and D-mannose (MAN)-coated (γ-
Fe2O3@PDMA and γ-Fe2O3@MAN) nanoparticles extrapolated to 10 kA m−1

reaching about 15 W g−1, which is promising for their application in magnetic
hyperthermia (Babič et al. 2017).
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Fig. 5.33 SAR dependence of γ-Fe2O3, γ-Fe2O3@PDMA, and γ-Fe2O3@D-mannose nanoparti-
cles on the appliedmagnetic fieldH at the frequency f = 190 kHz.Measured experimental datawere
fitted according to �T /�t = (H/a)n up to 10 kA m−1; SAR—specific absorption rate, PDMA—
poly(N,N-dimethylacrylamide). Reproduced with permission from (Babič et al. 2017). Copyright
2017, with permission from IOP Publishing

Separation of Biomolecules

The efficient isolation and concentration of protein antigens from complex biolog-
ical samples are a critical step in several analytical methods, such as mass spec-
trometry, flow cytometry, and immunochemistry. These techniques take advantage
of magnetic microspheres as immunosorbents. Magnetic separation advantageously
replaces classical separation techniques, such as centrifugation, filtration, or column
separation, including size exclusion or exchange chromatography, as the isolated cells
or enzymes are subjected to very low mechanical stress, and the method is favor-
able for automation. The magnetic cell separation is beneficial for direct isolation
from crude biological samples, such as blood, bone marrow, stool, water, and soil.
The amino-, carboxyl-, hydroxyl-, tosyl- or hydrazide-containing particles can be
functionalized with antibody or streptavidin to capture biotinylated antibody. Immo-
bilized protein A or protein G then binds the antibody of conjugate. Application of
immobilized enzymes, such as glucoamylase, cytochrome c oxidase, β-lactamase,
chymotrypsin, alcohol dehydrogenase, glucose oxidase, galactose oxidase, urease,
neuraminidase, papain, laccase, DNase, or RNase (Korecká et al. 2005; Chen and
Liao 2002; Koneracká et al. 2002), in biotechnological practice offers a distinct
advantage over soluble enzymes, because they can be rapidly and simply removed
from the reactionmixture, can be used repeatedly and aremore resistant to the unfold-
ing of their native structure that may be caused by heat and pH changes. Immobilized
enzyme avoids contamination of the digestion products by free enzymes or peptides,
which can be very detrimental to analysis (Davis et al. 1995). This is especially
important because increasingly larger amounts of various enzymes are consumed in
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industrial applications. Important application involves large-scale chromatographic
purification of chromosomal or plasmid DNA, peptides, polysaccharides, and lipids
in biotechnological processes like gene therapy (Horák et al. 2001).

Control of Food Quality

Food quality has gained increased importance for consumers and food industry, and
DNA-based methods, such as polymerase chain reaction (PCR), represent a use-
ful tool for the identification of plants in foods, confirmation of foods authenticity,
and genetically modified organism detection. In this context, magnetic hydrophilic
P(HEMA-GMA) microspheres are used in the presence of PEG 6000/NaCl for
low-cost and time-consuming extraction of DNA in a wide range of concentra-
tions (0.1 pg μl−1 to 10 ng μl−1) from raw vegetables and highly processed foods of
plant origin (corn flakes, chocolate, and pickled red beetroot) (Trojánek et al. 2018).
Magnetic PHEMA microspheres functionalized by polyclonal Salmonella antibod-
ies or proteinase K via the trichlorotriazine method immunomagnetically separate
Salmonella cells from intra- or extracellular inhibitors; Salmonella is then success-
fully identified using cultural and PCR methods in the presence of dominant back-
ground microflora in medical and food microbiology, foodstuffs, eggs, etc. (Španová
et al. 2003). Other examples include determination of E. coli, Staphylococcus aureus
and Listeria monocytogenes. A sandwich enzyme-labeled immunoassay (ELISA)
for the detection of Campylobacter jejuni in food is based on magnetic PGMA-
NH2 microspheres with immobilized antibody against Campylobacter jejuni via the
2,4,6-trichloro-1,3,5-triazine method as a solid phase (Figs. 5.9 and 5.34) (Horák
and Hochel 2005).

Another sandwich-type electrochemical immunosensor containing magnetic
PGMA-COOH microspheres with immobilized anti-OVA antibodies was designed
for rapid detection of ovalbumin (OVA) as an example of food allergen using sec-
ondary anti-ovalbumin antibodies conjugated with horseradish peroxidase as label
tag (Čadková et al. 2015). This offers a very promising approach in comparison with
methods based on a standard ELISA arrangement, especially due to the potential
for miniaturization, low sample volumes, rapid analysis, and possible automation of
analysis and the possibility of measurement outside the laboratory, while maintain-
ing the sensitivity and specificity. The immunosensor could be reused after simple
regeneration and washing steps; therefore, the overall costs of the analysis could be
reduced substantially.

Magnetic P(HEMA-GMA)-NH2-STV microspheres with immobilized DNA
probe isolated Lactobacillus paracasei DNA from probiotic food supplements
(Horák et al. 2011). Probiotic lactic bacteria present in dairy products confer health
benefits controlling host gastrointestinal microflora. The identification of bacteria
in real samples requires the preparation of PCR-ready DNA without inhibitors,
which can be advantageously removed using magnetic separation on the magnetic
microspheres.
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Fig. 5.34 Sandwich enzyme immunoassay. 1st step: covalent attachment of the antibody (IgG)
to magnetic microspheres, saturation of the solid-phase surface with bovine serum albumin; 2nd
step: incubation with the sample; 3rd step: addition of the second antibody (IgY); 4th step: addition
of the anti-IgY antibody–enzyme complex; 5th step: addition of enzyme substrate, removal of
microspheres and absorbance measurement. Reproduced with permission from (Horák and Hochel
2005). Copyright 2005, with permission from De Gruyter

Carboxyl group-containing magnetic P(HEMA-EDMA), PGMA, and P(HEMA-
GMA)microsphereswere used in solid-phase reversible adsorption of genomicDNA
isolated from lactic acid bacteria (Bifidobacterium longum and Lactobacillus) in the
presence of NaCl and PEG. Bacteria were separated from dairy products, such as
cheese, butter, milk, kefir, and yoghurt, which was followed by PCR identification of
DNA (Křížová et al. 2005). The proposed procedure is suitable also for the isolation
of DNA from lake sediments, fungi, or for testing of genetically modified organisms.
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Fig. 5.35 Scheme of the
structure of magnetic
IDA-modified
P(HEMA-GMA)
microspheres with
immobilized metal ion (Me)
in aqueous solution;
IDA—iminodiacetic acid.
Reproduced with permission
from (Přikryl et al. 2006).
Copyright 2006, with
permission from John Wiley
& Sons (Wiley-Interscience,
Wiley-VCH,
Wiley-Blackwell)

As an example of immobilized metal affinity chromatography purification, magnetic
P(HEMA-GMA) particles coupled with iminodiacetic acid (IDA) to bind Ni(II) or
Fe(III) ions were shown to separate or detect proteins (Fig. 5.35) (Přikryl et al.
2006). P(HEMA-GMA) microspheres modified with iminodiacetic acid (IDA) were
employed for the immobilized metal (Fe3+, Ga3+) affinity chromatography (IMAC)
separation of phosphopeptides from the proteolytic digests (dried milk) (Novotna
et al. 2010).

Other Separations

Ion exchange-based separations on a magnetic support with weakly acid (COOH),
weakly (NH2), and strongly basic groups [N+(CH3)3] found applications in water
treatment, providing drinking water supplies from low-quality resources, sewage
treatment, and economic purification of industrial wastewaters from toxic azo dyes,
heavy metal ions or As(III) and As(V) traces (Bolto 1996; Bolto and Spurling
1991). Both batch and continuous procedures were developed for desalting brackish
water, treatment of industrial, and household wastewater, e.g., for removal of nickel
from electroplating rinse water, or to decolorize pulp mill eluent. Magnetic (diethy-
laminoethyl)agarose (DEAE-Magarose®) effectively bound DNA from crude cell
lysates (Levison et al. 1998).
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Outlook

Surface-modified magnetic iron oxide nanoparticles have been already used in many
biomedical applications, such as in vitro cell labeling followed by in vivo MRI
tracking, which is being investigated for stem cell therapy, or contrast agents to
detect various diseases. Minimizing particle size is important for the ease of cellular
internalization. Although gadolinium compounds represent here competition, they
might be forbidden in the future due to their toxic effects, especially in nephropathic
patients, which plays into the hands of biocompatible iron oxides. The uptake of
iron oxide nanoparticles into the cells can be also well monitored by Prussian blue
staining. Moreover, the iron oxide particles found applications not only as enzyme
mimetics and sensors in clinical diagnostics, like early detection of cancer and/or
neurodegenerative diseases, but also in combinationwith therapeutics, such as hyper-
thermia, photothermal treatment, or nanocarriers of chemo- and phototherapy agents.
In addition, with continuing progress in new particle design, combinations of multi-
ple functions will be achieved in the future. This will enable to achieve for example
simultaneousMRI, positron emission tomography, single-photon emission computed
tomography/computed tomography, NIR fluorescence and photoacoustic imaging in
a single particle.

It is not only the core, which will have to be redesigned, but bright future is
waiting also for the new shells. The coating material should possess some specific
characteristics, such as biodegradability, biocompatibility, hydrophilicity, the pres-
ence of functional groups, and strong repulsion forces to allow long circulation time
in blood. There is still no ideal stable hydrophilic coating available to avoid particle
aggregation under physiological conditions of living organism. Probably the best
compounds to prevent aggregation rely on the strong affinity of bisphosphonates
toward iron oxides. However, new and more efficient stabilizing agents are definitely
waiting to be discovered in the future.

In terms of magnetic microspheres as a solid support, they provide easy handling,
e.g., with immobilized biomolecules and enzymes, which have much higher storage
stability than the free enzyme and can be repeatedly removed from the complex reac-
tion mixtures by a magnet. Immunomagnetic separation of DNA, which is important
for the early detection of many inherited and malignant diseases, can be then effec-
tively combined with PCR. Also, direct immunocapturing of circulating tumor or
cancer stem cells on the microspheres from biological fluids is a very promising
approach for improved diagnosis of cancer, aiding prognosis and follow-up. The
magnetic microspheres are also vital to enable advanced processing in sophisticated
protocols for multiplex molecular diagnostics. The possibility to implement them in
automated systems favors their use in a broad range of bioassays, including clinical
tests. Miniaturization is increasingly explored because of the numerous advantages
it is promising. Combination of microfluidic devices with magnetic microspheres is
creating new possibilities in innovative bioapplications, especially in point-of-care
diagnostics and personalized medicine.



5 Magnetic Nano- and Microparticles in Life Sciences … 213

Acknowledgements I would like to thank all my colleagues and co-authors who have helped in
carrying out the research and the Institute of Macromolecular Chemistry and the Czech Science
Foundation (No. 20-02177J) for support. Special thanks belong to Dr. V. Patsula for drawing some
pictures.

References

Amiri S, Shokrollahi H (2013) The role of cobalt ferrite magnetic nanoparticles in medical science.
Mater Sci Eng C 33:1–8

ArrueboM,Fernández-PachecoR,VelascoB,MarquinaC,Arbiol J, Irusta S, IbarraMR,Santamaría
J (2007) Antibody-functionalized hybrid superparamagnetic nanoparticles. Adv Funct Mater
17:1473–1479
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Chapter 6
Superparamagnetic Iron Oxide
Nanoparticles (SPIONs)
as Multifunctional Cancer Theranostics

Ibrahim M. El-Sherbiny, Mousa El-Sayed and Asmaa Reda

Abstract Nanobiotechnology stemmed from the recruitment of tools developed by
nanotechnology to be applied in many other sectors, including nanomedicine. Par-
ticularly, magnetic nanoparticles (MNPs) are of great interest, having successfully
offered controlled sizes, capability to be manipulated externally, localized magnetic
hyperthermia treatment (MHT), and enhanced magnetic resonance imaging (MRI).
As a result, these MNPs are used as therapeutic and diagnostic tools in a variety
of biomedical applications such as cancer, Alzheimer, and bacterial infections. In
this regard, novel insights provide rationale for designing and development of super-
paramagnetic iron oxide nanoparticles (SPIONs) to be utilized in various biomedi-
cal applications, especially given that SPIONs are already used in clinical trials in
late phases. These magic nanoparticles opened avenues to drug delivery, cellular-
specific targeting, multi-modal imaging, and a new era of personalized medicine
for management of cancer. Herein, we will unravel the extra-unique properties of
SPIONs endowing the multifunctional characteristics and abilities for diagnosis,
therapy, and online therapeutic monitoring that are referred to theranostics. More-
over, huge efforts have been exerted recently on designing and developing of SPIONs
with enhanced biocompatibility, safety, drug-loading capacity, stability, and imaging
ability. In addition, the minimization of cellular uptake by macrophages, preferential
targeting of cancerous cells sparing normal cells, monitoring cancer cells prior to and
after treatment, as well as triggering therapeutic drug release in a controlled fashion
envisioned SPION as a golden therapeutic era tool. Overall, this book chapter will
highlight the state-of-the-art designed SPIONs, their fabrication, characterization,
and the mechanism of their action in targeting cancer cells.
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Introduction

Cancer is described as the worst monster nightmare for all humanity. It is charac-
terized by uncontrolled cell proliferation, evasion all tumor suppressors, invasion,
metastasize, immortality, angiogenesis, and evasion of host defense mechanisms
of immune system (Hanahan and Weinberg 2000; Hanahan and Weinberg 2011).
Meanwhile, cancer deaths increases exponentially, and according to the WHO, the
expected deaths number by 2030 is 13.1 million (Stewart and World Cancer Report
2014). Herein, the real prerogative is to use multifunctional nanotheranostics for
effective diagnosis, imaging, and treatment of cancer. This challenge is achieved
by using superparamagnetic iron oxide nanoparticles (SPIONs) (Yigit et al. 2012;
Rosen et al. 2012; Tong et al. 2011). SPIONs are considered as the most promising
tool in cancer theranostics as they are characterized by a superparamagnetic behav-
ior, stability at physiological pH, non-toxicity, biocompatibility, and biodegradabil-
ity. Also, they are metabolized easily and transported by trans-ferritin, ferritin, and
hemosiderin to endogenous iron reservoir to be used later for hemoglobin synthesis.
Besides, SPIONs are very small in size (1–20 nm) and having large surface to volume
ratio. Moreover, they are characterized by reactive surface that can be easily modi-
fied with biocompatible capping agents. Their surface could also be potentiated via
covalently attaching to ligands, antibodies or peptides for targeted drug delivery (Zou
et al. 2010). What is really exciting here is the multifunctional ability of SPIONs for
improving cancer therapy. There is a great potential lies within the in vivo imaging
by (MRI), hyperthermia, magnetic separation, biosensing application, tissue repair,
and targeted drug delivery (Dilnawaz et al. 2010; Veiseh et al. 2010; Perez et al.
2002; Frullano and Meade 2007; Corot et al. 2006; Solanki et al. 2008).

SPIONs Design for Cancer Theranostics

Precise design of SPIONs can lead to the formation of a smart multifunctional
nanocarrier specific for personalized medicine via combining the therapeutic, diag-
nostic, and targeted drug delivery ability in a single biodegradable and biocompatible
particle. Basically, SPIONs are formed of three main layers (Fig. 6.1): the first layer
(core), which is formed of iron oxide and acts as MRI contrast agent, the second
layer (capping layer), which is usually biocompatible and biodegradable material
preventing aggregation, and the third layer which is the therapeutic coating with
targeted moiety.
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Fig. 6.1 Schematic illustration of SPIONs design for cancer theranostics

SPIONs Structure and Types

SPIONs are considered as a pivotal therapeutic and diagnostic tool in cancer treat-
ment in addition to their ability to overcome the multi-drug resistance and many of
the drawbacks of conventional chemotherapy approach of cancer treatment, such as
biocompatibility, poor solubility, and hydrophobicity of the anticancer drugs. Basi-
cally, SPIONs consist of core made from iron oxide and a coating material. Herein,
there are three types of SPIONs core—maghemite (γ-Fe2O3), hematite (α-Fe2O3),
and magnetite (Fe3O4)—with the magnetite being the prevailing one among others.
Substantially, magnetite contains Fe2+ and Fe3+ ions with molar ratio 1:2. Osten-
sibly, magnetite is of great importance as it triggers Fenton reaction that leads to
the formation of reactive oxygen species (ROS) in cancer cells (Huang et al. 2013)
(Fig. 6.2).

Fenton reaction:

Fe2+ + H2O2 → Fe3+ + OH· + OH−

Fe3+ + H2O2 → Fe2+ + OOH· + H+

Strikingly, SPIONs exhibit superparamagnetic characteristics below 30 nm size
at room temperature. In this regard, superparamagnetism can be defined as the ability
of magnetic nanoparticles to show paramagnetic nature with intensive saturation and
susceptibility magnetization under the effect of magnetic field and the tendency of
losing this nature totally once themagnetic field is removed leading to zero coercivity
and zero magnetic remanence.

Concomitantly, SPIONs surface at the very small size is so reactive due to the
increased surface area-to-volume ratio. As a result, SPIONs surface is dominantly
coated with capping agent or surfactant or even polymers to prevent their aggregation
in colloidal solutions and to preserve fixed shape and size. Otherwise, SPIONs will
aggregate and settle down forming bulk structures in colloidal solutions. However,
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Fig. 6.2 Schematic illustration of SPIONs initiated fenton reaction and ROS formation

these coatingmaterials affect the superparamagnetic properties of SPIONsdepending
on their amount, nature, composition, and thickness.

SPIONs Synthesis Methods

SPIONs have been fabricated using different techniques including physical, chemi-
cal, and microbial methods. The chemical methods are mainly utilized and they are
favored over other fabrication approaches. In this section, we report the commonly
used wet chemical methods for SPIONs fabrications, preceded by a summary for
each method’s advantages and disadvantages as illustrated in Table 6.1.

Co-precipitation Method

Co-precipitation method is a facile and convenient approach for the fabrication of
SPIONs from aqueous solutions of Fe+2/Fe+3 salts (in a 2:1 stoichiometric ratio) by
the addition of a base under inert atmosphere at room or an elevated temperature
(70–90 °C). It has been quite established that in order to obtain monodispersed par-
ticles, a burst nucleation followed by a slow controlled growth should be achieved.
The size, geometry, and composition of SPIONs are highly depending on the type of
salt used (chlorides, sulfates, nitrates), reaction temperature, ferric and ferrous stoi-
chiometric ration, ionic strength, and pH of the solution. Vikram et al. demonstrated
that the Fe2+/Fe3+ ratio and the rate of base addition also affect the magnetic prop-
erties of the resulting SPIONs (Vikram et al. 2015) that may lead to particles with
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ferromagnetic properties instead of superparamagnetism. In order to obtain small
and monodispersed particles, organic additives such as surfactants or capping agents
are used during the synthesis (Bee et al. 1995; Ishikawa et al. 1993). For instance,
SPIONs with narrow sizes of 4–10 nm can be stabilized in aqueous media of 1 wt%
polyvinyl alcohol (PVA) (Lee et al. 1996). The main disadvantage of this synthesis
method is the formation of polydispersed and improper crystalline SPIONs which
highly affects the saturation magnetization value to be in the rage of 30–50 emu/g
and lower than the bulk magnetization value of 90 emu/g. Nevertheless, SPIONs
with monodispersed size of 9 nm were obtained via co-precipitation method using a
tetramethylammonium hydroxide (Cheng et al. 2005).

Thermal Decomposition

Inspired by awell-established approach of thermal decomposition for the synthesis of
well-defined semiconductor nanocrystals and oxides in organic media (Murray et al.
1993; O’Brien et al. 2001), modified methods for the synthesis of highly crystalline
and monodispersed SPIONs with a control over sizes and shapes have been devel-
oped. Themethod involves the thermal decomposition of an organometallic precursor
in the presence of a surfactant (such as oleic acid) and organic solvent with elevated
boiling points (Maity et al. 2009). The resulting SPIONs tend to disperse only in
non-aqueous solvent by the hydrophobic–hydrophobic interaction between the sur-
factant and the solvent. The concentration of the precursor and surfactant, reaction
temperature, stoichiometric ratio of precursor to surfactants, and the reaction time
are highly affecting the magnetic and physicochemical properties of SPIONs. Given
that different applications, especially biomedical applications, require SPIONs to be
rendered water soluble, this can be achieved by ligand exchange method (Lam 2016;
Korpany et al. 2016; Xu et al. 2011) or bilayer surfactant stabilization method (Xu
et al. 2011; Maity et al. 2008).

Hydrothermal Method

In hydrothermal approach, SPIONs of uniformed sizes and shapes can be synthesized
by dissolving the precursors in an aqueous media alongside with surfactants under
maintained high pressure and temperature in a pressure autoclave vessel. Adjusting
heating temperatures, reaction timing and precursor to surfactants ratio influence the
sizes, shapes, and magnetic characteristics of the resulting SPIONs. Mitchell et al.
successfully prepared ultrafine SPIONs using hydrothermal route to be used for
high-performance energy materials. Their electrochemical analysis also encouraged
their potential application as ultra-capacitors (Mitchell et al. 2014). However, this
fabrication route often yields in moderately crystalline particles in a prolonged time
frame compared to other synthesis methods such as thermal decomposition method.
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Microemulsion Method

Another reported method for SPIONs synthesis is the microemulsion approach
where two immiscible micro-domains are thermodynamically stabilized by an inter-
face layer of surfactant. The microemulsion systems used for synthesis of differ-
ent nanoparticles are either water-in-oil (w/o) or oil-in-water (o/w) system. In w/o
microemulsions (frequently used for synthesis of SPIONs), the aqueous phasemicro-
droplets of iron oxide reactants are stabilized and protected by a monolayer of sur-
factant migrated from the continuous oil phase. Wang et al. have synthesized mag-
netite nanoparticles using a modified single microemulsion method. The magnetite
nanoparticles have an average size of 10 nm and showed perfect supermagnetism
with high Curie temperature, Tc value of 860 K (Liu et al. 2004). Nonetheless, this
method produces awide range ofmagnetic nanoparticles without full control over the
sizes and shapes. Furthermore, the working window is quite limited when compared
with other previously reported methods. Also, this synthesis approach requires large
amount of solvents, which narrows its large-scale practice.

Sonochemical Method

SPIONs can be synthesized by sonolysis of organometallic precursors in the presence
of organic additives (surfactants/capping agents) to control the growth of particles
(Durdureanu-Angheluta et al. 2010). Sound energy creates cavitation of microbub-
bles in aqueous media where unusual reactions occur leading to the desired prod-
ucts (Ashokkumar et al. 2007). The physicochemical characteristics of the produced
nanoparticles can be controlled by varying the irradiation power and time. Dolores
et al. demonstrated a linear increase in the production of SPIONs with refluxing time
at a constant sonication frequency (Dolores et al. 2015). Sodibo et al. studied the
required amount of time (from 1 to 20 min) for sonochemical capping of SPIONs
with 3-amino propyl triethoxylsilane (APTES). The results showed that the surface
functionalization was achieved only after one minute of refluxing under ultrasonic
irradiation (Sodipo and Aziz 2018). Nevertheless, thermolysis methods usually yield
in crystalline nanoparticleswhile sonolysis usually produce amorphous nanoparticles
(Pinkas et al. 2008).

Microwave-Assisted Synthesis

Microwave-assisted synthesis gained a great attention in recent years as a green
synthesis technique (Kijima et al. 2011). In a fractional time and low energy con-
sumption, microwave irradiation results in successful fabrication of SPIONs from
iron salts. Bano et al. reported the microwave-assisted synthesis of stable SPIONs
functionalized with PEG-6000 with a size range of 17–25 nm (Bano et al. 2016). The
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main drawback of this fabrication tool is the shorter crystallinity time and homoge-
neous nucleation period which can be attributed to the uniformed heat distribution
of microwave that leads to reduced surface reactivity (Pascu et al. 2012).

SPIONs Capping

It is noteworthy that naked SPIONs are highly unstable in water and at physiological
pH, and tend to aggregate and rapidly precipitate. Furthermore, uncapped SPIONs
could be easily engulfed by phagocytes as foreign bodies. Thus, significant attentions
have been paid to SPIONs capping, as it acts as a protected shield from the immune
system giving it stability, increase the circulation time, and enable their conjugation
with targeting moieties. Substantial summary of the most common capping agents
for SPIONs is described in Table 6.2.

Table 6.2 Most common SPIONs capping agents

Capping agent Characteristics Application References

Chitosan Hydrophilic,
biodegradable, and
biocompatible

Contrast agent for
MRI

(Hong 2010)

Silica Transparent,
biocompatible, and
reduced toxicity

Contrast agent for
MRI

(Alwi et al. 2012;
Ren et al. 2008)

Polyacrylic acid Increases cellular
uptake

Cell labeling for MRI (Vetter et al. 2011)

Dextran Increases cellular
uptake, enhances
stability, and
biodegradable

In vivo cell tracking,
contrast agent for
MRI

(Yu et al. 2012; Tassa
et al. 2011)

Polyethylene glycol
(PEG)

Increases stability,
reduces nanoparticles
aggregation,
biocompatible,
biodegradable, and
water soluble.

MRI, gene and drug
delivery, and
bio-labeling

(Yu et al. 2012;
Allard-Vannier 2012)

Polyethyleneimine Offers high positive
charge and high
cellular uptake

MRI, gene and drug
delivery, and sensing

(Cen 2019; Hoang
MD 2015; Kim et al.
2017)

Polyvinyl alcohol Biocompatible,
biodegradable,
hydrophilic, and
increases stability

MRI, gene and drug
delivery

(Nadeem M 2016;
Bannerman et al.
2017)
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SPIONs and Therapeutic Payload

The ultimate goal of cancer therapy is to eradicate cancer cells leaving normal cells
healthy and unaffected. Thus, the chemotherapy is developed everyday as amarathon
runner. However, most of the known chemotherapy can elaborate unsolicited side
effects to healthy cells. At this glance, targeted drug delivery and integration between
SPIONs and chemotherapy could limit the side effects to normal cells. Furthermore,
it could prolong the circulation time, achievemaximum targeting efficacy and sustain
the release of the therapeutic molecules.

Successful integration between therapeutic payload and SPIONs includes several
design strategies:

a. Conjugation of the therapeutic payload to SPIONs surface.
b. Physical interaction through co-encapsulation of therapeutic payload into coating

material of SPIONs.

The first approach is conjugation, where cleavable bond between therapeutic
molecule and SPIONs is created like amide (CO-NH2), hydrazone (CN-NH), and
disulfide bond (S-S) (Nigam and Bahadur 2017; Shang et al. 2017). The advantages
of this approach include enhancing the loading efficiency and protection of thera-
peutic drugs to maximize its effect. Furthermore, it is suitable for conjugation of
peptides and proteins to protect them from oxidative degradation. Basically, several
chemotherapies have been conjugated with SPIONs like doxorubicin, paclitaxel, and
methotrexate (MTX) (Shaghaghi et al. 2019; Kang et al. 2018; Moura et al. 2014).

The second approach is the physical interaction through co-encapsulation of thera-
peutic payload into coatingmaterial of SPIONs. It occurs via electrostatic interactions
or hydrophilic–hydrophobic interactions. As an example, the SPIONs coated with
positively charged polyethyleneimine (PEI) interact electrostatically with negatively
charged DNA (Tutuianu R 2017). In addition, SPIONs coated with hydrophobic
polymers can strongly interact with hydrophilic drugs where the drug molecules are
released when the coating material degrade. The main advantage of this approach is
the ability to overcome the low entrapment efficiency and limited stability.

Role of SPIONs in Cancer Theranostics

SPIONs act as theranostics particles that can perform multiple functions at the same
time such as diagnosis, targeting, and treatment. The pivotal role of SPIONs is not
only improving diagnosis but also increasing the efficacy of cancer treatment as
illustrated below:
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SPIONs in Diagnosis by MRI

Unraveling the complexity of magnetic resonance imaging (MRI) is of great impor-
tance. Substantially, it is a spectroscopic technique based on the principles of nuclear
magnetic resonance (NMR) and used for imaging of deeper tissue in human body.
Thus, it is considered as a vital non-invasive tool for cancer diagnosis (imaging and
tracking) (Turkbey et al. 2010; Morrow et al. 2011). However, the obtained MRI
images of abnormal and normal tissues are very difficult to differentiate between
them. Therefore, exogenous contrast agents are in urgent need to increase sensi-
tivity, image contrast, and acquiring higher resolution (Fig. 6.3). For this purpose,
SPIONs are designed and used as contrast agents that should have the following
criteria to be used as MRI imaging probes (Qin et al. 2007; Wei et al. 2017).

a. Magnetism: SPIONs should exhibit higher magnetization when exposed to exter-
nal source ofmagnetic field. Furthermore, themagnetization should return to zero
when the external magnetic field is removed.

b. Well-designed surface coating: This includes the integration of targeting moi-
eties to SPIONs surface such as peptides, proteins, antibodies, targeting ligands,
carbohydrates, polymers, aptamers, RNA, and DNA. These targeting moieties
will enhance the specific targeting to the tumors.

c. SPIONs water solubility is very important factor to avoid any aggregation.

Fig. 6.3 Schematic illustration of SPIONs role in cancer theranostics: diagnosis and magnetic
hyperthermia
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SPIONs in Cancer Treatment

Efficient cancer therapy remains the hardest challenge facing scientific community.
Thus, hyperthermia emerged on scene as an effective method for cancer treatment. In
this regard, when body tissue is exposed to elevated temperature ranging from 42 to
48 °C, the tumor cells aremore sensitive and susceptible to damage than normal cells.
Thus, tumor cells will undergo apoptotic death. Preponderance of literature indicated
that apoptosis can take place when temperature range of 42–46 °C is applied, while
necrosis can happenwhen temperature exceeds the 46–48 °C range. Such therapeutic
strategy is limited only to tumor cells thus minimizing the harm to normal cells (Ding
et al. 2017).

It is noteworthy to mention that SPIONs act as heat generators. In this context,
the magnetic targeting is used to localize SPIONs at the tumor site. After that upon
exposure to alternating magnetic field for certain time, SPIONs generate heat of
about 42–45 °C inducing apoptotic cell death that is called magnetic hyperthermia
(Fig. 6.3). However, heat generation varies and depends on the shape, size, SPIONs
crystallinity, magnetic properties, and the applied magnetic field. Herein, the effi-
ciency of SPIONs magnetic hyperthermia is measured by specific absorption rate
(SAR) that converts the magnetic field into heat (Chen et al. 2011).

SPIONs Coinciding with Other Therapeutic Agents

Grouped with Photodynamic Therapeutic Agents

A widely used method for cancer tackling is photodynamic therapy (PDT) where
a light source and a photosensitizer agent are utilized to initiate photonecrotic
effect for tumor cells by selectively producing reactive oxygen species in those
tissues. Generally, SPIONs are used as supporting cargos to deliver photosensi-
tizing agents for combined imaging with MRI, magnetic navigation, and PDT.
Recently, Ostrokonkove et al. (Ostroverkhov et al. 2019) successfully loaded differ-
ent bacteriochlorin-based photosensitizers on human serum albumin (HSA) coated
iron oxidemagnetic nanoparticles (IONPs). In vitro and in vivo studies demonstrated
the stability of the fabricated nanoparticles and their capabilities to deliver photosen-
sitizer to malignancies guided by MRI. Similarly, Yan et al. (Yan L 2018) directly
immobilized a photosensitizer protoporphyrin IX (PpIX) for PDT within SPIONs
for diagnosis byMRI without the use of any additional carriers, thereby high loading
capacity of the therapeutic agent was achieved. Their practice at the in vivo level
showed a significant reduction of the tumor growth rate. Du et al. (Du et al. 2018)
co-delivered a natural photosensitizer phycocyanin alongside with a synthetic pho-
tosensitizer hematoporphyrin monomethyl ether (HMME) on the surface of IONPs.
The in vivo and in vitro results demonstrated a significant inhibition ofMCF-7 breast
cancer cells proliferation upon exposure of near infrared (NIR) irradiation. In another
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study, pheophorbide (a photosensitizer agent) conjugated acetylated hyaluronic acid
(PAH) was used as a surface coating for magnetic NPs to target integrin CD44 over-
expressed in breast cancer cells. The self-assembled NPs showed higher biocompat-
ibility and water solubility. In vitro studies showed that PAH@MNPs enhanced heat
generation (up to 43 °C) and singlet oxygen production when exposed to external
magnetic and laser irradiation (Kim et al. 2016). In addition, SPIONs was combined
with carbon fullerene (C60) and HMME as a nanocomposite system. In vitro studies
showed a 23-fold enhancement in its therapeutic efficacy (Shi et al. 2013).

Grouped with Photothermal Therapeutic Agents

Photothermal therapy (PTT) recently gained greater interests as a non-invasive, selec-
tive, and controlled therapeutic approach in tumor treatment. Compared with pho-
todynamic therapy, PTT do not generate reactive oxygen to cause damage to cancer
cells. Rather, PTT cause thermal ablation of cancer cells by converting the light
irradiation (in the wavelength of infrared and longer ranges) into heat. The thera-
peutic efficacy of the photothermal agents (PTAs) highly depends on their ability to
transform light into sufficient heat enough for the thermal ablation of cancer cells.
Therefore, SPIONs were extensively reported in combination with other PTAs such
as gold and graphene oxide. Recently, Salaheldin et al. (Salaheldin et al. 2019) exam-
ined the photothermal efficacy of graphene/IONPs (G/Fe3O4) nanocomposite when
exposed to 808 nm infrared laser excitation. Interestingly, a significant reduction of
HepG2 cell viability was observed at the in vitro level. Ghaznavi et al. (Ghaznavi
et al. 2018) reported the fabrication of core-shellAu@IONPs coatedwith PEG.When
tested at the in vitro level, a significant lethality was observed for KB nasopharyngeal
cancer cells (around 62%) and MCF-7 breast cancer cells (around 33%) following
exposure to 808 nm laser irradiation. Wang et al (Wang Y 2018) fabricated a mul-
tistage photothermal-based nanosystem by coating IONPs with polydopamine as a
PTT agent. Eyvazzadeh et al (Eyvazzadeh et al. 2017) studied the effect of using
core-shell Au@IONPs for enhanced PTT. The MTT essay on KB cell showed sub-
stantial cell lethality (up to 70% cell death) following the photothermal treatment.
Fu et al. (Fu et al. 2014) used Prussian blue dye (as a PTT agent) coated SPIONs for
the photothermal treatment of HeLa cells. The blue-colored dye showed significant
mortality by killing up to 80% of tumor cells and substantial tumor inhibition rate
around 87.2% upon exposure to NIR irradiation.

Grouped with Sonodynamic Therapeutic Agents

Sonodynamic therapy (SDT) found its comprehensive biomedical applications. Can-
cer treatment performed using mechanical waves of ultrasound in the presence of
sonosensitizer. SDT agents such as TiO2 and HMME get activated upon exposure to
ultrasoundwaves to produce reactive oxygen species triggering the cancer cells death.
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Compared to PDT, using SDT for cancer treatment is preferred due to the higher tis-
sue penetration of ultrasound irradiation, especially in solid tumor tissues, than the
NIR irradiation. An increasing interest is developed in using magnetic nanoparticles
in combination with sonosensitizers to enhance the cancer treatment efficacy. Zhang
et al. (Zhang et al. 2018) compared the ability of a sonosensitizer chlorin e6 (E6)
alone and in combination with PEG-IONPs (PIONPs) as a coating for the produc-
tion of intracellular ROS sufficient enough for cancer cells ablation. They found
out that IONPs@E6 substantially increased the generation of ROS compared to the
use of free E6. Moreover, the E6 coating onto the surface of PIONPs significantly
enhanced its solubility and bioavailability. Shen et al. (Shen et al. 2015) reported
the use of multifunctional nanosystem of Fe3O4@TiO2 and DOX for a combined
therapy of SDT by TiO2 NPs and chemotherapy by DOX in presence of Fe2O3 as
a guiding tool by MRI. This combination showed a superior anticancer effect when
compared by their solo utilization. Interestingly, Niu et al. (Niu et al. 2013) prepared
SPIONs@PLGA microbubbles in combination with DOX for dual delivery of ther-
apeutic agents (SDT and chemotherapy) and dual imagining by ultrasound/MR for
the treatment of metastatic lymph nodes at in vivo level.

Other Usages of SPIONs in Biomedical Applications

SPIONs for Alzheimer’s Disease Diagnosis and Therapy

Alzheimer’s disease is considered as the most devastating neurodegenerative dis-
order that prevalent among people over 65 years of age. It is generally marked by
the amyloid plaques. Attributed to the unique characteristics of SPIONs such as
high ability to pass through biological barriers, high surface, and ease of surface
decoration with ligands of choice, they are progressively utilized as potential can-
didates for Alzheimer’s disease diagnosis and treatment (Krol et al. 2013). Cheng
et al. (Cheng et al. 2015) reported the use of SPIONs surface modified with cur-
cumin (SPIONs-Cur) as a detection tool of amyloid plaques. A further coating with
PEG was applied so as to enhance particles’ circulation. Interestingly, SPIONs-Cur
were capable of localizing the amyloid plaques. Bellova et al. (Bellova et al. 2010)
found out magnetite nanoparticles significantly reduced the amyloid aggregations
of lysozyme in vitro which makes them good as therapeutic agents for the preven-
tion of amyloid fibrillogenesis. Luckily, the encouraging research highlights of the
nanoparticle usage in this field paved the way for new diagnostic/therapeutic agents
to overcome the reported limitation of the current approaches in clinical practice.
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SPIONs Against Bacterial Diseases

Antimicrobial resistance against antibiotics is widely considered as a serious global
health issue (Kruijshaar et al. 2008; Snell 2003). Frightening figures are described
of estimating that by 2050 about 300 million death incidence will be caused by
antimicrobial resistance strains as well as heavy economical loss approximated to
be around $ 100 trillion (Munita and Arias 2016). In this regard, different nanoth-
erapeutics entailing antimicrobial activities have been studied. Magnetic nanoparti-
cles physicochemical properties such as their relatively simple synthesis methods,
innate antimicrobial activity, and most importantly their biocompatibility favored
their usage as antimicrobial agents (Torres-Sangiao et al. 2016; Malekkhaiat Haffner
and Malmsten 2017). Moreover, the magnetic nanoparticles’ surface could be func-
tionalized to actively target the microbes (Jallouk et al. 2015; Zazo et al. 2016;
Mohammed et al. 2016). For example, SPIONs functionalized with cationic moi-
eties succeeded in capturing over 97% of bacteria (Huang et al. 2010). Although the
antimicrobial activities of nanomaterials are not fully understood, they are mostly
working according to the following mechanisms: damage the cell membrane due
to mechanical stress caused by the particles themselves, intriguer loss of microbial
protein functions by releasing toxic metals, and incite reactive oxygen generation
damaging the microbial DNA, RNS, and protein (Reddy et al. 2012; Huang et al.
2014).

Conclusion

The reported advantages of SPIONs paved the way for their greater practice in the
medical and clinical fields. A wide range of different formulations was developed for
imaging, diagnosis, and treatments of different biomedical diseases. SPIONs char-
acteristics and so their functions are mostly determined by their fabrication method.
Therefore, selecting the synthesismethod is one of themost important aspects of their
usage so as to control the SPIONs size and shape. Furthermore, the surface coating
highly affects SPIONs’ biocompatibility, stability, and targeting capabilities, pro-
viding a mean to control their physical characteristics and surface chemical activity.
In addition, surface modification help escape the phagocytes, which substantially
increase their circulation time, and works as an anchor for further surface decora-
tion with targeting ligands and peptides to enhance their affinity to target sites and
cells. Overall, the success of using SPIONs in drug delivery and MRI applications
increased the interest of their utilization in advanced theranostic clinical applica-
tions. Nevertheless, further studies are needed to improve their targeting, reduce
their toxicity, and enhance their stability in vivo.
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Chapter 7
Ferrite Nanoparticles for Biomedical
Applications

M. Irfan Hussain, Min Xia, Xiao-NaRen, Kanwal Akhtar, Ahmed Nawaz,
S. K. Sharma and Yasir Javed

Abstract Iron oxide nanoparticles specially ferrites have gained a lot of attention in
recent years due to their applications in diverse field and particularly in biomedical
field where their enhanced magnetic properties offer diversity in imaging, diagno-
sis, and treatment. There are numerous types of ferrites that have been synthesized
and presented for different applications but ferrite based on Co, Ni, and Zn has
shown potential for biomedical applications due to high magnetic anisotropy and
biocompatability. Ferrites nanoparticles can be prepared by different protocols such
as co-precipitation, and sol-gel, hydrothermal. These methods are very efficient and
produce high yield of ferrite powder. In this chapter, we have summarized the basic
introduction of ferrites, types of ferrites, their crystal structures, and applications in
the biomedical field.

Keywords Nanoferrites · Synthesis · Superparamagnetism ·Diagnosis and therapy

Introduction

Generally, the word ferrite is used to explain a group of magnetic oxides that contain
iron oxide as a main constituent. Ferrites are black or dark gray in appearance, brittle
and hard in physical character (Gubin 2009). The first well-known natural ferrite to
ancient people was magnetite (Fe3O4), or loadstone. The ferrites contain elements
such as manganese, iron, transition metals, and lanthanides with iron oxide (Maaz
et al. 2007). Ferrite materials exhibit high permeability and high value of saturation
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magnetization, low eddy current, moderate permittivity, and high electric resistance
(Ichiyanagi et al. 2007).

Ferrites are sensitive to sintering conditions, preparation methods, the basic
amount of metal oxides and different additives. Ferrite components are commonly
used in innovative and conventional applications due to their economical cost,
and variety of morphologies (Liu et al. 2000; Zi et al. 2009). Ferrites are used
in microwave, memory chips, transformer cores, transducers, activators, magnetic
recording and as a permanent magnet Kefeni et al. (2017). Several chemical tech-
niques are being employed for the preparation of nanoscale powder ferrites such as
hydrothermal method (Köseoğlu et al. 2012), sol-gel technique (Chen and He 2001;
Srivastava et al. 2009), chemical co-precipitation method, and pulse lased deposi-
tion (Rao et al. 2006). In addition, from the last few decades, nanoscale ferrites
also become an interesting material for new applications including gas sensors, drug
delivery, humidity sensor, and catalyst (Lu et al. 2007; Sanpo et al. 2013; Sharifi et al.
2012). Ferrites due to the presence of iron usually show ferromagnetic behavior but
with reduction in size, a unique nature called superparamagnetism is appeared (Sri-
vastava and Yadav 2012). Where due to low number of spins in a single particle,
spins become free from the influence of each other as is the case of ferrimagnetic
and consequently presented paramagnetic like behavior (Liu and Zhang 2001; Yang
et al. 2010). In the commercial point of view, ferrites are successfully divided into the
following three important groups (Wang et al. 2010); each group possess a specific
crystalline structure, i.e.,

• Soft ferrite with garnet structure (yttrium iron garnet) having 560 K curie
temperature.

• Soft ferrites (e.g., nickel or manganese zinc ferrite) with spinel cubic structure.
• Hard ferrites (e.g., strontium hexaferrite) with hexagonal structure.

Ferrites are further classified into four groups based on their structure, i.e., garnet
cubic structure, hexagonal structure, spinel cubic structure, and ortho-ferrite structure
(Sugimoto 1999). All these ferrites are having different chemical formulae.

Garnet Ferrite: The unique ceramic ferrimagnetic garnet ferrite is represented by
Me3Fe5O12 chemical formula (Uchida et al. 2013). The Me represents a trivalent
ion, e.g., yttrium (Y) or rare earth ions. The cubic unit cell contains 160 atoms or
eight molecules of Me3Fe5O12. The Me ions exist on regular dodecahedral sites also
called (c sites) with eight surrounding oxygen ions, while Fe3+ ions with (3:2) ratio
occupy octahedral and tetrahedral positions (Valenzuela 2012).

Hexagonal Ferrite: In 1952, ferrites with novel characteristics were discov-
ered, namely as hexagonal ferrites. Hexagonal ferrite is represented by general
(MeFe12O19) chemical formula. Me represents large ionic radius divalent ions, e.g.,
Barium ion (Ba2+), and Lead ion (Pb2+). In hexagonal ferrite, direction of magneti-
zation spins cannot be transformed into another axis (Li et al. 2006; Meshram et al.
2004).

Spinel Ferrite: The magnetically soft spinel ferrite is generally represented by
MFe2O4 chemical formula. The Me represents a divalent metal ion, e.g., zinc (Zn),
nickel (Ni), magnesium (Mg), etc. (Mathew and Juang 2007). Spinel ferrites have
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unique properties, e.g., lessmagnetic losses and high electric resistance. The structure
of spinel ferrite exhibits two interstitial positions, i.e., tetrahedral site and octahedral
site (Andersen et al. 2018). Ni-Zn ferrite andMn-Zn ferrite are the twomajor ceramic
ferrites of this family. The properties of spinel cubic ferrites depend upon the behavior
of divalent cations. These properties can be changed by varying the cations position at
octahedral and tetrahedral sites. In spinel cubic structure, cation radii exist between40
and 90 pm. All cations on the octahedral lattice point havemagnetic moment directed
in same direction.Whereas all cations at the tetrahedral sites havemagnetic moments
aligned in identical direction, but opposite as compared to cations of octahedral site
(da Silva et al. 2019).

The spinel ferrite can be further classified on the basis of cations distribution over
tetrahedral and octahedral positions, namely

• Normal/regular spinel
• Inverse spinel
• Random spinel

Normal/regular spinel structure is cubic close-packed. Eight M2+ divalent ions
exist over tetrahedralwhile 16 Fe3+ trivalent ions exist over octahedral site. Generally,
at octahedral sites are occupied by nonmagnetic cations such as cadmium or zinc
(Ng 2018).

Inverse spinel structure has different cations arrangement, e.g., eight M2+ ions
exist over octahedral site while Fe3+ ions occupy tetrahedral sites. Nickel ferrite and
cobalt ferrite are the typical examples of inverse spinel ferrites (Adeela et al. 2018).

In random spinel ferrite, the proportion of cations is not fixed between tetrahedral
and octahedral sites, both divalent and trivalent metal ions can exist randomly over
these sites. Magnesium ferrite is general example of random ferrite (Hernández-
Gómez et al. 2018).

Ortho-Ferrite: The disorder perovskite with orthorhombic structure based ortho-
ferrites have generally represented by MeFeO3, while, Me represents a trivalent ion,
e.g., yttrium (Y) or rare earth ions.Ortho-ferrite exhibitsweak ferromagnetism.These
ferrites are widely used in magnetic and electric current sensors, communication
routes, and for optical Internet due to the high velocity (Kumar et al. 2018; Pinho
et al. 2018).

Ferrite-Based Materials

Ferrite has been extensively studied in recent years and regarded the milestone tech-
nological material which possesses both magnetic and electrical properties since its
versatile application in various fields. It is known that naturally occurring magnetic
materials are soft and hard ferrites (Anderson 1956). Soft ferrites possess low coer-
cive field less than 12.5 Oe and easily demagnetized, whereas hard ferrites exhibit
permanent magnetization and high coercive field. Ferrites having formula MFe2O4,
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Fig. 7.1 Structural arrangement of spinel ferrite. Reprinted with permission from (Kefeni et al.
2017)

where M is the divalent metal such as Fe, Cu, Zn, Mn, Co, Mg, and Ni (Pardavi-
Horvath 2000). The prime concerns of soft ferrites properties are variation in satura-
tion magnetization with shape, initial permeability, remanence, magnetic loss factor,
and Curie temperature. In order to tune the properties of new types of ferrites with
specific magnetic properties, researchers have adopted various strategies along with
precursor type, surfactants, heating temperature, etc. Spinel ferrites are considered
as important class from different types of ferrites widely employed in the magnetic
applications (Fig. 7.1). Potential biomedical applications of magnetic nanoferrites
are drug delivery agents, specific cell labeling, detoxification, sono-imaging, and
MRI (Sugimoto 1999; Harris 2012; Pullar 2012).

Cobalt Ferrite

Cobalt ferrite (CoFe2O4) is one of the most promising ferrite nanomaterial owing
to its special physio-chemical and magnetic properties such as high anisotropy and
high coercivity which make them suitable in the nanomedicine field. The high mag-
netic anisotropy in cobalt ferrite appears thanks to the presence of cobalt ions at
the octahedral sites in the crystal structure (Tourinho et al. 1990; Gul and Maqsood
2008; Caltun et al. 2008). Cobalt ferrite also exhibited superparamagnetic behav-
ior when size of the particles reduces to critical limit of 10 nm. Addition of other
metal ions and their distribution in the crystal lattice can influence their technolog-
ically relevant properties, i.e., heat generation efficiency, contrast agent properties,
etc. (Figure 7.2). Physicochemical properties and better mechanical properties make
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Fig. 7.2 a Magnetic properties of cobalt ferrite NPs under different conditions: black; as syn-
thesized, red; calcined, blue; 2 h ball milling, pink; 4 h ball milling. b Comparison of coercivity
values against particle size; decrease in coercivity was observed with the increase in particles size.
Reprinted with permission from (Maleki et al. 2018)
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cobalt ferrite NPs stable and dispersible in physiological conditions. Adjustablemag-
netic and other properties make cobalt ferrite NPs much better option than iron oxide
in biomedical applications, especially for sensitive magneto systems such as mag-
netic resonance imaging (MRI), drug delivery,medical diagnostics, and hyperthermia
radio-frequency treatment (Tamura and Matijevic 1982; Franco and e Silva 2010).

Nickel Ferrite

Nickel ferrite is ferrimagnetic in nature and possesses inverse spinel structure in
which Ni2+ present at octahedral sites, whereas Fe3+ occupies both octahedral and
tetrahedral sites. When particle size is small, mixed spinel structure is prominent as
compared to bulk form where inverse spinel structure is existed (Joshi et al. 2016;
Samoila et al. 2017). Themagnetic disorder in the nickel ferrite NPs causes high-field
irreversibility, hysteresis loop shift and unexpected relaxation dynamics. In addition,
nickel ferrite shows p-type semiconductor properties due to cation vacancies and can
attract oxygen during heating. Ferrimagnetic behavior arises due to the antiparallel
spins of Fe3+ions and Ni2+ ions. Nickel ferrite also shows superparamagnetic nature;
therefore, it has applications in gas sensing, magnetic ferrofluids, catalysis, targeted
drug delivery andmagnetic resonance imaging (Singhal and Chandra 2007; Liu et al.
2001; Ishaque et al. 2010).

Zinc Ferrite

Zinc ferrite is another example of spinel ferrite and possesses high electromagnetic
performance, low coercivity, and moderate magnetization. These properties make
zinc ferrite suitable as softmagnets and low lossmaterial for biomedical applications.
These properties can be controlled by tuning chemical composition and structural
parameters which finally affected by the size and shape of the nanomaterial. Both
superparamagnetic and ferrimagnetic nature have been reported for zinc ferrite NPs
(Leclerc et al. 2003; Petitt and Forester 1971). Zinc ferrite has potential applications
in photocatalysis, gas sensor, magnetic hyperthermia, magnetic resonance imaging,
and Li-ion batteries. Spinel ferrites (Fe, Zn) Fe2O4 seem to be a solid tan-color that
is insoluble in diluted alkali, water, or acids. Due to their high opacity, it can be
used as pigments, galvanizing iron, especially in requiring heat stability purpose. It
is also interesting when ZnO-doped-Gd with size less than 6 nm being used for both
magnetic and optical response in magnetic resonance imaging. Zinc ferrite is offered
versatile nanoplatforms for drug delivery application because of their large surface
chemistry and phototoxic effect (Verma et al. 2000; Mohan et al. 1999; Verma et al.
2005) (Fig. 7.3).
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Fig. 7.3 Experimental X-ray diffraction patterns of aCobalt ferrite (Elbeshir 2018), b nickel ferrite
(Sagadevan et al. 2018) and c zinc ferrite (Kanagesan et al. 2016) with peak indexing
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Mixed Ferrites

In addition to simple ferrites as discussed above, there are different ferrites where
the addition of the number of elements in the iron is more than one. In the follow-
ing section, we will discuss properties, synthesis, and applications of these ferrites.
George and co-workers (George et al. 2017) used sol-gel technique to synthesize
Ni-Zn ferrites doped with Ce3+ ions. It was observed that by increasing doping of
cerium ions, lattice parameters were decreased. Doping also changed the average
crystallite size, i.e., size of cerium doped ferrite was smaller as compared to un-
doped ferrites. Ce addition to ferrites showed low value of saturation magnetization.
Samavati and co-workers (Samavati et al. 2016) employed chemical co-precipitation
route to prepare Cu-doped Co-ferrites NPs. These mixed ferrites showed high value
of coercivity and saturationmagnetization. The crystallite average sizewas decreased
by co-doping of metal ions. Different parameters such as coercivity, saturation, and
remanent magnetization increased gradually by increasing temperature. Sertkol et al.
(2009) synthesized zinc-doped Ni-ferrite NPs. One of the advantages of this method
is high yield powder ferrite production. NPs have crystal size of 20 nm and spinel
structure. By increasing the doping level of zinc, magnetic properties of these mixed
ferrites changed dramatically.

Sanpo and colleagues (Sanpo andWang2013) explainedCu-substitutedCo-ferrite
(CoCuFe2O4) NPs. CoCuFe2O4 showed irregular morphology, average crystallite
size of 35 to 45 nm and spinel cubic structure. The improvement of antibacterial
properties and diameter of particle was highly influenced by copper ion substitution
in Co-ferrite NPs. De-León-Prado et al. (2017)employed thermal decomposition and
sol-gel techniques to synthesize mixed Mg–Mn ferrite NPs. These NPs have shown
superparamagnetic behavior and single-crystal inverse spinel structure. The particles
showed spherical morphology with size between 11 and 15 nm. Considering these
aspects, mixed ferrites can be a favorable candidate for cancer treatment. In another
study (Vaidyanathan et al. 2007), Co-substituted Zn-ferrite NPs were prepared via
co-precipitation route. Zn ion substitution highly influenced average particle size,
magnetic and structural properties. It was observed that by increasing Zn ion substi-
tution, coercivity, saturation, and remanent magnetization decreased, whereas value
of lattice constant increased. On the other hand, when Zn substituted in cobalt-ferrite
nanoparticles, coercivity and magnetization decreased and observed in the range
140-40 Oe, and 134–100 emu/g, respectively (Hankare et al. 2010). In addition,
increase in copper ion content in nickel-copper ferrite also decreased magnetization
(Kurian and Nair 2016). These ferrites were widely used in medical diagnosis and as
microwave absorber due to its magnetic permeability and saturation magnetization.
Lin et al. (2019) used sol-gel auto-combustion technique to synthesize spinel single-
phase Co-Mg ferrite NPs. Calcination temperature played a key role in the properties
of these mixed ferrites, i.e., by increasing calcination temperature, increase in aver-
age crystalline size, change in hyperfine field and distribution of iron ion at different
lattice sites were observed. These mixed ferrites showed ferrimagnetic behavior at
room temperature (Fig. 7.4).
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Fig. 7.4 Magnetic properties of Mg substituted cobalt-ferrite nanoparticles annealed at 800 °C.
Reprinted with permission from (Lin et al. 2019)

Conventional Synthesis Protocols

Wet Chemical-Based Seed-Mediated Growth Toward
Functional Hybrids

The wet chemical route has emerged the most convenient and promising to pro-
duce high-quality multifunctional hybrid NPs. The growth strategy of hybrid nano-
materials can be achieved either by bottom-up or top-down ways (Ali Umar and
Oyama 2005). The base of wet chemical synthesis process is bottom-up approach,
e.g., species of atomic-molecular integrated to develop nanostructures, which largely
used and offers relatively simple, scalable, and modular functional hybrids. Unique
properties of multifunctional hybrids NPs such as shape control, highly stable, phase
and selective surface structure are possible through wet chemical synthesis method
(Zeng et al. 2010). The wet chemical process allows significantly fine modification
of reaction conditions, i.e., concentration of substrate, temperature additives, pH,
etc., that helps to change in thermodynamics and kinetics of the nanohybrids (Jana
et al. 2001). Controlled synthesis and reaction parameters such as type of precursor,
heating/cooling rates, heating method, concentration, temperature, mixing, ligands
of all types, solvent properties, and addition sequence decide the morphology and
hybrid formation of NPs (Maaz et al. 2007). For control over better morphology, it
is important to understand mechanism of the conversion precursor, reagents in the
system, surface stabilizing agent, and its correlation with growth mediation toward
nucleation rate (Baig et al. 2019). Growth kinetics and nucleation of a particle are
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also controlling factor toward size and shape of nanohybrids in the solution. There-
fore, it is necessary to collect data by reviewing the literature and compiled to control
the wet chemical synthesis for the functional hybrid NPs Mefford et al. (2018).

Co-precipitation method is simple and convenient for the preparation of ferrites
from salt aqueous solution (Nasrin et al. 2018). This method has noteworthy benefits
such as environment friendly, requires low temperature to complete reaction, narrow
size distribution and obtained high yield product. Owing to these promising advan-
tages, co-precipitation route has been widely employed for the synthesis of various
ferrites including FeO nanomaterials, e.g., hematite (γ-Fe2O3), magnetite (Fe3O4)
(Lassoued et al. 2018; Nosrati et al. 2018). However, fabricated NPs through the
aqueous solution are not reliable because it is arduous to control shape and ultrafine
particles. Thus, it requires more efforts to control the morphology of ferrites-based
NPs (Gjorup et al. 2018).

Sol-Gel Process

Sol-gel method has received enormous attention for the preparation of ferrites NPs
due to its several advantages such as short processing time, good control of stoi-
chiometry, and production of narrow size distribution at lower temperature. In aque-
ous sol-gel process, the formation of the self-linking network of a metallo-inorganic
colloidal suspension by the gelation of sol to form a continuous gel of liquid phase.
Thus, the obtained gel from concentrated aqueous solution can be employed for the
fabrication of different kinds of nanostructure and nanomaterials such as xerogels,
aerogels, and powder (Chen and He 2001; Yue et al. 2004) (Fig. 7.5). Recently,
through sol-gel route, pure spinel Ni-ferrite NPs were synthesized using a chelating
agent of polyacrylic acid (PAA) (Chen andHe2001). Chen et al. (2001) controlled the
crystallinity and morphology of NiFe2O4 NPs by changing the molar ratio of poly-
acrylic acid with metal ions at calcination temperature. Barium ferrite (BaFe12O19)
NPs were prepared by sol-gel combustion way with a particle size range between 55
and 110 nm using the solution of glycine and metal nitrates precursor (Meng et al.
2014). Diverse type of precursors that can be concentrated to form as sol, including
metal organic compound, organic salts, metal alkoxide and salts of inorganic acids.
Among these precursors, metal alkoxides are mostly employed for metal to bond
with multiple alkyl groups in the presence of oxygen atoms. Moreover, this typical
process allows the precursor solution to dissolve in an organic solvent or a mixture of
solvents. During the formation of the sol in aqueous sol-gel process, base catalyst or
acid can be addedwhich increase the reaction growth. Themetal-organicmetal bonds
formation occurs during polycondensation and hydrolysis process due to the precur-
sors. In the polycondensation process, the hydrolyzed species accumulate within an
inorganic polymer made by the removal of water molecule. Sol properties can be
modified based on the chemical constitutes and process condition in the sol-gel bath
process. Typically, this process is most favorable to design and achieve colloidal par-
ticles with long or short polymeric chains. Advantageously, these sol properties can
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Fig. 7.5 Schematic diagram of different steps involved in sol-gel process

be used for specific applications including, thin coating, spray pyrolysis, and powder
preparation. The obtained sol can proceed to a gel state through solvent evapora-
tion and continuous polycondensation. The resulting gel and leftover solvent can be
further refined by removing solvent residue and processing with different chemical
ways.

Hydrothermal Approach

The hydrothermal technique is a convenient and useful for the fabrication of hybrids
NPs which performed in aqueous media in small reactors. During the preparation
of hybrids NPs, the temperature inside the autoclave can be higher than 200 °C and
pressure also higher than 2000 psi. Recently, this method has been extensively used
for the preparation of a broad range of ferrites nanostructure materials (Fig. 7.6).
Wang et al., successfully synthesized Fe3O4NPs adopting hydrothermal approach at
temperature of 140 °C for 6 h, showing saturation magnetization 85.8 emu/g. Results
revealed that their saturation magnetization is not higher than corresponding bulk
Fe3O4 (92 emu/g) (Wang et al. 2004). Chitosan-modified route magnetic manganese
ferrite NPs have been achieved using hydrothermal approach. The obtained NPs
have a cubic shape structure with mean diameter of ∼100 nm. As described by
Song et al., small addition of gadolinium oleate (Gd oleate) complex can improve
the shape and size of iron oxide NPs. Interestingly, in FeO NPs the shape change
was obtained from sphere to cube due to the addition of gadolinium oleate (Song
et al. 2017). Shape change was also studied theoretically by density functional theory
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Fig. 7.6 Graphical representation of hydrothermal method of the synthesis of iron oxide a and iron
oxide-hydroxyapatite b nanomaterials (Govindan et al. 2017)

which confirmed that Gd oleate complexes fully chain with (100) plane, as compared
to (111) plane that shows lower energy passivation at the surface, and significant slow
growth was observed along (100) planes. Park et al. (2013) prepared monodisperse
metal oxide nanohybrids at large scale including Fe2O3, MnO, CoO, MnFe2O4,

and FeO@Fe with high-boiling solvent as the precursor of metal oleate. Sun et al.,
reportedmonodisperseMFe2O4 NPs(M=Fe, Co,Mn) using benzyl ether (C14H14O)
and phenyl ether which yield 6 nm and 4 nm NPs, respectively. It was observed
that particle size was directly proportional to reaction temperature and obtained
results exhibit higher growth rates. Comparatively, it was quite hard and complex to
control the crystallinity, composition, and synthesis of mixed metal oxides than the
monometallic oxide.

Microwave-Assisted Synthesis

Microwave organic synthesis is an attractive and flexible platform in the form of
chemical reaction, widely employed for chemical reaction with microwave radia-
tions due to its significant benefits such as rapid volumetric heating and high carrier
reaction rate and precise product yield than other wet chemical synthesis methods.
Gyedye and Majetih first reported the use of microwave in wet chemical synthe-
sis from a domestic oven in 1986 (Jain and Singla 2011). In microwave approach,
the electromagnetic waves having vacuum wavelength range are taken near to 0.1–
100 cm and a frequency range between 0.3 and 300 GHz (Fariñas et al. 2018; Per-
domo et al. 2019). Recently, the efficiency of microwave heating has proven toward
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different fields of organic synthesis and reduction in reaction time. In traditional
organic synthesis, time saving regarded as key factor for the preparation of diverse
types of ferrites nanohybrids. The kinetics of crystallization can be modified in the
localized solution under the influence of microwave radiations (Grindi et al. 2018;
Shukla et al. 2018). Wang et al. (2006) proposed the structure of spinal MFe2O4 (M
= Co, Mn) NPs by employing polyol solvent in microwave method. They observed
that by adjusting the volume ratio of distilled water to ethylene glycol, crystal qual-
ity, and reaction temperature can be controlled. For fabrication of pharmaceutical
ingredients, microscale-type approaches such as integrated ‘lab-on-chip’, biological
screening, and meso-scale flow would be dynamically pursued. Therefore, to evalu-
ate the combinational system for parallel fabrication required great efforts. However,
recent investigations show that microwave synthesis is the most productive and most
promising route than that of the conventional methods and also regarded as the future
chemical synthesis protocol.

Biomedical Applications of Ferrite-Based Nanohybrids

In the recent years, the study of magnetic NPs provides the most promising oppor-
tunity for biomedical applications to investigate the cancer treatment and infectious
diseases through enhancing magnetic resonance imaging, magnetic hyperthermia,
tissue engineering, and fast development in delivery drugs systems (Sanpo et al.
2013; Sharifi et al. 2012). In medical research, cancer is regarded as one of the
worst-case challenges faced by the researcher (Srinivasan et al. 2018). The goals
are to use magnetic NPs not only to improve the therapeutic performance but also
to observe progress in advanced metastatic cancer. In addition, nanotechnology and
use of magnetic NPs consisting of active elements such as iron, nickel, and cobalt
can make an important contribution for boosting trend in biomedical and indus-
trial purpose (Latorre-Esteves et al. 2009). Magnetic NPs holding magnetic behavior
obey the coulomb’s law (electrostatic force of interaction) and these properties make
them favorable for magnetic field gradient. With the response of alternating current,
magnetic NPs produce hysteresis loop with localized thermo-abrasive effect (hyper-
thermia) leading to cellular death in bacterial and cancerous cells. In drug delivery
procedure, potential of magnetic NPs for functional binding with different species
such as chemotherapeutic agents, nucleic acid, antibodies, and radionuclides is uti-
lized (Rana et al. 2007). Magnetic NPs can accumulate and also induce hyperthermia
due to an alternating magnetic field which gives another therapeutic option. Mag-
netic NPs may also be practically effective for overcoming cancer drug resistance.
In addition, their contribution is perceived as combination of investigation and ther-
apy in theranostic field. The promising and multifaceted results have provided the
potential platform to investigate and diagnose of advanced cancer therapy. Bean and
Livingston (Bean and Livingston 1959) reported that whenmagnetic material having
a diameter lower than a critical value (Dc) and their range lies between 3 and 50 nm,
they exhibited ferrimagnetic and ferromagnetic single domain superparamagnetic
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behavior. The metallic core of magnetic NPs becomes more functionalized and sta-
ble when functional groups are introduced with magnetic NPs. Typically, magnetic
NPs whose size below than 100 nm can be prepared with some degree of magnetism
(Maity et al. 2009; Gupta and Curtis 2004). Interestingly, in iron oxide case, it was
observed that NPs exhibited decrease inmagnetism alongwith smaller size (Respaud
et al. 1998).

Different polymers such as dextran and PEG are widely used where chances
of opsonization increase (Ritchie et al. 2015). Very recently, using chemical stable
metallic core-shell NPs enhance the bio-compatibility and stability of NPs through
combining different magnetic moieties which improve the magnetic behavior by
exchange-bias effect (Brubaker et al. 2014). Superparamagnetic NPs exhibit many
promising and desirable features, such as low coercivity and remanence, coupled
with strong magnetic susceptibility (Kneller and Luborsky 1963; Konczykowski
et al. 1992). When two magnetic phases are paired mechanically, e.g., interface
between two magnetic moieties can create the exchange-bias effect (Stamps 2001).
The observed exchange coupling with Fe3O4-CoO has been explained in differ-
ent systems which can further provide anisotropy in addition to stabilize unreliable
nanocompositesmaterials Zeng (1998). In addition, these protection strategies ensure
the longer circulation time of magnetic NPs for biomedical applications.

Therapeutic Uses of MNPs

As mentioned above, magnetic NPs have a wide range of application including as
strengthening the signal obtained from MRI, enhancing deposition and accumula-
tion of bio-therapeutic compounds, for example, peptides and genes for facilitating
the destruction of bio-film and cancer cells through the creation of a local thermo-
ablative, named as magnetic hyperthermia (Shete et al. 2014; Bhattacharyya et al.
2011).

Magnetic Resonance Imaging

MRI is one of the versatile techniques employed in the diagnosis and investigation
of cancer treatment and other pathologies (Schoots et al. 2015; Feldman et al. 2013).
In contrast with other imaging conditions, MRI does not directly utilize the ionizing
radiation for tissue imaging, but rathermagnetically attributed protons used for image
creation. It was found that when proton orientated randomly under the normal condi-
tion, no magnetic moment obtained. Once the magnetic field has established, protons
align themselves to the induced primary magnetic field and results net magnetic vec-
tor in the direction of the magnetic field. In 1997, Schick et al. (1997) reported that
the strength of the magnetic field was directly proportional to the strength of protons
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motion along the long axis in the form of in-phase or out-phase primary magnetic
field.

Contrast agents: Contrast agents are extensively used to enhance contrast in the
MRI images, categorized on the basis of relaxation times T1 or T2/T2* (Kato et al.
2003; Xing et al. 2008). T1 contrast agents customize the effect of water proton in
longitudinal (T1) relaxation times that show positive bright signal intensity inside
the images and improve the brightness of cells. Similarly, T2/T2* agents change
the transverse relaxation times spatially, generating negative signal intensity in the
images. However, superparamagnetic NPs-based contrast agents mainly alter T2*
relaxation enable the regions to be detected as hypo-intense signals (Qin et al. 2007).
Superparamagnetic NPs can impact T2 and T2* relaxation time and such contrast
agents having relaxivity and higher magnetic susceptibility are acquired and pre-
sented in the literature. In addition, these NPs have extensively used for imaging cell
clusters and tissues and for labeling and tracking of individual cells (Nitin et al. 2004).
For general purpose targeted imaging, various non-specific superparamagnetic-based
contrast agents are suitable (Tan et al. 2010). These can also be used for targeted drug
delivery by applying specific tumor targeting moieties as covering shell and make
easier for their agglomeration in cancer sites enhancingMRI resolution, for example,
anti-glypican antibodies and anti-α-fetoprotein as outer shell can be employed for
selectively targeting on hepatocellular carcinoma (primary malignancy part of liver
with chronic disease) (Li et al. 2015). Despite lack of specific biomarkers, a small
amount of superparamagnetic NPs contrast agents can produce better contrast unam-
biguously (Bakhtiary et al. 2016). Non-specific superparamagnetic contrast agents
have played significant role for diagnostics and tissue imaging (Fig. 7.7) (Ghasemian
et al. 2015).The future research study with targeted contrast agents will increase the
opportunity forMRI as a robust and non-invasive system for imaging and early cancer
detection (Wang 2011).

Magnetic Hyperthermia in Cancer Therapy

Although the growth of tumor can be ceased by warming cells up to 45 °C for 30 min
(Fig. 7.8), it is challenging to raise the temperature of whole-body without caus-
ing hostile biochemical side effects (Yadavalli et al. 2016). At present, most of the
studies have focused on the influence and level of efficiency of magnetic hyperther-
mia as a potential therapy for cancer treatment (Balivada et al. 2010; Jordan et al.
2006; Katafuchi et al. 1998). Yanase et al. (1998) in his initial work used magnetite
with liposomes for the treatment of brain gliomas in mics and observed tumor size
reduction from 30,376 to 2683mm3 with three cycles of treatment. Interestingly, this
specific case reveals utilization of magnetic hyperthermia in multi-site treatment, but
metastatic tumor demandsmore systematic treatment. In 2006, Jordan et al. employed
dextran-coated magnetic NPs for in vivo treatment of harmful glioblastomas with
Fisher rats (Jordan et al. 2006). The researchers concluded like Yanase et al. (1998)
also observed that there was substantial difference (p < 0.01) for the mean survival
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Fig. 7.7 Graph between transverse relaxation and iron concentration (mM) for cobalt zinc ferrite
and dimercaptosuccinic acid coated cobalt zinc ferrite NPs (Ghasemian et al. 2015)

within monitoring and therapy groups statistically. When intra-tumoral temperature
increased from 43 to 47 °C, the formation of precipitates also increased, indicating
survival rate of the animal from 15.4 (±6.3) to 39.7 (±3.5) days, 4.5-fold further
increase their survivability. In 2010, Balivada et al. (2010) separately utilized iron
oxide and iron-based magnetic NPs for in vivo therapeutics of melanoma. It was
revealed that statistically (p < 0.1) tumor weight decreased from 1.6 to 0.75 (con-
trol) mg as a result of magnetic NPs therapy. These studies confirmed that magnetic
hyperthermia can decrease the viability of cancer cell lines and make it ineffective
for whole tumor eradication.

Magnetic NPs in Targeted Drug Delivery

The usage of nucleic acids, proteins, and therapeutic agents for the cure of the dif-
ferent diseases is a rapidly expanding in recent years (Liang et al. 2015). Regret-
tably, ineffective distribution in the body often restrains the utilization of these bio-
therapeutics. The importance of magnetic-based delivery systems is to facilitate the
efficient, fast response, and targeted delivery of bio-therapeutic agents (Fig. 7.9)
(Ravichandran et al. 2018).

Therapeutic viruses: The coupling of adenoviral with magnetic NPs employs
electrostatic interactions which can preserve the virus from deactivation through
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Fig. 7.8 Graph between rise in hyperthermia temperature with time at alternating field of 35mT
at frequency of 250 kHz for cobalt ferrite powder synthesized by low temperature method (a),
co-precipitation method (b) and hydrothermal method (c) (Yadavalli et al. 2016)

cells. However, using the external magnetic field, conjugated magnetic NPs virus can
be directed to specific sites developing gene transfection productivity; mechanism
called magnetofection (Dai et al. 2015). Superparamagnetic NPs in a complex form
with adenovirus-based particles have shown 3–4-fold more transfection rate invivo
(NIG-3T3 cells) in comparison with adenovirus particles (Sapet et al. 2012).

Nucleic acid and protein delivery: Nucleic acid biopolymer and protein-based
therapeutics are largely based on favorable cellular absorptions. Given the atten-
tion to costly production routes, surrounding viral safety, and non-viral vectors, the
use of magnetic NPs in the form of vectors is highly required. In addition, external
magnetic fields are manipulated for superparamagnetic NPs and facilitated the accu-
mulation and precipitation of nucleic-based therapies, many researchers have proved
significantly decrease gene manifestation rates in vitro (Kim et al. 2011).

Conclusion and Future Prospects

In this chapter, it is pointed out that ferrite-based NPs are categories as medical
devices used for regulatory purposes. For faster translation of progressive research
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Fig. 7.9 Cumulative release of doxorubicin loaded with manganese ferrite NPs at different pH
values. Reprinted with permission from (Ravichandran et al. 2018)

through ferrite-based nanomaterials in MRI, cancer diagnosis and therapy is impor-
tant topic these days. We have summarized different ferrite-based nanomaterials cur-
rently used for MRI cancer detection and therapy. Possibilities to create nanoshells
and core-shell ferrite-based nanomaterials, particularly the opportunities to employ
the self-assembly layer-by-layer approaches will result in innovative protocols for
diagnosis of different types of cancer. Such type of combinations will proffer multi-
therapeutic modalities in single treatment. With the progression of this field, new
epitome including magneto-mechanical stimuli based on induced magnetic disks for
cancer detection through magnetic resonance imaging can be added also under this
umbrella. Finally, we picturized a future in which ferrite-based nanomaterials will
be synthesized with multifunctional and optimized pharmacodynamics and phar-
macokinetics offering most intelligent and effective therapies. These combinations
will provide attractive candidates for cancer diagnosis through appropriate imaging
methods such as fluorescence imaging and MRI can create intelligent theranostic.
In future, biomedical nanotechnology and cancer diagnosis through MRI based on
ferrite-based nanomaterials will lead pharmaceutical industry from a model based
on blockbuster drug to personalized medicine.
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Chapter 8
Target Delivery of Iron Oxide Magnetic
Nanoparticles for Imaging and Treatment

Hamed Nosrati, Marziyeh Salehiabar, Naser Sefidi, Siamak Javani,
Soodabeh Davaran and Hossein Danafar

Abstract At this time, passive targeting with the aid of enhanced permeability and
retention (EPR effect), active targeting with the aid of molecular or other targeting
agents, and employing external magnetic field are used to successfully deliver IONPs
to aim tumor site. Latest progresses in treatment of disease are toward targeted
delivery. With fast progresses in this field, researchers employed the IONPs as a
hopeful theranostic vehicle. In this chapter, we focused on passive and active target
delivery of IONPs for diagnosis, imaging, and therapy purpose.

Keywords Iron oxide · Magnetic nanoparticle · Magnetic targeting · Target
delivery · Theranostic

Introduction

The ability to target specific cell types and achieve the ideal of treatment and imaging
in the patient’s tissues, while limiting the untargeted side effects, has long been the
target of the research teams. Passive or active targeting prolonged drug nanoparticle
and/or theranostic tools circulation time, enhanced solubility of drugs, protected pay-
load therapeutic agents from inactivation or biodegradation, and reduced systemic
toxicity of highly potent but toxic drugs (Huang et al. 2016). Multifunctional and

H. Nosrati · N. Sefidi · H. Danafar (B)
Department of Pharmaceutical Biomaterials, School of Pharmacy, Zanjan University of Medical
Sciences, Zanjan, Iran
e-mail: danafar@zums.ac.ir

M. Salehiabar · S. Davaran
Drug Applied Research Center, Tabriz University of Medical Sciences, P.O. Box: 51656-65811,
Tabriz, Iran

S. Javani
Medical Cellular and Molecular Research Center, Golestan University of Medical Sciences,
Gorgan, Iran

H. Danafar
Zanjan Pharmaceutical Nanotechnology Research Center, Zanjan University of Medical Sciences,
Zanjan, Iran

© Springer Nature Switzerland AG 2020
S. K. Sharma and Y. Javed (eds.), Magnetic Nanoheterostructures, Nanomedicine and
Nanotoxicology, https://doi.org/10.1007/978-3-030-39923-8_8

267

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-39923-8_8&domain=pdf
mailto:danafar@zums.ac.ir
https://doi.org/10.1007/978-3-030-39923-8_8


268 H. Nosrati et al.

multimodal treatments and imaging through simultaneous delivery are some unique
advantages of nanomedicine. Nanodrug delivery systems may provide a more profi-
cient, less harmful solution to overcome common treatment problems (Huang et al.
2016). Latest progresses in nanomedicine have shown a talent for targeted delivery.
Theranostic target delivery systems enhanced the efficacy of therapeutic compound
by direction to aim site and reducing the side effect of toxic drugs (Manish and
Vimukta 2011).

Among the nanoscale systems, iron oxide nanoparticles (IONPs) have attracted
considerable attention, in catalytic systems (Shojaei et al. 2017), biological (Sakulkhu
et al. 2015; Wang et al. 2013) treatment, and imaging in medicine (Hu et al. 2015;
Manjili et al. 2016) fields. With fast progresses in nanomedicine, IONPs have
developed as a hopeful theranostic tool in biomedical and pharmaceutical appli-
cations, including diagnostic imaging, drug delivery, and innovative novel therapeu-
tics. IONPs have been widely investigated as magnetic resonance imaging (Lee et al.
2015) (MRI), hyperthermia (Guardia et al. 2012), and targeted drug delivery in tumor
therapy (Li et al. 2015; Garanger et al. 2007). The IONP theranostic systems should
have imaging capability, and at the same time should be able to load drugs, protect
the biological activity of drugs, and enhance biocompatibility to reach the targeted
sites for achieving effective treatment and treatment (Huang et al. 2016).

Surface properties and size of IONPs affect the stability and fate of these particles
in vivo.

Since spleen phagocytic cells and bloodmacrophages rapidly eliminated the large
IONPs (>200 nm), the best size range to achieve suitable blood circulation in vivo is
10–100nm (Lu andLow2012). In addition, the IONPswith the size of less than 10nm
are rapidly eliminated by the renal clearance process (Choi et al. 2007). Also, many
reports show that the overall size and size of coating ligands play an important role
in long circulation and effective purpose (Xie et al. 2007; Liu et al. 2011; Lamanna
et al. 2011). Protein adsorption can affect the colloidal stability of IONPs in vitro and
in vivo. Proteins with isoelectric points higher than 5.5 can be adsorbed and bonded
with negatively charged IONPs. Also, proteins with isoelectric points less than 5.5
can be adsorbed and bonded with positively charged IONPs (Aggarwal et al. 2009).

Many different types of materials are used to cover IONP surface for different
applications, which effectively tailor the surface of IONPs. Surface coating of IONPs
can prevent IONPs from aggregation and caused colloidal stability of IONPs, make
IONPs biocompatible and low or non-toxic, and provide functional groups to linkage
biologically active substances for nano-bioapplications and non-immunogenicity,
non-antigenicity, and protection from opsonization by plasma proteins (McCarthy
and Weissleder 2008; Bohara et al. 2016). Modification or covering IONPs with
specific proteins can inhibit protein adsorption in physiologic solutions and can
further be used to propose applications. Apolipoprotein modified nanoparticles can
be passed biological barriers, e.g., the blood–brain barrier (Göppert andMüller 2005).
Vinca alkaloids, metal-based drugs, taxanes, anthracyclines, antimetabolites, and so
on are some examples of chemotherapeutic drugs that loaded on targeted IONPs for
effective cancer therapy. For effective treatment, IONPs are usually conjugated with
aptamers (Kim et al. 2010), peptides, antibodies (Gao et al. 2004), proteins, peptides
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(Von Maltzahn et al. 2011), and small molecules (Low et al. 2007). These targeted
IONPs can direct nanoparticles for multimodal imaging and therapy with target
specificity. Also, these targeted IONPs can be used for delivery of photodynamic,
radiosensitizer, photothermal, and sonodynamic agents to form combinatorial hybrid
nanomaterials for effective cancer therapy (Kandasamy and Maity 2015). In this
chapter, we focused on the target drug delivery of IONPs for imaging and treatment.

Passive Targeting (EPR Effect)

First driven force that delivers the IONPs to the diseased tissues is enhanced perme-
ability and retention (EPR) effect. The EPR effect, first reported by Maeda and his
colleagues in 1986 (Maeda et al. 2013; Matsumura and Maeda 1986), describes the
enhanced permeability of the tumor vasculature that allows macromolecules, lipids,
and nanoparticles circulating in the blood to extravasate through the leaky tumor
blood vessel, then enter the tumor interstitial space (Iyer et al. 2006; Fang et al.
2011). Gaps and fenestrations between the endothelial cells of the tumor vasculature
walls have a size range of 200–2000 nm, allowing IONPs to cross through the leaky
vessel walls (Hashizume et al. 2000; Hobbs et al. 1998). Once extravasated, the pen-
etration of the IONPs into the tumor tissues is a diffusion-mediated process, which
is oppositely correlated with the particle size.

In that case, only nanoparticles smaller than 50 nm can pierce into these poorly
permeable tumors. The results of Perrault et al. studies show that particle accumula-
tion (40–100 nm) depends only on the blood residence half-life and is independent
of nanoparticle size; in contrast, for smaller particles (around 20 nm), the accumu-
lation depends on both blood residence half-life and nanoparticle size (Peer et al.
2007). While, small nanoparticles arrive rapidly at the tumor site, but also have a
short residence time, whereas larger nanoparticles (>40 nm) take longer to arrive the
tumor sites, but reside for longer in the blood.

In the meantime, by inhibiting the return of nanoparticles to the circulation due to
loss of lymphatic drainage in the tumor, IONPs maintain within the tumor (Konno
et al. 1984). Compared to the tissues and organs, most solid tumors have a rapid
tumor vasculature with free tight junction of endothelial cells and abnormal base-
ment membrane of blood vessels, which increases the permeability of the tumor
vessels (Maeda et al. 2013; Hashizume et al. 2000; Folkman 1971). IONP is suit-
able for EPR drugs at 10–500 nm in size for tumor accumulation (Peer et al. 2007).
Since the luminal surface of the vascular endothelial layer is negative, cationic charge
nanoparticles can quickly join with endothelial cells. It causes a non-specific con-
nection that reduces the half-life of the plasma and then reduces the effect of EPR
(Gusev et al. 1988; Campbell et al. 2002). For the accumulation in tumor tissue with
the aid of EPR effect, nanoparticles should have a long circulating time. Furthermore,
IONPs hydrophilicity/hydrophobicity, biocompatibility, and also surface charge are
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a number of IONPs properties that affect EPR effect (Maeda 2010). Low vascular-
ization, reducing vascular permeability, and dense fibrosis are some properties of
stubborn tumors (Cabral et al. 2011).

Also, to abnormal vascular structures, alteredmetabolic profile of tumor tissue can
be used to target tumors (Lee et al. 2015). Rapidly developing tumor cells generally
increase glucose uptake and show very high glycolytic rates compared to normal
tissues (Cairns et al. 2011). Basu and co-authors were applied for the uptake of 2-
18F-deoxyglucose in positron emission tomography, PET, and imaging (Basu and
Alavi 2009).

Recently, scientists used different approaches such as magnetic resonance spec-
troscopy and paramagnetic chemical exchange saturation transfer to diagnosis the
tumors bymeasuring the low PH level (Wu et al. 2010). The passive targeting process
for drug delivery systems based on IONPs is outlined in Fig. 8.1. Clauson and co-
workers synthesized IONPs coatedwith lipid-likemolecules. This structure increased
loading capacity tenfold and 200-fold higher than common IONPs. Since in vivo,
these IONPs keep their size less than 100 nm, their target lymph node 9–40-folds
higher than common systems.

Figure 8.2 shows gradient echo (GE), MRI images, and IVIS fluorescence images
before and 1 h after the administration of theranostic nanoplatforms. In this work,
the control of size in vivo was used as a targeting factor to lymph node (Clauson
et al. 2018).

Fig. 8.1 Schematic illustration of accumulation of nanoparticles in solid tumors with EPR effect
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Fig. 8.2 a Schematic illustration of multilipid coated IONPs (IONP-ML), b labeling of IONP-
ML CpG oligonucleotides and also with a fluorescently tagged CpGcomp-Cy5.5 (IONP-ML-
CpG/CpGcomp-Cy5.5), c gradient echo (GE), MRI images, and IVIS fluorescence images before
and 1 h after the administration of theranostic nanoplatforms. The arrows identify brachial lymph
node on GE and MRI images. Reproduced with permission from Clauson et al. (2018). Copyright
2018, with permission from American Chemical Society

Active Targeting

Ligand Facilitated Active Targeting

However, passive targeting through the EPR effect provides the publicmechanism for
sending carriers, and targeting ligand aided active targeting of molecular or cellular
biomarkers further enhances the targeted delivery of the therapeutic agents (Huang
et al. 2016). A wide variety of ligands can be used to bind with cell membrane
receptors and increase the internalization of the carriers into the cell. In this case
to increase the efficiency of active targeting, the choice of appropriate ligands and
biomarkers is crucial. For example, galactose, fucose and mannose, and folic acid
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Table 8.1 Some demonstrative receptors and the corresponding ligands

Cell membrane receptor Cell or receptor-specific
ligand

References

Asialoglycoprotein receptor Glucose D’souza and Devarajan (2015)

Kupfer cells Mannose, Fucose Dahms et al. (1989)

Biotin receptor (MCF7 cells) Biotin (Vitamin B7) Le Droumaguet et al. (2012),
YoungáKim and SeungáKim
(2015)

Folate receptor Folic acid (Vitamin B9) Assaraf et al. (2014)

Integrins (αvβ5, αvβ3) RGD, c(RGDfK) Garanger et al. (2007)

EGF-R EGF, Erbitux, GE11 peptide Mendelsohn and Baselga
(2000)

CD20 (B cells) Rituximab Suresh et al. (2014)

CD52 (lymphocytes) Alemtuzumab Lundin et al. (2002)

VEGF-A Bevacizumab Jain et al. (2006)

CD30 Brentuximab Subbiah et al. (2014)

HER2/Neu Trastuzumab Tai et al. (2010)

Transferrin receptor Transferrin Daniels et al. (2006)

have been used to encourage the binding to parenchymal liver cells, Kupfer cells, and
folate receptors expressing cancer cells, respectively (Seymour et al. 1991; Seymour
et al. 2002; Hillery et al. 2002; Assaraf et al. 2014; Lu and Low 2012). In addition,
antibodies are one of the specific ligands because of their high specificity and wide
availability. In Table 8.1, some demonstrative tumor cell membrane receptors and
their corresponding ligands are listed.

Functionalization of IONPs with the specific active targeting ligand promotes
binding with surface receptors of cells and as a result can increase intracellular
transport via receptor-mediated endocytosis (Fig. 8.3).

In other example, since IONPs have MRI contrast effect, conjugation with epi-
dermal growth factor is applied to MR imaging of glioblastoma and delivery of
doxorubicin (Hadjipanayis et al. 2010; Liao et al. 2011). Transferrin (Tf, 80 kDa),
an iron-chelating protein, targets a transmembrane glycoprotein receptor, transfer-
rin receptor (TfR, 180 kDa, also known as CD71) (Daniels et al. 2006; Islam and
Josephson 2009). Since proliferating cancer cells need high amount of iron, the
TfR overexpressed in its surface. Typically targeting ligands can be classified into
proteins, peptides, aptamers, and small molecules. Furthermore, Herceptin, a mono-
clonal antibody (commercially marketed as Trastuzumab) targets HER2/neu recep-
tor. HER2/neu is a human epidermal growth factor receptor and is critical for cell
proliferation that overexpressed in some breast cancer cells. Now, Herceptin used
to cure early stage breast cancer. The studies confirm that Trastuzumab usage can
increase survival time of HER2-positive breast cancer patients (Ross et al. 2004).

Conjugation of Herceptin to IONPs was achieved by theranostic system that used
for cancer therapy and imaging (Ross et al. 2004; Chen et al. 2013). These types of
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Fig. 8.3 Presentation of the mechanism of active targeting to tumor cells

theranostic systems can be used for MRI detection of tumors at the dose of less than
50mg (Jae-Hyun et al. 2007).Monoclonal antibodies have somedisadvantage such as
immunogenic side effect, low stability, and the high cost for clinical claims. Recently,
antibody fragment canbe formed andused as targeting ligandswith preservedbinding
domain to the target. For example, single-chain anti-EGFR antibody, ScFvEGFR,
has size ranging from 25 to 28 kDa, less than 20% of the whole antibody, can be
targets EGFR, specificity (Huang et al. 2016). IONPs conjugated with ScFvEGFR
is a theranostic system that used for targeted cancer therapy and imaging at the same
time (Yang et al. 2009, Liang et al. 2015).

Urokinase-type plasminogen activator (uPA) receptor is one of the multidomain
glycoproteins that elevated expression level in many human cancers (Smith and
Marshall 2010). uPA receptor becomes an attractive biomarker in cancer due to its
essential roles in cell migration, proliferation, and survival by coordinating extra-
cellular matrix proteolysis and cell signaling (Smith and Marshall 2010). Urokinase
plasminogen activator (uPA), the natural ligand has a high affinity for uPA recep-
tor. The amino-terminal fragment of uPA has been effectively applied to conjugate
IONPs for uPA receptor targeting in breast cancer (Yang et al. 2008, 2009), pancre-
atic cancer (Yang et al. 2009; Lee et al. 2013), and prostate cancer (Abdalla et al.
2011).

Moreover, Lee et al. prepared IONPs-based theranostic nanoparticles for target
delivery of gemcitabine (Gem) (Lee et al. 2013). To achieve more therapeutic effi-
cacy, Lee’s research group prepared uPA receptor targeted IONPs and evaluated
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Fig. 8.4 a MRI of targeted ATF-IONP-Gem; Axial T2-weighted MR images before, one and two
weeks after administrating nanoparticles. Post-treatment images were obtained 48 h following the
second (1 week) and fourth (2 weeks) injection, b coronal T2-weighted MR images and corre-
sponding bright field images after systemic delivery of nanoparticles, c synthetic scheme of GFLG-
Gem conjugates, d schematic illustration of the conjugation of ATF peptides and GFLG-Gem to
IONPs. Reproduced with permission from Lee et al. (2013). Copyright 2013, with permission from
American Chemical Society

targeted delivery efficacy into uPA receptor expressing tumor and stromal cells. For
this aim, amino-terminal fragment (ATF) peptide of the receptor-binding domain
of uPA, a natural ligand of uPA receptor, was conjugated on the surface of IONPs
(Fig. 8.4c). These nanoparticles not only enable the release of Gem within cell fol-
lowing receptor-mediated endocytosis of ATF-IONP-Gem into tumor cells but also
can create contrast enhancement in MRI of tumors (Fig. 8.4a, b).

As mentioned, small molecules and/or synthetic peptides that show appropri-
ate affinity to specific site or receptor also can be used as targeting ligands. Small
targeting agents compared with antibodies have some advantages, including non-
immunogenicity, low cost, high stability, and convenience of use (Zhang et al. 2012;
Jalalian et al. 2013). Folic acid has been used for target drug delivery and tumor
imaging because of extra affinity to folate receptor. The folate receptor is a glycosyl-
phosphatidylinositol-linked membrane protein (Islam and Josephson 2009; Zhao
et al. 2008). Since folate receptors overexpressed in a wide series of cancer cells
of various origins such as HeLa cells (a human cervical carcinoma), B16F0 cells
(mouse melanoma), and KB cells (human epidermoid carcinoma), it can be use-
ful target for cancer imaging and therapy. Targeting power of folic acid-conjugated
IONPs has been established with above-mentioned various cell lines (Bhattacharya
et al. 2011; Fan et al. 2011). Uptake of folic acid-conjugated IONPs are 12-fold more
than non-targeted IONPs in HeLa cells (Sun et al. 2006). Another in vitro and in vivo
MRI study specified folic acid-conjugated IONPs can target KB cells (Chen et al.
2007). In other study, it has been informed that FA-conjugated IONPs compared to
non-conjugated IONPs demonstrated three to 16-fold higher uptake in FR expressing
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cancer cells (Sonvico et al. 2005). FA has some advantage, for instance, relatively
higher binding affinity for its receptor (κd = 10–10 M), low cost, easy conjugation
with both therapeutic and imaging agents, compatibility in both organic and aqueous
solvents, and lack of immunogenicity used as a targeting ligand for tumor imaging
and therapy (Low et al. 2007).

Recently, a research group fromNagoyaUniversity combined diagnosis and treat-
ment in one theranostic system. This group applied heat generation andMRI contrast
power of IONPs forMRI-monitored thermo-chemotherapy. Also, folic acid was con-
jugated to the designed multifunctional IONPs as a targeting agent (Hayashi et al.
2016).

Methotrexate (MTX), a small molecule analog of FA which can exhibit both a
targeting role and a therapeutic effect on the cancer cells overexpresses folate receptor
on their surface (Peng et al. 2008). MTX-conjugated IONPs have been investigated
for targeted MR imaging and drug delivery of glioma (Kohler et al. 2006). Because
of that MTX is also a therapeutic agent, the MTX functions not only as a ligand for
tumor targeting, but also as a drug when released after breaking the MTX-IONPs
linkage under lysosomal conditions. Results of MTX-conjugated IONPs showed
that cells expressing the human folate receptor internalized a higher level of MTX-
conjugated IONPs than negative control cells (Kohler et al. 2005). Also, their results
of MTX-conjugated IONPs showed that MTX released only from the IONPs within
lysosomes inside the targeted cells at low pH by cleavage of the amide, furthermore
drug delivery to the tumor sitesmay bemonitored in vivo byMRI in real time (Kohler
et al. 2005).

MTX can be easily conjugated to the IONPs surface by covalent bonding which
is usually favored. Covalent bonding makes the highly stable nanoparticle in the
bond strength so to be disrupted only under harsh environments inside lysosomes.
Danafar et al. synthesized glycine-coated IONPs (F-Gly NPs) and conjugated with
methotrexate (MTX) (F-Gly-MTX NPs). The synthesized process is simple and
green. In detail, the F-Gly NPs synthesized through a coprecipitation method which
followed by amidation reaction between the carboxylic acid end groups onMTX and
the aminegroups on theF-GlyNPs surface (Nosrati et al. 2018). The synthesis process
and amidation reaction were shown in Fig. 8.5a. MTX release on this conjugated

Fig. 8.5 a Schematic illustration synthesis process of MTX-conjugated IONPs, b cytotoxicity
analysis against MCF7 cell line. Reproduced with permission from Nosrati et al. (2018). Copyright
2018, with permission from Wiley
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target drug delivery system showed enzymatic stimuli-responsive trait. Following
the uptake of MTX-conjugated IONPs via receptor-mediated endocytosis, lysosome
proteases can be cleaving the covalent peptide bond and the release of MTX within
the target cell (Kohler et al. 2005; Nosrati et al. 2018). For this reason, the release of
theMTX is higher in the presence of proteinaseK enzyme compared to the absence of
enzyme in release medium. This feature causes higher toxicity of MTX-conjugated
IONPs on MCF-7 cells (Fig. 8.5b).

Among the 24 known integrins, since αvβ3 has crucial role in tumor angiogenesis
has received significant attention as cancer biomarker and target. αvβ3 overexpressed
in a wide series of cancer cells (Schottelius et al. 2009). One of the targeting ligands
that have high affinity to integrin αvβ3 is RGD peptide. RGD peptide is a tripeptide
composed ofL-arginine, glycine, andL-aspartic acid. RGDpeptide has receivedwide
attention as nanoparticle director and targeting agent to tumor site for facilitating
treatment and imaging (Luo et al. 2015; Yang et al. 2011).

Glutathione (GSH) is one of the other types of small targeting agents that have
gotten the most progressive steps in clinical claim as blood–brain barrier shuttle
peptides. Nosrati et al. (2019) reported the possibility of GSH-conjugated IONPs as
theranostic novel system (Nosrati et al. 2019). This IONPs conjugated with GSH in
detail is anMRI-monitored paclitaxel delivery vehicle across the blood–brain barrier.
In this work, Nosrati et al. discovered one of the other ways to confirm the passing
of IONPs from blood–brain barrier by MRI and as well as by naked eye observation.
In naked eye observation brain delivery, the authors were used to high magnetic
susceptibility of IONPs navigate (Nosrati et al. 2019). Figure 8.6 shows the passed
IONPs through blood–brain barrier with the aid of GSH by eye naked observation
experiment.

Aptamers are identified through the systemic evolution of ligands by an expo-
nential enrichment (SELEX) process for target molecules. Aptamers have similar
binding affinity in comparison with antibodies. The nanoparticles can be functional-
ized simply with aptamers because of their simple structure. IONPs conjugated with
aptamers recently have been used to colon and prostate cancer therapy as well as for
imaging of these organs (Jalalian et al. 2013; Wang et al. 2008; Gu et al. 2008).

Magnetic Targeting

External magnetic field can affect the properties of IONPs. Because of this, IONPs
can be applied in local delivery of drugs and probe agents. Drug loaded IONPs due
to magnetic navigate can be directed to target site by the magnetic force of external
magnet or gradient magnetic field in aim site (Fig. 8.7).

In this item, nanoparticles with great magnetic properties have greater local deliv-
ery efficacy. Comparing this casewith other targeting ligandmediated delivery shows
that magnetic targeting is extremely operational in vitro (Huang et al. 2016; Wang
et al. 2015; Li et al. 2014).
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Fig. 8.6 a Enhanced brain delivery of IONPs with the aid of GSH shuttle peptide, b tracking
brain delivery of GSH modified IONPs with MRI, c naked eye observation brain delivery of GSH
modified IONPs. Reproduced with permission from Nosrati et al. (2019). Copyright 2019, with
permission from American Chemical Society

The circulation time of IONPs is fundamental and important for effectivemagnetic
targeting. Furthermore, to overcome the drag forces associated with blood flow, the
external magnetic force must be strong (Cole et al. 2011). The external magnetic
field targeted drug delivery using IONPs was initiated in the late 1970s for the
transfer of drugs for cancer therapy (Widder et al. 1978, 1979). Next, it was used
with chemodrugs, such as Adriamycin and dexamethasone 21-acetate continued
for successful cancer treatments. Boncel et al. reported Fe-encapsulated multi-wall
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Fig. 8.7 Magnetic accumulated IONPs in tumors using external magnetic field

carbon nanotubes as magnetically directed 5-FU delivery vehicle. Use of a magnetic
field enhanced uptake and toxicity in T47D cells (Boncel et al. 2016). Furthermore,
the magnetic directing has been used to deliver drugs across blood–brain barrier
to brain. One example for this case studied with Cole and colleagues showed that
delivery of polyethylene glycol functionalized IONPs to brain can be increased with
the aid of magnetic direction (Cole et al. 2011). As a result, brain delivery of PEG-
IONPs was increased 15-fold in 9L-glioma tumor.

Also, delivery of the anticancer drug 4′-epidoxorubicin to advanced solid tumors
that was conducted in 1996 is the first clinical trial of magnetically targeted nanopar-
ticles (Lübbe et al. 1996). In case of cancer therapy, Bae et al. developed an effective
heat nanomediator based on chitosan oligosaccharide-stabilized ferrimagnetic iron
oxide nanocubes (Chito-FIONs) as for cancer hyperthermia by magnetic targeting
method (Fig. 8.8) (Bae et al. 2012). The synthesized Chito-FIONs displayed higher
saturation magnetization. This property responds rapidly to magnetic field which is
suitable for magnetic guiding applications. The improved saturation magnetization
and heat generation ability were related to the magnetic dipolar coupling. Because of
almost four FIONs, particles encapsulated with chitosan oligosaccharide and formed
one Chito-FION particle. Applyingmagnetic field gradients in the tumor site enabled
this group to attract Chito-FIONs only in the tumor area. They destroyed the tumors
selectively without any damage to healthy tissues by restriction of thermal energy
only in the tumor area. Positive charge of chitosan oligosaccharides under acidic
tumor microenvironments caused that a large amount of Chito-FIONs remained
within the tumor tissue. This high tumor affinity of Chito-FIONs is valuable for
cancer therapy.
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Fig. 8.8 Schematic presentation of Chito-FIONs and their applications with the aid of magnetic
targeting. Reproduced with permission from Bae et al. (2012). Copyright 2018, with permission
from American Chemical Society

In 2018, Ni and co-workers applied magnetic targeting strategy to high tumor
accumulation of their designed nanoparticles. The Ni research group results confirm
that IONPs with 89Zr and porphyrin (89Zr-MNP/TCPP) have effective therapeutic
effect and multimodal imaging power with the aid of magnetic targeting (Fig. 8.9)
(Ni et al. 2018).

Conclusion and Perspectives

The targeted and image-guided drug and detection probe delivery have received
extensive attention in cancers and other diseases therapy. IONPs with the aid of EPR
effect, ligand facilities targeting, andmagnetic targeting can be used for local delivery
of drugs and probe agents. Since IONPs have simple synthesis ways and many
advantages such as proper size, convenience of administration, biocompatibility,
biodegradability, magnetic properties, easy functionalization, and so on, there is a
high potential for clinical applications in the future.
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Fig. 8.9 a Magnetic-targeted fluorescence (FL), Cerenkov luminescence (CL), and Cerenkov res-
onance energy transfer (CRET) imaging of bilateral 4T1 tumor-bearing mice, b illustrative photos
of mice and tumor growth profiles of 4T1 tumor-bearing mice. Non-magnetic targeting was indi-
cated with red arrows, and magnetic targeting was indicated with green arrows. Reproduced with
permission fromNi et al. (2018). Copyright 2019,with permission fromAmericanChemical Society
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Chapter 9
Design of Magnetic-Luminescent
Nanoplatforms: Applications
in Theranostics and Drug Delivery

Navadeep Shrivastava, Sarveena, Naveed A. Shad, Muhammad Munir Sajid,
Adam Duong and S. K. Sharma

Abstract Recent time has witnessed a progressive growth in the fabrication mul-
tifunctional upconversion-magnetic hybrid nanostructured materials due to their
important applications. The magnetic-luminescent hybrid nanostructures, which
combine luminescent nanoparticles with magnetic nanoentities, exhibit potentials
for enhanced bioimaging, controlled drug delivery, and enhanced thermal therapy.
Such nanoparticles have potential to have simultaneous systematic use of theranos-
tics and drug delivery and could lead to new opportunities in nanobiomedicines. In
the present chapter, we have discussed an important class of magnetic-luminescent
nanomaterials for their application in theranostic and drug delivery.

Keywords Nanoscale functional materials · Magnetic up/down conversion ·
Diagnosis and sensing · Therapy · Drug delivery

Introduction

Nanoscale Functional Materials

Nanoscale materials are a topic of considerable interest across a number of science,
engineering, and biomedical disciplines (Rao et al. 2012). The basic rationale is that
nanoscalematerials, typically 1–100nm, exhibit exceptional structural and functional
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properties that are not available in bulk materials or discrete molecules and have a
significant commercial impact, due to their unique properties such as finite size
and surface effects (Liz-Marzán and Kamat 2003). Finite size effects are related to
manifestation of so-called quantum size effects, which arises when the size of the
system is commensurable with the de-Broglie wavelengths of the electrons, phonons
or excitons propagating in them. Surface effects can be related, in simplest case, to
the symmetry breaking of the crystal structure at the boundary of each particle, but
can also be due to different chemical and magnetic structures of internal “core” and
surface “shell” parts of nanoparticles (Sharma 2017; Sarveena et al. 2017).

Few major classes of functional nanoplatforms have been extensively studied
such as: (i) magnetic nanoparticles; (ii) nanophotonic materials; and (iii) plasmonic
nanoparticles and widely used in a variety of fields.

Magnetic nanoparticles, commonly consisting of magnetic elements such as
iron (Fe), cobalt (Co), and nickel (Ni), and their chemical compounds, show align-
ment of their magnetic moment in the presence of an external magnetic field and
concentrate on the external magnetic flux density (Wu et al. 2008; Mikhaylova et al.
2004). This makes the magnetic nanoparticles useful for many important applica-
tions around. Nanophotonics is an emerging frontier that deals with the interac-
tion of light with matter on a nanometer scale exhibiting unique tunable optical
features (Prasad 2004). The design and control of the excitation dynamics in nano-
materials constitute a major area of nanophotonics; they can be utilized to produce
new frequency-converting (light converting) capabilities for instant using lanthanide-
doped nanophosphors (Joseph et al. 2008; Chen et al. 2015). Optical nanoparticles
are typically composed of quantum dots (CdSe, ZnS, ZnTe, etc.), dyes, or rare earth-
based materials. Plasmonic nanoparticles including gold, silver, and platinum are
highly efficient at absorbing and scattering light. By changing nanoparticle size,
shape, and composition, the optical response can be tuned from the ultraviolet (UV)
to the visible to the near-infrared (NIR) regions of the electromagnetic spectrum (Bao
et al. 2007). They exhibit unique localized surface plasmon resonance (LSPR), the
collective oscillation of the conduction electrons of the nanoparticles in resonance
with the electric field of the incident light.

Bifunctionality at Nanoscale

The design and synthesis of materials that simultaneously consist of more than
one functional part called multifunctional or bifunctional material (Prasad 2004).
Bifunctional nanoparticles have exhibited potentially promising physicochemical
properties, which can revolutionize and transform the landscape from bio-clinical
industry to next-generation advanced devices. In particular, colloidal nanoparticles
have been extensively investigated as probes in biomedical/devices industries due to
their unique size-dependent electronic, optical, and magnetic properties among all
possible building blocks (Murray et al. 2000; Howes et al. 2014).
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Individually, magnetic nanoparticles are one most frequent example of bifunc-
tionality because of its several biomedical and other industrial applications (Liz-
Marzán and Kamat 2003; Sharma 2017; Wu et al. 2008). Magnetic nanoparticles
can be ignited by an applied magnetic field gradient. This non-invasive approach
provides several applications including transportation and confinement of nanoparti-
cles and delivery of a package at a preferential biological component, such as cancer
cure medicine to a designated part of the body. Additionally, they can respond to
time altering magnetic field and as a result, transfer energy from applied field to
the nanoparticles, and they can heat up (Espinosa et al. 2016). The most common
magnetic nanoparticles are iron oxide nanoparticles including magnetite (Fe3O4)
or maghemite (γ-Fe2O3). These magnetic nanoparticles have advantages of ease-
of-preparation, bio-degradability, excellent stability, and the tunability of magnetic
properties through alteration in size and shape, making them the most attractive
platforms. When the sizes of these magnetic nanoparticles are below a critical size
(generally ≤ 20 nm), they are superparamagnetic; otherwise, they are ferromag-
netic. Superparamagnetic nanoparticles avoid the induced aggregation associated
with the residual magnetization of ferromagnetic nanoparticles (Sharma 2017).Mag-
netic nanoparticles can be spherical or anisotropic such as rods, cubes, and stars and
hence provide versatile structural platforms for generations of different nanostruc-
tures (Sarveena et al. 2017). However, due to the high surface-to-volume ratio, the
magnetization of bare iron oxide nanoparticles is usually prone to aggregation. This
makes them inadequate candidates for biological applications (Laurent et al. 2008;
Ling et al. 2015). Therefore, they are generally functionalized with SiO2, carbon,
carboxylates, amines, diols, phosphates, phosphonates and sulfonates, in order to
ensure the colloidal stability of these in an organic or aqueous medium (Ling et al.
2015). Thesemagnetic nanoparticles are being exploited for applications such as data
storage, spintronics,molecular cellular isolation, biosensors; hyperthermia,magnetic
resonance imaging (MRI), and cell manipulation and contributed to an extraordinary
advance in nanoengineering due to their multifunctional characteristics (Sarveena
et al. 2017; Laurent et al. 2008).

On the other hand, lanthanide optical materials have captured attention worldwide
in the last two decades due to their versatile up or down frequency-converting capa-
bilities utilizing a low-energy continuous-wave excitation provided by inexpensive
diode lasers or using other means of source such as xenon lamps (Prasad 2004; Dong
et al. 2015). Rare earth chemical elements are rich in optical and magnetic properties
owing to the unique properties of 4f electrons and have widely been used in cataly-
sis, magnets, phosphors, etc. The recent accomplishments in rare earth nanoparticles
synthesis with tunable shape and size have aroused great interest of researchers to
further explore their biological and biomedical applications (Dong et al. 2015; Wang
et al. 2011). For example, Gd-chelates are widely used as contrast agents for MRI in
clinics, promoting in vivo applications of rare earth nanomaterials (Wang et al. 2011;
Yang and Chuang 2012). Hence, rare earth-based materials have great potential to
be used as bifunctional materials.
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However, besides possessing interesting physicochemical properties, magnetic
nanoparticles and lanthanide optical materials have several limitations, e.g., in imag-
ing application as shown in Fig. 9.1. For instance, optical imaging techniques offer
improved high spatial resolution allowing the visualization of cell structures, but
have limited depth of imaging and poor absolute quantitative accuracy due to the
absorption of light in tissues (Sun et al. 2013; Sudheendra et al. 2014). On the other
hand, magnetic imaging has no practical limitation in terms of the depth of imag-
ing; however, spatial resolution is worse and imaging with more than one probe is
problematic (Camarero et al. 2016; Haun et al. 2010). Hence, the concept of com-
bining (hybridizing) the two entities such as magnetic nanoparticles and luminescent
nanoparticles complements each other and provides best sensitive tool for sensitive
label for imaging in cells and tissue engineering (Zhang et al. 2013). Hence, this
combination of multiple imaging techniques (Wang et al. 2011; Yang and Chuang
2012) provides complementary and complete information about the imaged object
(Fig. 9.1). Thus, hybrid nanoparticles with combinedmagnetic and optical properties
are much more powerful and can be used in a broad range of applications (Kell et al.
2011; Singh et al. 2014; Su 2017; Nguyen and Tran 2014; Kaewsaneha et al. 2015;
Chem et al. 2011). Moreover, they offer new modalities that neither luminescence
nor magnetic nanoparticles exhibit. For example, the demonstration of real field-
dependent luminescence phenomenon called magneto-luminescence (Comby et al.
2014) and magnetomotive-photoacoustic phenomenon (Blandford et al. 2017; Gao
and O’Donnell 2017; Li et al. 2015). These novel phenomenons show remarkable
potential in several other important applications such as high accuracy and secure
communication, (Kuo et al. 2017) aircraft guidance and radiation field detection and

Fig. 9.1 Schematic of overall information retrieved from different imaging modalities from
anatomy imaging to molecular imaging and how multimodality can be used to cover limitations of
each to provide more complete information
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modulation of magnetic and optical field. Furthermore, these nanocomposites can be
used as nanoblocks to build various nanoelectronic and photonic devices by applying
an external magnetic field to manipulate or arrange the magnetic nanoparticles and
optical signals (Yu et al. 2007; Sun et al. 2014).

Major Challenges for Magnetic-Luminescent Bifunctional
Nanoparticles

Since magnetic-luminescent bifunctional nanoparticles may provide a new and
promising two-in-one characteristics, there are some challenges also to overcome
in their fabrication: (i) the complexity in the preparation, which frequently involves
multi-step synthesis and many purification stages leading their production, is quite
technical and time demanding; (Kas et al. 2010) (ii) the risk of quenching of the
luminophore on the surface of the particle by the magnetic core; and (iii) quenching
each other by number of fluorescent molecules attached to the surface of the parti-
cle. However, to resolve these challenges, several techniques have been proposed to
integrate the luminescence and magnetic nanomaterials (Khan and Khan 2017). The
fabrications of these are commonly achieved as hybrid conjugates of magnetic and
luminescent entities or core–shell or composite structures using coating, layer-by-
layer deposition, and optical materials (quantum dots) on magnetic nanoparticles or
vice versa. Another way is the functionalization of magnetic iron oxide with fluores-
cent dyes and luminescent complexes, called cross-linking attachment of molecule.
Moreover, the use of SiO2, ZnS, or C as spacer between iron oxide and lumines-
cent materials is of great importance on the performance of nanohybrids. Table 1
reviews some important works related to the engineering of magnetic-luminescent
nanomaterials.

Core–shell structure is the most common type of bifunctional nanosystems. In
this type of nanoarchitecture, generally a magnetic core is combined with fluo-
rescent molecules, metal nanoparticles or semiconductor nanocrystals, etc. (Ling
et al. 2015) and therefore exhibits unique optical, magnetic, and electrical prop-
erties. However, different components in these kinds of bifunctional nanoparticles
interact with each other, which generally weaken or reduce the functionality of each
unit. Recent advances in the synthesis of various functional superparamagnetic iron
oxide nanoparticles with heterostructures offer a promising solution to this problem
by creating anisotropic nanoparticles. They consist of functional units with different
chemistry, polarity, or other physicochemical properties on asymmetric sides without
sacrificing their own properties (Choi et al. 2006; Srinivasan et al. 2015). The supe-
rior properties of these heterostructures rely on synergistically enhanced magnetism
and synthesis strategies on the precise control of particle size, morphology, chemical
composition along with functionalization of fluorescent material and engineering
like dumbbell nanoparticles. The desire to design more sophisticated nanoarchitec-
ture with unusual properties is definitely needed. This kind of integration offers
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Table 1 Examples of few magnetic-luminescent nanomaterials

Luminescent material Magnetic
material

Type Synthesis

NaGdF4: Yb3+, Er3+ Fe3O4 Core–shell Thermolysis process
(Zhong et al. 2012)

LaF3:Ce3+, Tb3+ Fe3O4 Core–shell Coprecipitation (He et al.
2009)

YVO4:Eu3+ Fe3O4 Core–shell Coprecipitation (Peng
et al. 2011)

CdSe Fe3O4 Core–shell Thermal decomposition
(Jie and Yuan 2012)

ZnS Fe3O4 Core–shell Thermal decomposition
(Du et al. 2006)

Gd2O3:Eu3+ Fe3O4 Core–shell Heating/calcination (Wu
et al. 2016)

α-NaYF4:Yb3+, Er3+ Fe3O4 Core–shell Hydrothermal/calcination
(Zhang et al. 2012)

LaPO4:Ce3+:Tb3+ Fe3O4 Cross-linking, Calix Coprecipitation (Fang
et al. 2010)

Eu3+ and Tb3+ complexes Fe3O4 Cross-linking, Calix Coprecipitation (Khan
et al. 2014)

CdSe/ZnS γ-Fe2O3 Polymer having −SH
and −COOH

Organic/water two-phase
mixture (Wang et al.
2004)

Fe3O4 PEG-diacid/polyethylene
glycol-
bis-carboxymethyl ether

Covalently conjugation
via amide bond formation
(Barick et al. 2015)

NaYF4:Yb3+, Er3+ Fe3O4 1,10-decanedicarb-oxylic
acid or
11-mercaptoundecanoic
acid

Crosslinker anchoring
strategy (Shen et al.
2010)

Tb3+ N-(4-benzoic
acid-yl),N‘-(propyltriethoxysilyl)
urea)

Fe3O4 SiO2 Coprecipitation and
Stöber method (Yu et al.
2007)

exciting opportunities for discovering new materials, processes, and phenomenon.
At nanoscale, these kind of bifunctional materials have their own advantage (Gao
et al. 2009; Li et al. 2013): (i) tuned and controlled size depending on application,
(ii) nanoparticles be manipulated by external magnetic field “action at a distance,”
and (iii) dual-mode applications, e.g., MRI contrast agents and multimodal imaging.

In spite of the growing attention paid on the bifunctional nanoparticles comprising
of magnetic and luminescence materials responding to magnetic and optical exci-
tation simultaneously, (Zhang et al. 2015; Liu et al. 2013) the coupling between
magnetism and luminescence of lanthanide ions in these systems remains largely
ignored. From some recent reports, it has been found that the external magnetic
field has direct influence on the spectral positions and luminescence intensity of
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lanthanide ions doped in various inorganic hosts. In Er3+/Yb3+ doped Gd2O3 phos-
phor, for instance, optical bistability in the magnetic field-dependent luminescence
intensity was observed and ascribed to the residual magnetization in the material.
In several other systems, with the increase in the magnetic field, the suppression of
the luminescence intensity was usually observed, accompanied by the steady shift
of the spectral positions for lanthanide ions like Er3+ and Eu3+. This is generally
understood based on the interplay of field-induced Zeeman splitting. However, the
exact mechanism with the application of magnetic field remains obscure. For exam-
ple, Eu3+ doped NaGdF4 nanoparticles, where the obvious shift and splitting of the
luminescence bands have been detected in the presence of magnetic field. These
results can be interpreted in terms of Zeeman effects and the magnetic field-induced
change of local site symmetry around Eu3+. Besides optical hysteresis behavior of
integrated luminescence intensity for different transitions of Eu3+ is found when the
magnetic field is scanned (from 0 to 40 T), which relates to the magnetic ordering in
the lanthanide sub-lattice.

Lanthanides and Luminescence Mechanism Involved
in Bifunctional Materials

Lanthanide-doped nanophosphors are dilute guest-host systems, where trivalent lan-
thanide ion emitters are dispersed as guests in an appropriate dielectric host lattice
(Peng et al. 2015). The luminescence (ormagnetic) generally arises from4f-4f orbital
electronic transitions, with associated wave functions localized within a single lan-
thanide ion (Bunzli and Piguet 2005). The shielding of 4f electrons by the outer
complete 5s and 5p shells gives non-blinking and line-like sharp emissions, which
exhibit high resistance to photobleaching and photochemical degradation. Strictly
speaking, the main intra-4f electronic dipole transitions of lanthanide ions are for-
bidden by quantum mechanical selection rules; however, they are still manifested
due to local crystal field-induced intermixing of the f states with higher electronic
configurations. Besides, the dipole-forbidden nature of the 4f-4f transitions yields
very long lifetimes for these energy levels of lanthanide ions. These long lifetimes
play an important role in increasing the probability of sequential excitations in the
excited states of a single lanthanide ion, as well as in permitting favorable ion–ion
interactions in the excited states to allow energy transfers between two or more
lanthanide ions. Through a judicious selection of one or more lanthanide dopants,
nanophosphors can display either frequency upconversion (UC) such as infrared (IR)
to shorter wavelength near-infrared (NIR), visible, or ultraviolet (UV) or downcon-
version (DC), such as IR being further red-shifted. Further, it may also happen that
UV excitation can be converted into visible color lines through quantum cutting or
downconversion. Unlike the quantum-confined systems, the electronic energy gap of
lanthanide-doped nanophosphors does not change with a change in the size or shape.
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However, their emission properties (color, efficiency, and lifetime) are indeed depen-
dent on nanoscale structures of nanophosphors, which influence the electron–phonon
coupling, local crystal field, and nanoscopic ion–ion interactions. Manipulation of a
nanoscale dielectric environment (host) to control the excitation dynamics is, there-
fore, of great importance in order to control their frequency-converting capabilities.
Two typical energy transfer modes have been established in rare earth ion-activated
materials to understand the emission behavior, namely downshifting or quantum
cutting, and upconversion (UC).

Upconversion Process

Upconversion refers to a process generating higher energy emission under low-
energy excitation (Muhr et al. 2014;Auzel 2004). Upconversion processes aremainly
divided into four classes (Fig. 9.2): excited-state absorption (ESA), energy transfer
upconversion (ETU), photon avalanche (PA) and energy migration-mediated upcon-
version (EMU). All the first three mechanisms involve the sequential absorption of
two or more photons by metastable, long-lived energy states. This sequential absorp-
tion promotes the ion to high-lying excited-state results in upconversion emission.
A sensitizer ion (type I) first transfers its excitation energy to an acceptor ion (type
II). The energy transfer from the high-lying excited state of the acceptor to a migra-
tor ion (type III) then occurs, followed by the migration of excitation energy via the
migrator ion sub-lattice through the core–shell interface. Subsequently, themigrating
energy is trapped by the activator ion (type IV), resulting in upconversion emission.
The “nx” represents the occurrence of random hopping through many type-III ions
(Auzel 2004; Ren et al. 2016).

Fig. 9.2 Upconversion processes. a Excited-state absorption (ESA). b Energy transfer upconver-
sion (ETU). c Photon avalanche (PA). d Energymigration-mediated upconversion (EMU) involving
four types of lanthanide ions doped in different region of core–shell nanocrystals. Note that core
and shell regions are highlighted with different background colors in (d)
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Downconversion/Quantum Cutting Process

The energy of a UV or vacuum UV (VUV) photon is more than twice of a visi-
ble photon. Theoretically, it is possible to generate two visible photons for a single
UV/VUV photon absorbed; this two-photon luminescence phenomenon is called as
quantum cutting (QC) as shown in Fig. 9.3a (Chen et al. 2014). The efficiency gain
in QC materials is based on the principle that a QC phosphor can result in two visi-
ble/infrared photons for each absorbed VUV/vis photon. QC has been demonstrated
based on different mechanisms. Downconversion (DC) is a special case of quantum
cutting. DC is a new route to realize visible/IR quantum cutting effect. Figure 9.3b–d
illustrates the generalized energy-level diagrams for three DCmechanisms involving
energy transfer (ET) between two different rare earth ions (I and II) (Chen et al. 2014).
It is not only the cross-relaxation processes but also cooperative process involved in
energy transfer mechanism between rare earth ions (Yi and Chow 2007; Yadav et al.
2014; van Wijngaarden et al. 2010).

Figure 9.3 illustrates the energy-level diagrams for two (hypothetical) types of
RE ions (I and II) showing the concept of downshifting. Efficient visible QC via
two-photon emission from a high energy level for a single RE ion is theoretically
possible as shown in Fig. 9.3a. However, competing emissions in the IR and UV

Fig. 9.3 a QC on a single ion I by the sequential emission of two visible photons. Type I is an
ion for which emission from a high energy level can occur. Type II is an ion to which ET takes
place. b The possibility of QC by a two-step ET. In the first step [indicated by (1)], a part of the
excitation energy is transferred from ion I to ion II by mainly cross-relaxation. Ion II returns to the
ground state by emitting one photon of visible light. Ion I is still in an excited state and can transfer
the remaining energy to a second ion of type II [indicated by (2)], which also emits a photon in
the visible spectral region, giving a QE ≤ 200%. c, d The remaining two possibilities involve only
one ET step from ion I to ion II, enough to obtain visible QC if one of two visible photons can be
emitted by ion I
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(the green lines of Fig. 9.3a) can also occur and prevent efficient visible QC on a
single RE ion. Figure 9.3b–d presents generalized energy-level diagrams for three
DC mechanisms involving ET between two different RE ions I and II. Type I is
an ion for which emission from a high-lying level occurs. Type II is an activator
ion in which ET takes place. Figure 9.3b indicates two-photon emission from ion
pairs from ions I to II [denoted by (1)], and ET from ions I to II [denoted by (2)]
with emission from ion II. Figures 9.3c and d show a cross-relaxation mechanism
followed by the emission of photons from both ions I and II. In all three cases, if
the two-step ET process is efficient, theoretical visible quantum efficiency (QE) of
200% can be achieved because the previous IR and UV losses existing in a single
ion can be avoided.

In addition to the energy migration processes, as mentioned earlier, the size,
shape, and surface of lanthanide-doped nanophosphors are important in relation to a
specific application, while their composition and the local dielectric environment are
essential for their excitation dynamics (Chander 2005). Owing to the high surface-to-
volume ratio of nanophosphors,most of the lanthanide dopants are exposed to surface
deactivations caused by surface lattice defects and dangling bonds, as well as by sur-
rounding ligands and solvents that possess high phonon energy. The deactivation
can occur directly or through an indirect pathway involving energy migrations from
the interior lattice points to the surface sites. Hence, the excitation dynamics is also
coupled to the surface properties of nanophosphors due to these nanosize-induced
surface effects, which are not so pronounced in bulk crystals. These factors create
interests to synthesize nanophosphors of stoichiometric composition in a precisely
controlled way and to tailor their interface to generate highly efficient nanophos-
phors for a specific frequency conversion. Furthermore, tailoring the interface is also
important for the colloidal solubility of nanophosphors.

The broad applications of lanthanide-doped up/downconversion nanomaterials in
various fields have prompted the development of a new class of novel nanoparticles
with desirable optical window via up/downconverting mechanism for technologi-
cal applications. At the same time, the development of the subject nanomagnetism
especially by considering iron oxide improved the several perspectives in the field
of biomedicine/device industries. Although considerable strategies have been devel-
oped for fine-tuning of up/downconversion luminescence with magnetic entity at
nanoscale, this field is still immature in terms of fabrication of the material because
of compromisedmagnetic response and tuned photoluminescence characteristics and
challenging structural templates. Therefore,we have attempted to design bifunctional
nanomaterials with better structural, optical, and magnetic characteristics in search
of their potential applications particularly in the field of scintillation.
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Design of Magnetic up/Downconversion Luminescent
Nanomaterials

Before discussing the synthesis procedures and protocols to prepare different bifunc-
tional nanomaterials, it is important to understand the general synthesis proce-
dure for hydro (solvo) thermal, microemulsion, coprecipitation method, polyol and
microwave-assisted approach to provide a better idea about the synthesis protocol.
Several chapters in this present book have covered main synthesis techniques for the
preparations of nanomaterials of different sizes, shapes, and functionalities. Some
of the famous methods can be mentioned such as:

(i) hydro(solvo) thermal synthesis, (ii) coprecipitation method, (iii) polyol syn-
thesis, (iv) microwave-assisted method, (v) coatings over magnetic nanoparticles. As
mentioned earlier in the Sect. 2, preparations of the magnetic-luminescent NPs are
a big challenge. Usually, preparations involve complex multi-step processes.

Synthesis of Single Component Magnetic-Luminescent
Nanoparticles

Shrivastava et al. (2017) used polyol synthesis procedure (Nguyen and Tran 2014;
Kharissova et al. 2013) based on mild temperature with the protocol for y mol%
doped europium precursor. They prepared LaF3:xCe3+, xGd3+, yEu3+ nanomaterials
using diethyleneglycol (DEG) in a three-neck round-bottom flask under magnetic
stirring with addition of oleic acid (OA) and under continuous flow of N2, and a
solution of 7.29 mmol (0.28 g) of NH4F in DEG (25 mL) was injected at 70 °C. The
temperature of the reaction mixture was further increased to 215 °C and vigorously
stirred under the same temperature for 2 h under refluxing conditions. Then, the
obtained suspension was cooled to room temperature, diluted with methanol, and
stored overnight, and the supernatant was decanted. The solid particles were further
separated by centrifugation. To remove the residual DEG, the solid powders were
dispersed in methanol three times, centrifuged, and dried in oven at 115 °C to get
powder product (Fig. 9.4).

Wang and co-workers (Wang et al. 2014) provided a detailed synthesis protocol
for the preparation of core–shell NaGdF4 nanoparticles to be used as upconversion-
based probes utilizing lanthanide ions into different layers for efficiently converting
a single-wavelength, near-IR excitation into a tunable visible emission. The precipi-
tation of uniform nanoparticles from a mother solution is governed by a temporally
discrete nucleation step followed by controlled growth of the nanoparticles. Owing
to the relatively low-energy barrier between the nucleation and growth stages of
NaGdF4, the conventional synthesis ofmonodisperseNaGdF4 nanoparticles typically
requires strict attention to several experimental variables, such as solvent identity,
reaction time, temperature, and so on. They resolved a facile and robust synthesis
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Fig. 9.4 a, d HRTEM images for LaF3:xCe3+, xGd3+, yEu3+ (x = 5 mol% y = 5, 15 mol%)
sample and corresponding. b, e Regions of the images analyzed by applying fast Fourier transforms
(FFT) are highlighted; and c, f particle size distribution and (d). Reprinted with permission from
(Shrivastava et al. 2017). Copyright Royal Society of Chemistry 2017

of lanthanide-doped NaGdF4 nanoparticles through coprecipitation of lanthanide-
oleate complex prompted by ammonium fluoride. In this reaction, the nucleation
and growth of the NaGdF4 nanoparticles are separated by carrying out the two stages
at low (50 °C) and elevated (280 °C) temperatures, respectively. The nucleation and
growth rates can be further controlled by adjusting the concentration of the precipita-
tor, leading to largely tunable particle sizes. Importantly, by changing the composition
of the lanthanide-oleate precursor, different combinations of lanthanide ions can be
easily incorporated into the nanoparticles. The core–shell NaGdF4 structure can be
prepared by following the same procedure as the NaGdF4 core, except for the inclu-
sion of the pre-synthesized NaGdF4 nanoparticles to the precursor solution as seed
crystals before the addition of the precipitator. In addition, the shell thickness can be
tuned by adjusting the amount of shell precursors with respect to the core particles.
By using the pre-synthesized core–shell NaGdF4 nanoparticle as the seed crystal,
the same epitaxial growth process can be repeated to fabricate a multilayered core–
shell structure resembling that of an onion. By tuning experimental variables such as
the concentration ratios of oleic acid to 1-octadecene and fluoride to metal ions, the
protocol for the synthesis of NaGdF4 and its core–shell nanoparticles can be adapted
to a wide variety of fluoride nanocrystals comprising rare earth, alkaline earth, and
alkali metal ions. Apart from the optical tunability offered by the dopant–host inter-
actions, the use of different fluoride nanocrystals could enable the predetermination
and control of the shape of the growing nanocrystals.
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Further, the above-described protocol was used by several groups to perform
several applications. Liu et al. (2013) prepared single-phase magnetic-luminescent
NaGdF4:18%Yb,2%Er NPs-based dual-modal molecular probes for imaging tiny
tumors in vivo. In a typical synthesis, they used rare earth chloride hexa-hydrates
(80%Gd,Yb,Er). OA (14 mL) and ODE (16mL) were used as solvent/capping agent.
A homogeneous solution was formed when the mixture heated around 150 °C, under
nitrogen protection. NaOH (2.5 mmol) and NH4F (4 mmol) in methanol solution
were used for Na and F source. Overall reaction was performed at 300 °C for 1 h in
reflux condition. After cooling, NPs were precipitated by using ethanol and further
centrifuged and cleaned using ethanol. TheseNPswere stored in THFor cyclohexane
for other experiments. To show the impact of the reactant ratio on the size, size
distribution, and phase structure of the resultant NaGdF4:Yb,Er nanoparticles, in the
following preparations, the feeding molar ratios of F:Ln3+ and Na:Ln3+ were tuned
independently between 8:1 and 2.4:1 and between 3:1 and 0.75:1, respectively, while
the feeding molar ratio among the lanthanide ions, i.e., Gd3+:Yb3+:Er3+, was fixed at
ratio 80:18:2.

Boyer and co-workers (Boyer et al. 2007) used lanthanide trifluoroacetate precur-
sors to prepare NaGdF4 NPs. The non-coordinating, high-boiling solvent octadecene
was selected as the growth medium for the NPs. Oleic acid and oleylamine were
employed as the coordinating organic ligands, which attach to the particle surface
during the crystal growth and keep the NPs well separated from each other. The over-
all reaction was obtained at 270 °C at a rate of 10 °C/min under argon for 45 min.
The whole solution was then allowed to cool to room temperature; and NPs were
precipitated using ethanol and isolated via centrifugation. Dong et al. (2011) used
similar procedure with slight modification in reflux temperature and solvent ratios to
investigate dopant distributions in NaGdF4 matrix. Mi et al. (2012) prepared bifunc-
tionalNaGdF4:Ce, Tb nanoparticles utilizing a two-phasemechanism,with rare earth
stearate as the precursor, oleic acid, ethanol, and water as the solvent. After surface-
aminated modification through typical Stöber method, the as-prepared nanoparticles
were applied for the LRET with Au nanoparticles, and an effective LRET system
was established through the covalent interaction of amino and carboxyl groups. There
are sufficient amount literature published of the single-phase magnetic-luminescent
(specially Gd based) NPs using several synthesis processes (Natarajan Prakash et al.
2016; Schneider et al. 2016; Chen et al. 2012).

Synthesis of Multi-component Magnetic-Luminescent
Nanoparticles

Shrivastava et.al used a three-step synthesis procedure to prepare green-emitting
magnetic optical nanocomposites named Fe3O4/ZnS@LaF3:xCe3+, xGd3+, yTb3+

which is given in several steps (Fig. 9.5): Firstly, the hydrothermal method was used
to prepare oleic acid-coated monodisperse magnetic core nanoparticles, according to
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Fig. 9.5 General synthesis scheme of Fe3O4/ZnS@LaF3:xCe3+, xGd3+, yTb3+ (x = 5; y = 5, 10
and 15 mol%) bifunctional green-emitting magnetic nanocomposite. Reprinted with Permission
(Shrivastava et al. 2017). Copyright Royal Society of Chemistry 2017

the previous report published elsewhere (Zhang et al. 2012;Ge et al. 2009). In the sec-
ond step, Fe3O4/ZnS nanoparticles were prepared using microemulsion procedure,
(Yu et al. 2009) by dispersing Fe3O4 nanoparticles were in n-propanol by adding the
solution of Zn(O2CCH3)2(H2O)2 in n-propanol. This reaction mixture was stirred at
room temperature for 24 h. Thereafter, 60 mL solution of 0.2 g (2.66 mmol) thioac-
etamide in milli-Q water was added dropwise in above solution. Simultaneously,
the resulting solution was heated at 65 °C under vigorous stirring for 5 h. Then, the
reaction mixture was cooled to room temperature and gently stirred for overnight.
The solid product was collected by magnetic separation method and washed with
water and ethanol for five times to remove the excess ZnS nanoparticles. Finally, it
was dried under reduced pressure for 12 h and stored in a vacuum desiccator.

Further, Fe3O4/ZnS@LaF3:xCe3+, xGd3+, yTb3+ nanocomposites were prepared
by chitosan-assisted coprecipitation method through general procedure (Liu et al.
2013) using specific amount of Fe3O4/ZnS nanoparticles as seeds and stoichiometric
amounts of LaCl3 · 6H2O, Ce(NO3)3 · 6H2O, GdCl3 · 6H2O, and TbCl3 · 6H2O
precursors (Sankar et al. 2009). In this procedure, Fe3O4/ZnS seeds were dispersed
in milli-Q water and further coated with CTAB. Appropriate amounts of rare earth
precursors were dissolved together in a solution of chitosan in acetic acid/milli-
Q water in a three-neck flask under magnetic stirring. The pH of the solution was
adjusted to 7. The aqueous dispersion of Fe3O4/ZnS@CTABwas added in and stirred
under continuous N2 atmosphere. The 15 mL aqueous NH4F solution (0.1802 g;
4.86 mmol) was injected slowly to the reaction mixture. Finally, it was heated at
refluxing condition for 3 h under continuous N2 flow. The brown color suspension
was cooled to room temperature, and the solid samplewas separated from the aqueous
suspension using magnetic separation. The collected solid material was washed with
milli-Qwater andmethanol to obtain brown Fe3O4/ZnS@LaF3:xCe3+, xGd3+, yTb3+

(x = y = 5 mol%). The products were found to be water dispersible (Fig. 9.6).

Synthesis of Iron Oxide/NaGdF4:Ln3+

The iron oxide nanoparticles were prepared using method described in reference
(Shrivastava et al. 2018a, b) (Fig. 9.7). A facile microwave-assisted solvother-
mal reaction has been proposed for the synthesis of NaGdF4:Ln3+ and iron
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Fig. 9.6 a Shows temperature and time scheme adopted during synthesis. b Displays the com-
mercial microwave instrument used for the synthesis available at Federal University of Maranhão,
Brazil

Fig. 9.7 TEM images of synthesized nanomaterials and sized distribution of overall NP. Reused
with permission (Shrivastava et al. 2018b). Copyright AIP publishing 2017
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oxide/NaGdF4:Ln3+ (Ln3+ = 20%Yb, 2% Er) NPs. The shell NaGdF4:Ln3+ was
prepared in the following way. Firstly, 0.78 mmol GdCl3 · 6H2O, 0.20 mmol YbCl3
· 6H2O, and 0.02 mmol ErCl3 · 6H2O were added into solution containing 16 mL
oleic acid to form rare earth oleate and 8 mL of 1-octadecene under continuous stir-
ring at ambient temperature for 20 min. Meanwhile, 2.5 mmol NaOH was dissolved
in 10 mL methanol, and then, 8 mL oleic acid was added by stirring to prepare Na-
oleate translucent solution. The above two solutions were mixed quickly and stirred
for additional 5 min. A separate solution of iron oxide seed prepared in 1-octadecene
was poured in above solution slowly and stirred for 10 min at room temperature. A
separate solution of 4 mmol fluoride source (NH4F) in 15 mL methanol was mixed
properly in above solution. The mixture was transferred into the reaction vessel of a
commercial microwave reactor with an output power of 1000 W. The working cycle
of the microwave reactor was set as (i) 20 °C/min rapid heating until 150 °C and
(iii) 40 min at 150 °C. The system was allowed to cool quickly to room temperature,
and the obtained samples were washed sequentially with methanol and ethanol, and
then dried in an air oven at 50 °C for 6 h. Similarly, Shrivastava and co-workers
added another library by using Yb3+ and Er3+ as dopant and observed upconversion
phenomenon (Shrivastava et al. 2018a, b).

Zhang et al. (Zhang et al. 2012) used two-step synthesis protocols to preparemulti-
component and (Yb, Er) activated Fe3O4@SiO2@Y2O3:Yb, Er magnetic upconver-
sion oxide nanospheres (MUC-O-NS) NPs for targeted chemotherapy. They used
reverse microemulsion method to prepare Fe3O4@SiO2 core–shell NPs (Fig. 9.8)
(Zhang et al. 2012). By carefully controlling the hydrolysis conditions, uniform iron

Fig. 9.8 Synthetic procedure for the drug-loaded Fe3O4@SiO2@α-NaYF4/Yb, Er nanorattles
(DOX-MUC-F-NR). Reprinted with permission from Zhang et al. (2012). Copyright American
Chemical Society 2012
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oxide@SiO2 nanoparticles were prepared with diameters of ∼90 nm. Further, they
coated these core–shell spheres with a layer of Y/Yb, Er(OH)CO3*3H2O via a homo-
geneous precipitation method from an aqueous solution of yttrium nitrate and urea
and heated at 90 °C for 2 h. This by-product was treated by heat at 550 °C for 2 more
hours and the layer converted into cubic Y2O3. To prepare fluoride nanorattles, they
utilized ion-exchange process in the presence of HF and NaF solutions under contin-
uous stirring for 2 h while heating. Size of nanospheres remained similar but surface
was roughened, forming hollow nanorattles structure in broken particles (Zhang et al.
2012).

Li et al. (2007) proposed a strategy to encapsulate therapeutic drugs, magnetic
Fe3O4 nanoparticles, and fluorescent CdTe QDs into chitosan nanoparticles. Super-
paramagnetic Fe3O4 nanoparticles allow for external manipulation of the systems
by magnetic field, and CdTe QDs can be used for real-time fluorescent monitoring
of drug delivery. They showed pH-sensitive drug release over a long period of time.
Such NPs were prepared in water-in-oil (W/O) microemulsion. The Triton X-100
surfactant system contained 20 ml cyclohexane, ml Triton X-100, and n-hexanol.
Fe3O4 nanoparticles, CdTe QDs, and cefradine (drug) were dispersed in 0.1% chi-
tosan (in 1 vol% acetic acid) solution and permitted enough electrostatic adsorption.
The mixed solution was added to the microemulsion system to form a transparent
brown reverse microemulsion. After 30 min, 200 μl 1% glutaraldehyde was added
and gently stirred. The reaction could continue for a desired time to produce mag-
netic and fluorescent chitosan composite nanoparticles. The composite particleswere
isolated by magnetic separation or by centrifugation and washed with ethanol and
water repeatedly to completely remove surfactant molecules.

Zhong et al. (2012) performed first time the synthesis of monodisperse, magnetic,
and upconversion luminescent Fe3O4@NaGdF4:Yb/Er@NaGdF4:Yb/Er core–shell-
structured nanoparticles (NPs) by a seed-growth process (high-temperature thermol-
ysis) to enhance the upconversion emission intensity. Oleic acid-capped Fe3O4 core
NPs were obtained from the thermal decomposition of the iron-oleate precursors. A
luminescence shell was grown using the Fe3O4@NaGdF4:Yb/Er as seeds.

Xia and co-workers (2011) reported the synthesis of bifunctional magnetic upcon-
version NIR-to-NIR nanophosphors that are composed of NaYF4 nanocrystals as
cores and magnetic FexOy shells. Such NaYF4:Yb3+, Tm3+@FexOy nanocrystals
modifiedwith dopamine showing excellent solubility in water, UCL emission, super-
paramagnetic properties, and low cytotoxicity. Gai et al. (2010) prepared monodis-
perse magnetic Fe3O4 nanocrystals that were coated by Stöber procedure to have
a non-porous silica layer (Fe3O4@nSiO2). Subsequently, cetyltrimethylammonium
bromide (CTAB) was selected as the organic template for the formation of the outer
mesoporous silica layer on Fe3O4@nSiO2. The CTAB-removed sample was desig-
nated as Fe3O4@nSiO2@mSiO2. Finally, NaYF4:Yb3+, Er3+/Tm3+ phosphor layer
was deposited on the outer mesoporous silica layer by a modified reported process,
to realize the formation of the final multifunctional (magnetic, mesoporous, and
upconversion luminescent) materials.
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Biomedical Applications

Bioimaging

Multimodal imaging in biomedicine is attracting increasing attention because it can
integrate the advantages of different imaging modes and improve the efficiency of
diagnosis and research. Photoluminescence imaging and magnetic resonance (MR)
imaging are important strategies in bioscience and medicine. Photoluminescence
imaging has high sensitivity, while MR imaging has good dimensional resolution.
Integration of photoluminescence imaging and MR imaging in one system will
combine their sensitivity and resolution and enhance the quality of bioimaging.
Due to their great potential in photoluminescence and MR multimodal imaging in
biomedicine, differently structured fluorescent and magnetic nanomaterials, such as
embedded, dumbbell-like, linker-coupled, and core–shell structures, have recently
been reported as bioimaging probes. Most of them show downconversion lumines-
cence, which limits their applicability in deep penetration observation, particularly
in small-animal in vivo imaging.

It is novel approach to use multi-component magnetic-luminescent nanohybrids
for bioimaging and sensing applications. Rare earth ions in matrixes and attached
withmagnetic nanomaterials give hope to use a complete information at anatomy and
molecular level. This facilitates to utilize the high energy radiations (X-ray or gam-
mas) or low-energy radiations (near-infrared radiations). Magnetic entity enables the
MR imaging (dark field, T2). When X-rays irradiate radioluminescence nanoparti-
cles, they generate visible and near-infrared light that can penetrate through centime-
ters of tissue called X-ray luminescence tomography (XLT) maps and the location
of these radioluminescent contrast agents at high resolution by scanning a narrow
X-ray beam through the tissue sample. Similarly, nowadays, upconverting nanopar-
ticles (UCNPs) can be utilized for imaging by exciting tissue samples/in vivo using
808 nm or 980 nm. Typical rare earth ions that convert low-energy radiations to
visible light are Er and Tm. Coupled with low background autofluorescence offered
by NIR excitation, UCNPs render particularly useful for sensing applications. To
date, UCNPs have been widely exploited for sensing a variety of biological vari-
ables (temperature and pH) and species (specific ions and molecules). Temperature
is crucial in biological processes including enzyme reaction and metabolism in cells.
UCL is sensitive to temperature owing to some closely spaced energy levels in the
emitting ions that are thermally coupled. Adding magnetic functionality to these
luminescent particles would enable them to be guided, oriented, and heated using
external magnetic fields, while their location and spectrum could be imaged with
XLT/UCL and complementary magnetic resonance imaging. If rare earth ions have
been used for light converting purposes, they are characterized by multiple and sharp
emission peaks alongwith their defined lifetimes of the emission peaks. For example,
the population in the 4S3/2 and 2H11/2 states of Er3+ approximately follows the Boltz-
mann distribution under steady-state excitations. The relative emission intensities of
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Er3+ at 520 nm and 550 nm, which are respectively due to the 2H11/2→4I15/2 and
4S3/2→4I15/2 transitions, are thus a direct indicator of the surrounding temperature.

Xia and co-workers (2011) have reported bifunctional magnetic upconversion
NIR-to-NIR nanophosphors named as NaYF4:Yb3+, Tm3+@FexOy nanocrystals
modified with dopamine, and these NPs show excellent solubility in water, UCL
emission, superparamagnetic properties, and low cytotoxicity. Furthermore, these
nanocrystals have been applied in multimodal T2-enhanced magnetic resonance
(MR) and in vivo UCL imaging of the lymphatic system.

Chen et al. (2012) prepared amultifunctional monodispersedmagnetic radiolumi-
nescent (γ-Fe2O3@SiO2@Gd2O3:Eu) nanoparticles for potential drug delivery carri-
ers and radioluminescence imaging agents. Particles with intermediate core sizes dis-
played both strong magnetophoresis and luminescence properties. They also served
as MRI contrast agents with relaxivities of up to 58 mM−1 s−1 (r2) and 120 mM−1

s−1 (r2*). These T2 relaxivities were several times higher than typical gadolinium
chelates (Gd-DTPA, 4.9mM−1 s−1) and Gd2O3 nanoparticles (14.1–16.9 mM−1 s−1)
(Bridot et al. 2007). Additionally, cell viability is not significantly affected by the
Gd2O3:Eu nanoparticles up to concentration of at least 250mgml−1 (24 h exposure).
These particles offer promising multimodal MRI/fluorescence/X-ray luminescence
contrast agents.

Ge et al. (2009) prepared magnetic nanoparticles (MNPs) coated by FITC-labeled
chitosan (FITC-CS) and a covalently attached fluorescent dye and applied them at
in vitro experiments. The FITC-CS@MNPs could be efficiently internalized into
SMMC-7721 because of their electrostatic interactions with the cell membrane.
These labeled cells can be visualized in a clinical 1.5-T MRI imager with detectable
cell numbers of about 104 in vitro. Magnetic fluorescent nanoparticles serve as
both magnetic resonance contrast agents for MRI and optical probes for intravital
fluorescence microscopy.

A very interesting approach used byXia and co-workers (2011) integratesNIR-to-
NIR UCL and magnetic dual functions in a single nanocrystal. Core–shell nanocrys-
tals were further developed to image the lymphatic system of small animals in vivo.
For in vivo UCL imaging of the lymphatic system, a nude mouse was placed in
the prostrate position under pentobarbital anesthesia, and then 60 mL (1 mg/mL)
of a suspension of NaYF4:Yb3+, Tm3+@FexOy nanocrystals was injected into its
right forepaw (Fig. 9.9). The special NIR-to-NIR UCL optical property of the
NaYF4:Yb3+, Tm3+ core avoids the absorption of the magnetic FexOy shell and
promises high signal-to-noise ratio and deep penetration for in vivo imaging, while
the FexOy nanoshell makes the core–shell-structured nanocrystals suitable for T2-
enhanced MR imaging. MTT assays and histological analyses of lymph have indi-
cated low toxicity and good biocompatibility of the nanocrystals.We have also shown
thatNaYF4:Yb3+, Tm3+@FexOy nanocrystals can be applied in living cell imaging by
virtue of their MR and UCL bimodal imaging and long-term lymph tagging in vivo.
Thereby, NaYF4:Yb3+, Tm3+@FexOy nanocrystals may be proposed to help guide
clinical lymph nodal study and diagnosis without skin surgery.
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Fig. 9.9 In vivo UCL imaging of lymphatic system after injection with NaYF4: Yb3+,
Tm3+@FexOy nanocrystals into a nude mouse at various time. a 0 min, b 10 min, and c 20 min. All
images were acquired under the same instrumental conditions (power density w 150 mW/cm2 on
the surface of nudemouse). d, eUCL ex vivo images of the lymphatic system of a nudemouse killed
after injection with NaYF4:Yb3+, Tm3+@FexOy nanocrystals for 40 min. Green arrow marked the
lymphatic nodes. All images were acquired under the same instrumental conditions (power density
w 100 mW/cm2). Reprinted with permission from (Xia et al. 2011). Elsevier Publishing 2011

Drug Delivery

A need exists to be able to focus medicine to disease locations. During chemother-
apy, for example, typically less than 0.1 to 1% of the drug is taken up by tumor
cells, with the remaining 99% going into healthy tissue causing harms. The ability
to actively position medicine, to physically direct and focus it to specific locations
in the body, would allow better treatment of not only cancer but other diseases.
Research into biocompatible drug delivery and targeting systems based on nano-
materials is at the forefront of nanomedicine. An ideal drug delivery system should
intelligently find the diseased tissue, accumulate in this location, and controllably
release therapeutic molecules to the state, just like a “magic bullet.” Among the
efficient drug delivery systems, biodegradable polymeric nanoparticles have been
extensively developed due to their excellent biocompatibility, long-term circulation
in the bloodstream, and controllable size and surface properties. To solve these prob-
lems, surface-functionalized nanoparticles that contain drug molecules have been
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investigated as a promising candidate for enhancing the therapeutic effect with min-
imal side effects. The nanoparticles can hold drugs during the circulation without
leakage. An interesting approach to increase the accumulation of nanoparticles in a
target tissue is to take advantage of the magnetic responsiveness of superparamag-
netic nanoparticles to an external magnetic field, which is referred to as magnetic
targeting. Magnetic drug targeting refers to the attachment of therapeutics to mag-
netic particles, and then applying magnetic fields to concentrate them to disease
locations such as to solid tumors, regions of interest. Even though in some spe-
cial cases, the magnetic particles can be introduced into the body outside the blood
flow. Once the nanoparticles reach the target site, they should release the therapeutic
molecules. There are several distinctive characteristics (e.g., acidic pH, hypoxia, and
matrix metalloproteinase-2 concentration), which can be utilized not only for target-
ing but also for triggering gene or drug release. The process of drug delivery is quite
complex and beyond the coverage of the chapter. Light filed can also be exploited to
excite the drug releases. If such mechanisms are combined together, they could be a
potential candidate for drug delivery at the specified locations.

As mentioned in Sect. 4, Gai et al. (2010) reported that con-
trolled drug release is reported for monodisperse core–shell-structured
Fe3O4@nSiO2@mSiO2@NaYF4:Yb3+, Er3+/Tm3+ nanocomposites with meso-
porous, upconversion luminescent, and magnetic properties, capable enough
for the drug targeting. Upconversion phenomenon, when excitation wavelength
is 980 nm, help to release the attached drug IBU in above example. Drug
release was monitored using upconversion emission intensity of the IBU–
Fe3O4@nSiO2@mSiO2@NaYF4:Yb3+, Er3+/Tm3+ system. The upconversion
emission intensity increases with the cumulative release of IBU, reaching a
maximum when the IBU is completely released from the drug storage system.
Li et al. (2007) used water-soluble superparamagnetic Fe3O4 nanoparticles, CdTe
quantum dots, and pharmaceutical drugs into chitosan nanoparticles, cross-linking
the composite particles with glutaraldehyde. The system showed superparamagnetic
and strong fluorescent properties and was used as a controlled drug release vehicle,
which showed pH-sensitive drug release over a long time. The composite magnetic
and fluorescent chitosan nanoparticles are potential candidates as a smart drug
delivery system.

Other illustrations can be explained by considering the work by Zhang and co-
workers (2012). They prepared nanorattles containing rare earth-dopedNaYF4 shells
each containing a loose magnetic nanoparticle (Fig. 9.8). The innermagnetic Fe3O4

nanoparticles are coated with a SiO2 layer to avoid iron leaching in acidic biological
environments. This multifunctional mesoporous nanostructure with both upconver-
sion luminescent and magnetic properties has excellent water dispersibility and a
high drug-loading capacity. The material emits visible luminescence upon NIR exci-
tation and can be directed by an external magnetic field to a specific target, making
it an attractive system for a variety of biological applications. Measurements on
cells incubated with the nanorattles show them to have low cytotoxicity and excel-
lent cell imaging properties. In vivo experiments yield highly encouraging tumor
shrinkage with the antitumor drug doxorubicin (DOX) and significantly enhanced
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tumor targeting in the presence of an applied magnetic field. These multifunctional
nanorattles show advantages for in vivo enhancement of therapy efficacy by reducing
the systemic toxicity of antitumor drugs both through protection of the drug during
circulation and by using magnetic fields to target the material to the lesion.

Therapy

There are mainly three categories of therapeutic applications of the magnetic-
luminescent nanoparticles, which initially and largely depend on the synthesis
methodologies and further on surface modifications, have in good biocompatibil-
ity, and be chemically stable to be used as nanoheaters in biomedical applica-
tions:magnetic hyperthermia and photothermal therapy;magnetic hyperthermiawith
light-activated enhanced photodynamic therapy; and photothermal therapy,magnetic
hyperthermia, and photodynamic therapy. It must be noted that in real practices, even
at laboratory scale from nanomaterials points of view, these have been a challenge.
It could take a time to have convincing results that might push for clinical test-
ings. There is not much convincing literature available based on multi-component
magnetic-luminescent nanoparticles. Great efforts are ongoing to synthesize novel
multifunctional nanoplatform to combine nano-magnetic hyperthermia and nano-
photothermal therapy increasing the effect. Iron oxide and gold-based magneto-
plasmonic nanostructures exhibit remarkable optical and magnetic properties orig-
inating from their two different components. Depending on morphology, spherical
and non-spherical or core–satellite and core–shell may be used for different applica-
tions (Espinosa et al. 2016, 2018; Kolosnjaj-tabi et al. 2015; Mazuel et al. 2017; Di
Corato et al. 2014). Espinosa et al. recently reported promising results of magneto-
photo thermal approach, choosing iron oxide nanotubes to improve their efficiency
using only magnetic hyperthermia (Espinosa et al. 2016, 2018). They compared
to both an alternating magnetic field and near-infrared laser irradiation (808 nm),
either individually or jointly. The obtained results in solid tumors in vivo show that
single-mode treatments (magnetic or laser hyperthermia) reduced the tumor growth,
while combined-mode resulted in complete tumor regression. This is not the case
of our chapter. Recently, Ortigies et al. (2018) prepared optomagnetic hybrid nanos-
tructures (OMHSs) that simultaneously satisfy magnetic-luminescent characteristics
together and above-mentioned two conditions. Polymeric encapsulation of magnetic
nanoparticles with neodymium-doped nanoparticles (LaF3:Nd) results in a hybrid
structure capable of sub-tissue thermal feedback while making the heating efficiency
of magnetic nanoparticles independent of the medium. The potential application
of the OMHSs developed for fully controlled thermal therapies is demonstrated by
an ex vivo endoscope-assisted controlled intracoronary heating experiment. Still
the research for combined thermal therapy is far more away from reality, where
the construction and architecture of such hybrid formulation to combined therapies
require the optimization of physicochemical properties to maximize their potential
as nanoheaters.
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Conclusions and Prospectus

We have described the developments in the synthesis and important biomedical
applications of magnetic-luminescent nanoparticles. This research continues to be
a vibrant and growing interdisciplinary field. The developments of new theranos-
tics plus diagnostics (a new term “theranostic”) nanoplatforms are continuously in
progress with their own promises and advantages, but suffer from some weaknesses.
So an effort to introduce this subject to the general audiences to understand the chal-
lenges and limitation and how can one open the doors of new possibilities. The major
issue is the synthesis of the multi-component magnetic-luminescent nanoparticles
that include a multi-step process. Usually, core–shell nanoparticles are prepared, but
such nanoparticles compromise the magnetic-luminescent characteristics. To utilize
them for theranostics, more intelligent nanosystems (encapsulations/dimers) guar-
anteeing of high photoluminescence efficiency optical property and strong magnetic
property are required by a more simple protocol (e.g., one-pot method) to obtain the
hybrid materials. There are some countable successful results, but the development
of multifunctional nanoprobes for multimodal imaging is still in its early stage. It
is still a major challenge to design a multifunctional nanoprobe for simultaneous
bioimaging covering optical imaging, MRI, CT, and other kinds of monitoring. In
near future, active targeted multimodal imaging and drug delivery system could be
reality to realize the disease detection and therapy simultaneously.
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Chapter 10
Evaluation of Hyperthermic Properties
of Magnetic Nano-Heterostructures
Based on Gold-Iron Oxide and Noble
Metal-Ferrite Systems

Sarveena, Navadeep Shrivastava, Naveed A. Shad, Muhammad Munir Sajid,
M. Singh, Yasir Javed and S. K. Sharma

Abstract Magnetic particle hyperthermia is potentially the most significant and
promising methods for cancer treatment. The high efficiency of this magnetic hyper-
thermia therapy is derived from a capability of nano-heterostructures to generate
site-specific heating of tumors tissues due to their unique physicochemical proper-
ties with an ability to be functionalized at molecular and cellular level for biochem-
ical interactions. Au-Fe3O4 nano-heterostructures are gaining ample significance in
industry and research because of their superior properties coming from both individ-
ual and combinational features of gold and iron oxide nanoparticles. In this chapter,
we have discussed the heat dissipation mechanisms and various parameters crucial
for assessing the hyperthermia efficacy of gold-iron oxide and noble metal-ferrite
systems.
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Introduction

Magnetic hyperthermia is an antitumoral therapy using magnetic nanoparticles
(MNPs) to heat tumor cells above normal physiological conditions under the influ-
ence of an alternating magnetic field (AMF). It is based on the biological principle
that normal cells usually possess higher heat resistance and resilience to temperature
than tumor cells, and the cancerous cells can be selectively destroyed by increasing
the temperature to a desired temperature range (41–46 °C), without damaging the
surrounding healthy tissue (Yu et al. 2020). The use of magnetic hyperthermia to
achieve spatially localized tumor heating as an adjunct to cancer immunotherapy
both in vitro and in vivo is supported by an increasing number of research data.

In recent years, advances in the use of magnetic hyperthermia have led to over-
come the multitude of side effects like discomfort to the development of secondary
tumors and severe toxicity to multiple systems including immune system associ-
ated with the standard cancer treatments like chemotherapy, radiotherapy, or their
combination (Lettieri-Barbato and Aquilano 2018). The additional feature of con-
trolled drug delivery opens up possibilities for the development of multifunctional
and multi-therapeutic approaches for treating a number of diseases.

The heating efficiency of MNPs relies on external characteristics (e.g., frequency
and amplitude of the applied field) as well as intrinsic particle characteristics (e.g.,
core size, surface chemistry, crystallinity, colloidal) (Lemal et al. 2019). The special
properties of MNPs arise from their structure, size, and composition. The amount of
heat generated strongly depends on the spatial distribution of the nanoparticles, size,
coating, magnetic field strength and frequency, etc., and the most commonly used
materials (LeBrun andZhu2018).Therefore, the use of nanoparticles in this treatment
is also a concern. For cancer therapy, NPs must have a low toxicity, biocompatibility,
non-immunogenic, ease of functionalization, cell acceptance and, essentially, able
to make effective heating profiles when exposed to an applied magnetic field. The
fundamentals ofMNPs for cancer therapy lies in the four unique characteristics:mag-
netic manipulation, nanoscale heat generator, localized magnetic field, and enzyme-
mimics with abundant active sites (Zhang et al. 2018; Negut and Grumezescu 2019).
The successful applications of cancer therapy lie in smart design of the nanoparticle
with tailoring properties for safer and more effective cancer treatment. Among all
materials, noble and magnetic metals are two groups of the most promising materials
which can be coupled together to yield diversified nanostructures, including noble
metal decorated-metal oxide NPs, nanoarrays, noble metal/metal oxide core/shell,
noble metal/metal oxide yolk/shell, and Janus noble metal–metal oxide nanostruc-
tures (Sanchez and Alvarez 2019). In this context, iron oxide-based nanocomposites
are typically used for hyperthermia treatment (Gutiérrez andAlvarez 2018;Kozissnik
et al. 2013).
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Heat Generation Mechanism

When magnetic materials are placed in a tuned AMF, the heat is dissipated in the
form of thermal energy. Magnetic particles heat inductively due to magnetic losses
associated with their magnetization reversal processes. The three main mechanisms
responsible for these losses are: eddy current, hysteresis, and relaxation. The more
relevant mechanism of heat dissipation to nanoparticles is relaxation mechanisms,
i.e., Néel and Brownian relaxation mechanisms. Relative portion of each mechanism
is mainly determined by size, magnetic anisotropy, and fluid viscosity (Shaterabadi
et al. 2018). Magnetic losses are the main physical phenomena involved in magnetic
hyperthermia treatments to target and kill cancerous cells.

Eddy Current Losses

The generation of eddy currents is a consequence of the law of induction. Heating
occurs due to the induced currents which are the flows of electrons against the
electrical resistance of the material (Suriyanto et al. 2017). This opposing tendency
of the eddy current causes energy loss. The power density for eddy current heating
is given by Gilchrist et al. (1957);

PE = E f 2B2
maxd

2 (10.1)

where E = eddy current coefficient, f = frequency in cycles, Bmax = maximum flux
density, and d = particle diameter.

This equation shows that current losses will rise as we increase the frequency
or applied field and particle diameter. Eddy currents are induced mostly by bigger
particles (a few millimeters in size), and their contribution to heat generation is neg-
ligible in nano-sized materials. Magnetic nanoparticles have a rather poor electrical
conductivity to produce a noticeable induction heating and the nano-sized dimension
of particles cannot generate a substantial electrical voltage (Suriyanto et al. 2017;
Javed et al. 2017).

Eddy currents are not only restricted to magnetic materials it also occurs in tissues
owing to their low specific electrical conductivity, but their heating effect is far below
the required therapeutic dose. Eddy current losses can cause unwanted temperature
rise in healthy tissues in high frequencies, depending on the electrical conductivity of
the tissue. These eddy currents have been shown to limit treatment efficacy in clinical
trials (Stigliano et al. 2016). The reported side effects of eddy currents in the body
are limited to disturb the patient comfort and cause pain and damage (blistering) in
skin (Dabbagh et al. 2015).
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Hysteresis Loss

In multi-domain NPs (ferrimagnetic or ferromagnetic material), the production of
heat is due to hysteresis losses. When they are exposed to an applied magnetic
field, some magnetic domains containing moments parallel to the magnetic field will
grow, whereas the others shrink, so long as all of moments align themselves in the
same direction as the applied magnetic field. The saturation magnetization is reached
as soon as each moment of each domain is aligned toward this direction. When the
applied field is removed, themagnetization does not revert back to zero, and this is the
remanent magnetization. In order to demagnetize, the coercive field is applied. This
sequence of magnetization and demagnetization is usually represented in the form
of a nonlinear curve called a hysteresis loop. Hysteresis losses may be determined
by integrating the area of hysteresis loops, a measure of energy dissipated per cycle
of magnetization (Javed et al. 2017; Sangaa et al. 2018) as shown in Fig. 10.1.

Fig. 10.1 Different heat dissipation mechanism. Reprinted with the permission from Beik et al.
(2016) and Hervault and Thanh (2014)
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Néel and Brownian Relaxation Mechanisms

In single-domain MNPs, where no domain wall exists at all, the reorientation of the
magnetic moments can occur due to (i) the rotation of the moment within the MNP,
overcoming their anisotropy energy barrier (Néel relaxation) or (ii) the mechanical
rotation of theMNPs thatwill create frictional losseswith the environment (Brownian
relaxation) (Colombo et al. 2012). In such particles, heating is accomplished by
rotating themagneticmoment of each particle against an energy barrier. It is primarily
observed in superparamagnetic, single-domain nanoparticles.

Neel relaxation mechanism: When superparamagnetic nanoparticles are sub-
jected to an alternating magnetic field, the individual magnetic moment rotates away
from the crystal axis toward the field to minimize its potential energy but it does not
necessarily involve a physical rotation of every particle (Fig. 10.1). The anisotropy
energy barrier is overcome and the remaining energy is released as heat (LeBrun and
Zhu 2018). These fluctuations in the magnetization occur at a specific time, called
the relaxation time τN and its temperature dependence was proposed by Louis Néel.
These fluctuations develop above a certain critical temperature TB. Below TB, spin
blocks are assumed to be fixed. Consequently, TB is called the blocking temperature
and suggests the superparamagnetic limit for steady magnetization. The time period
of fluctuations can alter by changing the temperature and volume of a particle. The
Néel (τN) relaxation times of a particle are given by LeBrun and Zhu (2018) and
Javed et al. (2017)

τN =
√

π

2
τ0

e�

√
�

(10.2)

where

� = KμVM

kBT
(10.3)

Here, τ 0 is the attempt time (typically between 10−9 and 10−10 s), � is the ratio of
anisotropy to thermal energies,Kμ is the anisotropy energy density, kB isBoltzmann’s
constant, and VM is the volume of the suspension given by

VM = 4πr3

3
(10.4)

where r is the radius of the magnetic core. From Eqs. (10.2)–(10.4), it is apparent
that Néelian relaxation depends on the magnetic anisotropy energy of the material,
thermal energy, and the size of the inner magnetic core.

Brownian relaxation: Brownian relaxations pertain to the physical rotation of
the MNP by itself and align with the external field (Fig. 10.1). Thermal energy
is produced by friction arising from shear stress in the fluid and the characteristic
Brownian relaxation (τB) time determined by the rotational mobility of the colloidal
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magnetic particles is given by Shaterabadi et al. (2018)

τB = 3ηVH

KBT
(10.5)

where η is viscosity of the surrounding medium, VH is the particle hydrodynamic
volume (includingmagnetic core, coating, andhydration layers),KB is theBoltzmann
constant, andT is the temperature.Brownian relaxation relies on viscosity of thefluid,
hydrodynamic volume of the nanoparticle.

Néel relaxation dominates for smaller particle sizes as the fastest process, whereas
above a certain critical size range, the Brownian relaxation mechanism takes over.
For close to the critical size limit, both mechanisms can be observed and the relative
contributions are determined by the effective relaxation time, τ , expressed as:

1

τ
= 1

τN
+ 1

τB
(10.6)

However, the effective relaxation time is predominated by the term that has shorter
relaxation time. It is very challenging to distinguish the contribution of the two
mechanisms and experimental studies are being carried out to meet this challenge.

Specific Absorption Rate (SAR)

The most common parameter for quantifying the efficiency of MNPs colloids to
transform magnetic energy into heat is known as specific absorption rate (SAR), or
specific power absorption (SPA) or specific loss power (SLP). In biomedical applica-
tions, SAR is one of the most crucial parameters in the design of MNPs for magnetic
hyperthermia because the higher the specific absorption rate‚ the lower the injected
dose to the patient. SAR expresses the rate of absorption of an electromagnetic field
impinging on human body tissue. It is defined as the absorbed power, normalized by
the mass of MNPs, under an applied AMF of certain frequency and intensity (Perigo
et al. 2015).

SAR = Absorbed power

Mass ofMNPs

SAR units are watts per gram because it is the parameter related to MNPs mass,
which can be directly calculated from the molar concentration.

It is important to note that SAR is a system-dependent parameter and depends on
a large number of parameters namely: size, size distribution, shape, and chemical
composition of particles, magnetic properties of nanoparticles, the frequency and
amplitude of the applied external alternatingmagnetic field, and on the characteristics
of coating material and surface functionalization. SAR also depends on which mode
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of heat loss is dominant. SAR for the same nanoparticle batch can be different in a
colloidal dispersion, powder sample or inserted into a biological tissue; therefore,
more reliable protocols for measuring SAR in MNPs need to be established. There
are currently two main groups under which SAR measurements methods can be
classified: calorimetric and magnetometric methods (Perigo et al. 2015; Abenojar
et al. 2016; Garaio et al. 2015).

Calorimetric Method

The calorimetric approach is the most commonly adapted method and heat quantifi-
cation is usually performed through the measurement of the temperature evolution
of the sample under study. In this method, the temperature increase in the sample is
recorded over a period of time as the magnetic NPs are exposed to an AC field of
a particular amplitude and frequency (Fig. 10.2a). A fiber optic temperature probe

Fig. 10.2 a Calorimetric method and b magnetometric method for measuring specific absorption
rate. Reprinted with the permission from Abenojar et al. (2016)
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is typically used in conjunction with a magnetic induction heating system consist-
ing of a water-cooled coil that is connected to a high power radio frequency (rf)
generator. Samples are placed in a thermally insulated container to avoid heat loss
to the environment during measurement (Abenojar et al. 2016). Experimentally, for
a suspension of NPs in a fluid carrier, the SAR is obtained from the slope of the
temperature curve by the formula (Garaio et al. 2015)

SAR = mdCp,d

mNP

∣
∣
∣
∣

dT

dt

∣
∣
∣
∣
t=0

where md and Cp,d are the mass and heat capacity of the dispersion medium, respec-
tively, while mNP is the mass of NPs (including all the elements of the magnetic
material, such as oxygen for oxides). dT /dt indicates the initial rate of field-induced
temperature rise (T ) in the magnetic fluid sample as a function of time (t).

Evaluation of the heating efficiency by calorimetric method yields more reliable
values when measurements are performed under adiabatic conditions. The thermal
dependence can be measured only when the setup is perfectly adiabatic. SAR mea-
surements by calorimetry are based, indeed, on the measurement of the initial tem-
perature slope. However, the extension of the linear regime is always limited (except
for ideal adiabatic conditions) by a plateau value �Tmax as indicated in Fig. 10.2a,
which occurs after an elapsed time that increases with the sample volume. The effects
of thermal losses in non-adiabatic conditions cause the decrease of the time derivative
of temperature until the steady state is reached as shown in Fig. 10.2a. To eliminate
conduction, convection, and thermal radiation heat losses, high vacuum conditions,
and adiabatic shields are used during measurements. However, adiabatic systems
are rarely used because they are costly and difficult to setup. Hence, non-adiabatic
systems are commonly adopted because of the quick measurement time and ease of
operation.

SAR measurement in non-adiabatic setup can be reliable approach to measure
the heating efficiency of magnetic NPs by taking into account all the thermal losses.
Wildeboer et al. (2014) proposed an alternative method using the corrected slope
method to better evaluate the SAR by adding a thermal loss parameter, L, which can
be estimated by determining the slope for multiple temperatures along the heating
curve. When thermal loss L of the system is known SAR is calculated using

SARCorrected-slope =
(

C dT
dt + L�T

)

mmnp

In this equation,�T is the (mean) temperature difference between the sample and
baseline and must be within the bounds of the linear-loss regime. Even when the loss
L is not known, it is possible to calculate its most probable value by determining the
slope for multiple temperatures along the heating curves.
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Magnetometric Method

Magnetometric method is based on measuring the dynamic magnetization M(t)
of the sample. SAR values are subsequently obtained by integrating the dynamic
magnetization with respect to the magnetic field (Abenojar et al. 2016);

SAR = f

c

∮

M(t)dH

where f is the frequency and c is the weight concentration of the NP. The integration
is performed over one period (2π /f ). In this approach, the SLP is proportional to the
area of the AC hysteresis loop as shown in Fig. 10.2b.

Assessing the Hyperthermic Properties of Magnetic
Nano-Heterostructures

To achieve improved efficacy in cancer therapy, the crucial factor is the designing
biocompatible nanoplatforms and selection of appropriate magnetic nanomaterial
to increase the specific absorption rate. A variety of magnetic nanoparticles have
been used as diagnostic tools for cancer cells but nano-heterostructures have elicited
much interest because of their distinct characteristics that influence physical, electri-
cal, chemical, biological, and optoelectrical properties. The heterostructured systems
provide new degrees of freedom to control nanoparticle functionality. In this context,
Au-Fe3O4 heterostructures have received considerable attentions not only because of
their superior properties but also from their complementary function and synergistic
effect. The study of the Au-Fe3O4 interphase and the interaction between the mag-
netic and plasmonic domains as a function of the morphology make these systems
very interesting also from a fundamental point of view (Fantechi et al. 2017).

The direct interaction due to spin polarization transfer between the magnetic
moment and the non-magnetic–plasmonic counterpart induce finite magnetization
in Au. Simultaneously, it has been reported that the magnetic properties of Fe3O4

are influenced due to the presence of Au in direct contact, which is evidenced as
exchange bias (EB) effect, modified magnetization response to alternating fields,
enhanced blocking temperature, etc. (Chandra et al. 2014). Recent breakthroughs
in heterostructures have revealed that the EB effect can overcome the superpara-
magnetic limit at room temperature, which is believed to provide the capability of
satisfying the growing miniaturization demands of spintronic devices (Zhu et al.
2018).

The structural features of heterostructured nanomaterials can mainly be classified
as core-shell, shell-core-shell, core-satellite, dimmers, Janus, flower-like nanostruc-
tures, etc. To enhance the properties of these nano-heterostructures, crucial issues
are the design and synthesis of heterostructures with controlled and well-defined
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morphology. The coating of metallic NPs with a thin shell of a magnetic mate-
rial is synthetically challenging. The higher degree of synthetic control as com-
pared to single-component nanoparticles can provide an avenue for synthesizing
next-generation and complex composite materials. To promote the heterogeneous
growth of Fe3O4 on Au seeds suppression of the homogenous nucleation is impor-
tant. Most promising approach for the synthesis of nano-heterostructures is based
on a thermal decomposition approach following a seeded-mediated growth approach
(Fantechi et al. 2017; Mezni et al. 2013; López-Ortega et al. 2015; Liu et al. 2018;
Shevchenko et al. 2008; Nguyen et al. 2011; Xu et al. 2007). Seed-mediated growth
is the most commonly used for preparing homogeneous core-shell heterostructures
with controlled magnetic and plasmonic properties.

Few studies have demonstrated the heating effect of gold-iron oxide nano-
heterostructures. Guardia et al. (2017) synthesized Au-iron oxide dimers by two
synthesis routes, a two-pot, and a one-pot method. The key factor for the synthesis
of dimers at low temperature was the addition of chloride ions and the absence of
1,2-hexadecandiol (HDDOL). Chloride ions helped in lowering the reaction temper-
ature at 200 °C and tuned the size of the iron oxide domain. The one-pot synthesis is
more cost-effective due to fewer steps and by varying the reaction time size of iron
oxide domain can be tuned. SAR was analyzed as a function of iron oxide domain
and gold presence. As shown in Fig. 10.3a, high SAR value (1330 ± 20 W/g) was
observed for gold-iron oxide dimers with an iron oxide domain of 23 nm at 300 kHz.
It was found that the SAR values for the full dimers were slightly higher than those
of the empty dimers, especially at 110 and 220 kHz (Fig. 10.3a).

This suggests that the gold NP might boost the dissipation of the heat by the
iron oxide NP with higher efficiency than that of iron oxide NPs alone. SAR values
of both full and empty dimers recorded under patient-safe conditions (H·f < 5·109
Am−1s−1) were in the 600–690W/g Fe range. These dimers are promising candidates
for in vivo applications offering advanced features than bare iron oxide NPs.

The most challenging aspect of applying Au–Fe3O4 NPs involves the colloidal
stability and self life, surface functionalization, cellular internalization, and biocom-
patibility. Therefore, designing a properly grafted surface is of paramount impor-
tance (Abedin et al. 2018). Daboin et al. (2019) present a reproducible synthesis
of multicore magnetic nanocomposites for hyperthermia therapy. Magnetic mixed
manganese-cobalt ferrite nanoparticlesMn1-xCoxFe2O4 (0≤ x≤ 1)were synthesized
using the thermal decompositionmethod, then coatedwith silica (SiO2) following the
Stöbermethod and decoratedwithAu@Fe3O4 nanoparticles asmagnetic fluid hyper-
thermia heat mediators, employing a hydrogel as a tissue-equivalent. Figure 10.4c
shows the relation of SAR with the coercive field, and both exhibit the same trend
with increasing Mn+2 content.

This might be attributed to the magnetic anisotropy as a central parameter con-
trolling both coercivity (HC) and SAR. This dependence is justified by the contribu-
tion of the superparamagnetic Au@Fe3O4 nanoparticles to the SiO2-Mn1-xCoxFe2O4

nanocomposite. The higher hyperthermic effect has been achieved in the nanocom-
posite of Au@Fe3O4-SiO2-CoFe2O4 using the hydrogel. Therefore, the decrease in
the SAR values observed in Fig. 10.4d, larger particle size could be attributed to
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Fig. 10.3 a SAR values at three frequencies and 24 kA m−1 for Au-Fe2O3 dimers with different
sizes of the iron oxide domain (from 17 to 26 nm) obtained by one-pot 200 method and differ-
ent annealing times; in the table, the size of the gold and iron oxide domains together with the
hydrodynamic size by number, of the measured dimers are reported. b Comparative SAR values
at three different frequencies for full and empty dimers, the latter obtained by etching out the Au
NP: 300 kHz (black full and empty circles ●, ◯), 220 kHz (blue full and empty squares �, �),
and 110 kHz (green full and empty triangles ▲, �). Each SAR value is the mean of at least 4 data
points. Reprinted with the permission from Guardia et al. (2017)

the difficulty of motion of the nanocomposite in the viscous medium. These results
strongly show that the magnetic properties and SAR of the nanocomposites are
simultaneously improved by decorating with Au@Fe3O4 nanoparticles.

Mohammad et al. (2010) demonstrated experimentally that the hyperthermic
effect of superparamagnetic iron oxide nanoparticles (SPIONs) enhances dramat-
ically on coating with Au. The excellent hyperthermia property exhibited by SPI-
ONs@Au nanoparticles coupled with their lack of cytotoxicity makes them suitable
candidates for thermolysis of cancer cells. The cytotoxicity of SPIONs@Au was
compared with SPIONs. The feasibility of using SPIONs@Au nanoparticles for tar-
geted cancer therapy was analyzed quantitatively by estimating the cell viability of
SPIONs and SPIONs@Au with different concentrations. For the studies, they used
H9c2 cardiomyoblasts (Fig. 10.5a), a non-cancerous stable cell line derived from
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Fig. 10.4 Time evolution of the temperature for SiO2-Mn1-xCoxFe2O4 decorated with Au@Fe3O4
NPs in a water, b hydrogel, c SAR and Hc as a function of the Mn+2 content, d comparison of the
SAR in water and in a hydrogel as a function of the Mn+2 content. Reprinted with the permission
from Daboin et al. (2019)

embryonic rat heart and known to express specific cardiac markers (considered a
close proxy for adult cardiac cells).

Their results indicate that both SPIONs and SPIONs@Au are inherently least
cytotoxic up to 250 µg/mL concentration, and for 500 µg/mL, a 20% reduction in
cell viability was observed when studied in the absence of oscillating magnetic field.
Similar results were obtained when MCF-7 breast carcinoma cells were exposed to
either SPIONs or SPIONs@Au in the concentration range of 25–250 µg/mL and
with a 500 µg/mL concentration, a 20–30% reduction in viability for 24 h, that is,
in the absence of oscillatory magnetic field (Fig. 10.5b). The maximum decrease in
viability of cells occurred at the highest concentration of 500 µg/mL. Oleic acid and
oleylamine used as co-dispersants for SPIONs and SPIONs@Au can preventing the
agglomeration and can impart significant protection against Fe-mediated toxicity, if
any.

Poly (ethylenimine) (PEI)PEI-coated Fe3O4 nanoparticles (PEI-Fe3O4 NPs)
(León Félix et al. 2019) were analyzed for heating efficiency and cellular toxic-
ity. In the specific absorption power with applied magnetic field is governed only by
the properties of the magnetic cores, being experimentally identical for blocked NPs
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Fig. 10.5 In vitro toxicity comparison of SPIONs and SPIONs@Au at different concentrations
with a the H9c2 cardiomyoblast cell line and b MCF-7 breast carcinoma cells. Reprinted with the
permission from Mohammad et al. (2010)

within solid matrix and/or within the intracellular space. The toxicity of Au@PEI-
Fe3O4 NPswas evaluated on themicroglial cell line (BV2) at different concentrations
of NPs from 10 to 100µg/mL. All experiments were performed after 24 h of NPs co-
incubation. High values of cell viability (>97%) were observed for all concentrations
of Au@PEI-Fe3O4 NPs tested. They were found to have very low in vitro cytotox-
icity, which can provide an interesting multifunctional nanoplatform for bimodal
application of light and magnetic hyperthermia.

Wu et al. (2011) reported that the Fe@Au NPs before oxidation cause cancer-cell
specific cytotoxicity. Since the oxidation status of Fe@AuNPs determines their ther-
apeutic effectiveness because once it is oxidized the cytotoxicity of NPs depleted and
could limit its clinical use. NPs were applied to the cytotoxicity assay immediately
after synthesis or stored under argon. Gold-coated iron nanoparticles selectively sup-
pressed squamous cell carcinoma (SCC) and colorectal cancer (CRC) cell growth,
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Fig. 10.6 After a single
treatment of Fe@Au NPs,
cancer-cell proliferation was
significantly inhibited in a
hamster de novo oral-cancer
model. (P b 0.0001, n = 9)
The images were taken after
2 weeks of Fe@Au
treatment. The ruler scale is
1 mm. Reprinted with the
permission from Wu et al.
(2011)

but left healthy control cells unaffected both in vitro and in vivo. The cytotoxic-
ity properties of Fe@Au were estimated in vivo in a hamster de novo oral-cancer
model. The Fe@Au and vehicle control was injected into the tumor region once the
tumor volume reached 100 mm3. Fe@Au NPs showed a significant inhibition (P <
0.001) of tumor growth with single-dose injection compared with the control group
(Fig. 10.6). Fe@Au NPs thus show great promise as a highly specific therapy for
squamous carcinoma.

Specific absorption rate and intrinsic loss power were calculated for
CoFe2O4@Au core-shell (CS) synthesized by a thermal decomposition method
(Sabale et al. 2019) within the human tolerable range of frequency and amplitude,
suggesting their potential in magnetic fluid hyperthermia therapy for possible cancer
treatment. ILP values decreased with an increase in MNPs concentration and ampli-
tude of the magnetic field. The maximal value of SAR obtained was 68.85 Wg−1

for CoFe2O4 NPs and 54.97 Wg−1 for CoFe2O4@Au CSs at a concentration of
5 mg mL−1 and 13.3 kA m−1 and 276 kHz of amplitude and frequency, respectively.
The presence of Au affects the anisotropy of particles, which plays a vital role in
obtaining higher values of SAR. It was found that the increasing particle concentra-
tion is not only criteria to obtain high SAR, SAR dependent upon many factors like
magnetic field, frequency, anisotropy, and other physical parameters such as particle
size and morphology.

MnFe2O4@Au (Mf@A) nanoparticles surface functionalized with folic acid (Fa)
and doxorubicin (Dox) (Ravichandran et al. 2018)were tested as hyperthermia agents
under the microwave (Mw) irradiation. The stability of Mf@A NPs was analyzed
by measuring the zeta potential measurements. It was observed that the temperature
increment was very rapid and reached 45 ± 1 °C around 70 s and temperature raised
up to 51 ± 1.5 °C within 120 s for Mf@A. The superparamagnetic behavior of
MnFe2O4@Au nanoparticles retained which leads to the increment of energy by
magnetic anisotropy within the Au nanoshell.
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Conclusion

Systemic administration of Au-iron oxide and noble metal-ferrite nano-
heterostructures inducedmagnetic hyperthermia could revolutionize clinical practice
in the treatment of cancer via modulation of various cellular processes. Therefore,
one important factor that determines their heating efficiency is the ability of mag-
netic nanoparticles to be driven and accumulated in the desired area inside the body.
Hence, the various parameters on which specific absorption rate depends such as
on the magnetization, relaxation time, size, morphology, composition, saturation
magnetization, and magnetic anisotropy of the magnetic NPs must be administered
carefully. Magnetic nanoparticles must be strategically designed and surface func-
tionalized to selectively target the injured cells and tissues with low or minimum
cytotoxicity. Computable molecular modeling could be very beneficial for the design
of those complex hybrid systems.
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Chapter 11
Thermal Response of Iron Oxide
and Metal-Based Iron Oxide
Nanoparticles for Magnetic
Hyperthermia

M. Zubair Sultan, Yasir Jamil, Yasir Javed, S. K. Sharma
and M. Shoaib Tahir

Abstract Magnetic nanoparticles have been extensively in the biomedical field as
drug delivery agent, diagnosis of different diseases and more recently in the treat-
ment of different types of cancer. Majority of these studies reported the use of iron
oxide nanoparticles or formulation contains at least iron in most of magnetic-based
nanosystems. Focus on iron oxide nanoparticles is mainly due to their superparam-
agnetic nature at nanoscale and other features such as higher surface to volume ratio,
biocompatibility and low toxicity. For further improvement in their properties, dop-
ing with different transition metal elements is also under investigations. This chapter
covers most commonly used types of iron oxide NPs, behavior with few doping
metals in iron oxide nanoparticles and their synthesis protocols through different
physical and chemical methods. Finally, heat generation mechanisms responsible
for localized heat in tissues have been discussed.

Keywords Metal-based iron oxide · Wet chemical synthesis · Ferrofluid · Heat
generation · Localized heating

Introduction

During the final decade of twentieth century, the research in the field of materials
science has been focused toward nanomaterials. The cause of interest in nanoma-
terials was due to the advancement in preparation methods, structural control and
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tunable properties of new materials. During the last two decades, a large amount of
knowledge has been developed about the techniques and properties of several types of
nanomaterials. During studies, iron oxide NPs have emerged as an important candi-
date for biomedical applications (Riviere et al. 2006; Niemirowicz et al. 2012). Iron
oxide nanoparticles (NPs) have great importance due to their superparamagnetic
properties. Iron oxide NPs having size less than 20 nm show superparamagnetic
nature, property important for biomedical applications (Ali et al. 2016). There are
sixteen forms of iron, including oxides, hydroxide and oxyhydroxides. From these
different forms, Fe3O4 (magnetite) is the most studied one due to high saturation,
low hysterics losses and biocompatibility (Cornell and Schwertmann 2003).

Iron oxide NPs are being used for protein immobilization, thermal therapy, drug
delivery and as contrast agents inmagnetic resonance imaging (MRI). Nanomaterials
based on iron oxide can produce heat locally around tumor site and kill cancer cells
under alternating magnetic field (Yang et al. 2008; Lee and Hyeon 2012; Laurent
et al. 2011; Cao et al. 2012). Several factors such as shape, size, synthesis method,
crystal structure and surface coating of iron oxide NPs have effect on their techno-
logically important properties. The morphology of NPs can control the crystal facets
and arrangement of atoms where facet shows its effects on the properties of NPs
(Raghunath and Perumal 2017). The efforts for developing the protocols to synthe-
size NPs of desired shape and size are still required. Figure 11.1 shows different
shapes of iron oxide NPs. Doping is also another important factor which affects the
properties of iron oxide NPs (Cai et al. 2014). For example, cobalt (Co) is highly
magnetically anisotropic, and doping of Co in iron oxide can certainly enhance its
magnetic character. This creates an important class of materials called ferrites. There
are many groups studying the effect of doping elements on iron oxide in the form of

Fig. 11.1 Different morphologies of iron oxide nanoparticles: a nanorod, b nanohusk, c distorted
cubes, d nanocubes, e porous spheres and f highly anisotropic flowers. Reprinted from Sayed and
Polshettiwar (2015)
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ferrites (Chakrabarti et al. 2005; Anjum et al. 2017; Feng et al. 2018; Casula et al.
2016; O’Hara et al. 2016).

Chemical or/and mechanochemical protocols have been used for the synthesis of
iron oxide NPs. Sol–gel (Ba-Abbad et al. 2017), co-precipitation (Daoush 2017),
hydrothermal (Ge et al. 2009) and template-assisted synthesis (Confalonieri et al.
2011) are examples of chemical method, whereas laser ablation (Iwamoto and Ishi-
gaki 2013), pyrolysis (Cao et al. 2007), electrodeposition (Sequeira 2018) and com-
bustion (Punitha and Nehru 2018) are mechanochemical methods. Different mor-
phologies such as rods, cubes, flowers, spheres, triangles and distorted cubes can
be produced using same chemical method just by modifying different parameters
such as precursor amount, stirring time, stabilizing agent and heating temperature
(Chen and Carroll 2002; Sibokoza 2017). The newly explored protocols can be easy
to implement and economical as well.

Surface functionalization is a key step in synthesis procedure by which stable and
more biocompatible iron oxide NPs can be made. Surface modification can be done
during and after the synthesis reaction (Gupta and Gupta 2005; Gupta 2007). Proper
and homogeneous polymer coating on iron oxide NPs decides its different parame-
ters in vivo such as circulation time, biodegradation, internalization and distribution
in different organs (Wu et al. 2015). To increase the biochemical activities and reac-
tivity, NPs with high surface to volume ratio are produced, but still, the interaction
mechanisms of NPs with biological system are quite unknown. In this chapter, we
will discuss different types of iron oxides, doping characteristics with other metals,
synthesis protocols and thermal response of these NPs.

Types of Iron Oxide NPs

Iron oxide is found in eight different oxidation states (Cornell and Schwertmann
2003). Among these eight forms, three are the most promising, i.e., (i) hematite (α-
Fe2O3) (ii) maghemite (γ-Fe2O3) (iii) magnetite (Fe3O4). Each of this form is used
in different biomedical applications due to their structural and magnetic properties.

Hematite (α-Fe2O3)

Hematite (α-Fe2O3) is a common and most stable form of iron oxide. It has rhombo-
hedral lattice system as shown in Fig. 11.2. Hematite is found in colors like brown,
reddish brown (Anthony 1990). Under ambient conditions, α-Fe2O3 behaves as n-
type semiconductor, and its band gap is 2.3 eV. Its valance band (VB) had mixture
of occupied 3d orbitals of Fe3+ and 2p nonbonding orbitals of O, whereas there are
only empty d-orbitals of Fe3+ in the conduction band (CB) of α-Fe2O3 (Wu et al.
2010; Zhang et al. 1993). α-Fe2O3 is also widely used in biomedical applications,
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Fig. 11.2 Atomic structures of different forms of iron oxide NPs. Reprinted from Kuchma et al.
(2018)

gas sensors, pigments and catalysts due to their unique properties. It has high resis-
tance to corrosion. Hematite is also used as an important material for the synthesis
of maghemite (γ-Fe2O3) and magnetite (Fe3O4) which are widely using in scientific
research and technological applications.

Maghemite (γ -Fe2O3)

Maghemite (γ-Fe2O3) is another important member of iron oxide family. It has cubic
structure as shown in Fig. 11.2. Maghemite can be supposed as FeII deficient form
of magnetite, according to the formula

(
FeIII8

)
A

[
FeIII40

3
� 8

3

]

B
O32 (11.1)

where A and B are representing tetrahedral and octahedral positioning, respectively,
and � is representing a vacancy (Cornell and Schwertmann 2003). Each unit of (γ-
Fe2O3) contains 32 ions of O2−, 2113 ions of Fe3+ and 213 vacancies for 32 cations
of iron with +3 valiancy. Oxygen ions form cubic closed pack array whereas Fe3+

are distributed over octahedral and tetrahedral sites. This form of iron oxide acts as
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n-type semiconductor. The band gap of maghemite is 2.0 eV. It is found in brown
and bluish black shades (Wu et al. 2015).

Magnetite (Fe3O4)

Magnetite (Fe3O4) is also an important form of iron oxide. It is found in black or
brownish black color (Anthony 2017). The structure of magnetite is face-centered
cubic, and the atomic arrangement is shown in Fig. 11.2. It is based upon 32 ions
of O2− which are closely packed along (Zhang et al. 2010) directions. One of the
unique properties of magnetite which makes it different from other forms of iron
oxide is that it has both divalent (Fe2+) and trivalent (Fe3+) forms of iron. In the
crystal structure of Fe3O4, all the divalent ions of iron (Fe2+) occupy half of the
octahedral sites, whereas trivalent irons of iron (Fe3+) are split evenly across the rest
of the octahedral and tetrahedral sites. Magnetite can be acted both as an n-type and
p-type semiconductor; because of stoichiometric alloy in magnetite FeII/FeIII = 1

2 ,
the divalent iron ions can be replaced with other divalent ions such as Zn, Co and
Ni. The band gap of Fe3O4 is only 0.1 eV. Due to this small band gap, magnetite has
lowest resistivity than other forms of iron oxide (Boxall et al. 1996).

Doped Iron Oxide NPs

Doping ofNPs can greatly change their properties such as structural, physical, optical
and magnetic properties. Various types of interactions between dopant and host
materials are the main cause of variation in properties of doped NPs (Cai et al.
2014; Adeleye et al. 2018).

Cobalt-Doped Iron Oxide NPs

Cobalt is one of the most useful materials and has become center of interest for
researchers over a long time due to its applicability in many fields. Typically, cobalt
possesses very good catalytic, magnetic and electrical properties, which are of great
interest in technological and scientific fields such asmagnetic sensors,magnetic com-
posites, magnetic fluids and magnetic memories (Feldheim and Foss 2002; Wang
et al. 2010; Lim and Majetich 2013; Puntes et al. 2001). Intrinsically, cobalt has
high value of saturation magnetization and large anisotropy field which makes it
advantageous in biomedical-related fields, e.g., hyperthermia, MRI and drug deliv-
ery (Feldheim and Foss 2002; Pankhurst et al. 2009). Therefore, cobalt is usually used
as dopant in iron oxide NPs to get better magnetic and thermal response. Venkatesan
et al. (2015) synthesized cobalt-doped iron oxide NPs with average crystalline size
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of 16 ± 5 nm. These NPs showed good magnetic properties. Anjum et al. (2017)
studied the effects of cobalt doping on iron oxide NPs. Structural studies showed
that with increase of doping ratio of cobalt, lattice parameters of inverse spinal cubic
structure of Fe3O4 decreased. FTIR analysis gives major band at 887 cm−1 and
confirms single-phase structure of Co-doped Fe3O4 NPs. Doping of cobalt signifi-
cantly increases themagnetic anisotropy and coercivity ofCoxFe3-xO4 NPs. TheDSC
analysis exhibited that with increase in doping, the maghemite phase transferred to
hematite. Skoropata et al. (2014) in another study used 3–12% Co as dopant in iron
oxide. Doped samples showed improved magnetic results as compared to undoped
iron oxide NPs. Chakrabarti et al. (2005) used wet chemical technique to synthe-
size the Co-doped γ-Fe2O3 NPs. Significant change in properties such as blocking
temperature, saturation magnetization and magnetic anisotropy was observed with
the increase in cobalt contents. Increase in blocking temperature might be due to the
substitution of cobalt ions with iron ions. The saturation magnetization increases up
to 5% doping and diminished significantly beyond this limit.

Copper-Doped Iron Oxide NPs

Copper is an important metal and has good electrical and thermal conductivity. In
bulk form, copper is weakly diamagnetic, but on nanoscale, it shows superparamag-
netic behavior (Garcia et al. 2007; Litrán et al. 2006; Karna et al. 2011; de la Venta
et al. 2007; Batsaikhan et al. 2015). Therefore, at nanoscale, copper has attained con-
siderable attention in industrial and biological sectors. Due to its changing magnetic
behavior on nanoscale, copper is used as doping element in iron oxide NPs to obtain
nanocomposites which have improved magnetic behavior (Batsaikhan et al. 2015;
Vitulli et al. 2002; Huang et al. 1997; Garitaonandia et al. 2008; Liu et al. 2006).
Mohanraj and Sivakumar (2017) used the sono-chemical method for the synthesis
of Cu-doped Fe3O4 NPs with three different doping concentrations (0.5M, 0.1M
and 1.5M). XRD analysis showed higher order of crystallinity for doped materials as
compared to undoped samples. The average crystallite size is increased by increasing
Cu concentration. The presence of magnetite and hematite was confirmed by FTIR
analysis with the increase in particle size. Fernández-Barahona et al. (2019) synthe-
sized the Cu-doped iron oxide NPs to check the effect of Cu doping on the magnetic,
relaxometric and physiochemical properties of iron oxide NPs. It is observed that
the Cu doping enhanced the positive contrast in MRI. Wong et al. (2012) reported
the synthesis of dextran-coated Cu-doped iron oxide NPs. The average size of NPs
was 50 nm. These NPs have shown excellent potential as dual-modality probes for
use in positron emission tomography. Feng et al. (2018) used Cu-doped core-shell
iron oxide NPs for the removal of arsenic from waste water. These NPs have ability
to remove arsenic within 30 min from wastewater at neutral pH. The doping of Cu
enhances the O2 activation and also improves the electron transfer ability. The pres-
ence of Cu increased the removal rate of arsenic up to 10 times in aerobic system.
Aghazadeh et al. (2018) synthesize the Cu-doped iron oxide NPs by using facile
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electrodeposition procedure. The average size of NPs was about 20 nm. The val-
ues of saturation magnetization (Ms), coercivity (Hc) and remanent magnetization
(Mr) were 54.47 emug−1, 10.53G and 0.41 emug−1, respectively. The electrochem-
ical study showed that specific capacitance was 189.6 Fg−1 at 2 Ag−1 discharging
current.

Mn-Doped Iron Oxide NPs

Manganese (Mn) is a transition metal. It is paramagnetic in bulk, but its oxides show
both paramagnetic and diamagnetic behavior. In comparison with other transition
metals, manganese is advantageous because it has high magnetic moment (Shatnawi
et al. 2016). From the literature, it is found that by adding a small quantity, man-
ganese changes the magnetic behavior of host lattice (Wolf et al. 2001). Therefore,
manganese is widely used as dopant material to change the magnetic properties of
NPs. Warner et al. (2012) reported the synthesis of Mn-doped iron oxide NPs and
found the doped NPs have very high affinity as compared to the precursor material.
Sorbent affinity was tuned by adjusting the dopant quantity. The doping of Mn also
increases the absorption capacity for heavymetals such as Cd, Hg, Ti, Co, Ni, As, Ag
and Zn. Capacity measurements were performed on river water to remove cadmium
from it. Casula et al. (2016) used one-pot method for the synthesis of Mn-doped iron
oxide NPs and observed flower-like morphology; with the increase in Mn contents,
NPs retained their shape and structure; however, the increase in magnetic properties
was observed. These NPs have shown good results for MRI as contrast agents and
for magnetic hyperthermia. Haribabu et al. (2016) used the folic acid functionalized
Mn-doped ferrite NPs and polyamidoamide dendrimers. To get optical performance,
Mn:Fe ratio was set carefully. These NPs were used in cancer therapy to produce
T 1 and T 2 contrast. This helps in better diagnosis of cancer. NPs were characterized
by dynamic light scattering, UV–Vis spectroscopy, absorption spectroscopy, XRD
and FTIR spectroscopy. The relaxivity ratio, r2/r1, was 4.6 at 1.5 T at molar ratio
of 0.5. Wahab (2019) also reported the synthesis of Mn-doped Fe3O4 NPs via co-
precipitation method. Mn-doped iron oxide NPs showed cubic shape having size
8–12 nm. Doping of Mn showed red shift in absorption wavelength as analyzed by
UV–Vis spectroscopy. O’Hara et al. (2016) used Mn-doped Fe3O4 NPs to study the
uptake performance of the α-emitting radionuclide in groundwater having pH range
from 2 to 8. Further, the radioactive element uptake experiment was performed on
seawater, human urine andColumbia River water.Mn-dopedmagnetite showed good
extraction performance as compared to magnetite, and uptake was observed up to a
broader range of pH. Overall discussion and above-mentioned examples show that
Mn-doped iron oxide NPs have much potential to use in many applications.
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Fig. 11.3 Pie chart distribution among the prevalence of the main methods currently being used
for the synthesis of IONPs. Modified from Ali et al. (2016)

Synthesis of Iron Oxide NPs

It is not easy to synthesize nanomaterials based collides precisely, even a small vari-
ation during synthesis can change the results dramatically. In the literature, different
methods have been discussed for the synthesis of iron oxide NPs. Co-precipitation,
sol–gel synthesis, laser-assisted photochemical synthesis, thermal decomposition
and sono-chemical synthesis are most commonly methods used for the synthesis of
iron oxide NPs (Wu et al. 2008; Pascal 1999). Prevalence of different methods for
preparation of iron oxides NPs is shown in Fig. 11.3. The detail of few approaches
is given below.

Chemical Co-precipitation Method

It is the most common method used for the synthesis of iron oxide NPs. In this
method, typically, the salts of ferric and ferrous are mixed with 1:2 molar ratio,
respectively, in highly basic solution. The reaction occurs at room temperature or at
mild temperature conditions. The size and shape of the NPs can be affected by many
factors such as type of salt, pH, stirring rate, reaction temperature, ionic strength
of media and molar ratio of basic solutions. Figure 11.4 shows the different steps
involved in co-precipitation method. Kang et al. (1996) synthesized the Fe3O4 NPs
via co-precipitation method. Massart (1981) did pioneering work in co-precipitation
method. After this work, a lot of studies were done to synthesize iron oxide NPs
via co-precipitation. Wu et al. (2011a) reported the synthesis of Fe3O4 nanopowders
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Fig. 11.4 Different steps involved in chemical co-precipitation method. Reproduced with permis-
sion from Singh et al. (2018)

having 15 nm as average diameter via ultrasonic-assisted co-precipitation method.
This is a very useful and successful method to synthesize good-quality iron oxide
NPs but has some limitations such as strong base is required for this method, large
size distribution and limited control on the morphology of nanospecies.

Thermal Decomposition Method

Thermal decomposition method can be divided into two strategies. The first is
the injection of precursors into a hot mixture of reaction called hot injection
approach, and secondly, a reaction mixture is heated and prepared at room tem-
perature, called conventional reaction strategies. The decomposition of ferric salts,
such as [Fe4(CON2H4)6] (NO3)3(Iron-Ultra Complex), [Fe4(CN)6. 14H2O] (Prus-
sian Blue) (Hu et al. 2010, 2012), Fe3(CO)12 (Ferric Carbonate) (Maity et al.
2009), Fe(C5H5)2(Ferrocene), Fe(CO)5, Fe (acec)3(Acec-acetylacenate) (Wang et al.
2012), Fe(Cup)3 (Cup-N-nitro–suphenylhydroylamine) (Rockenberger et al. 1999;
Liang et al. 2006), followed by oxidation, results high-quality iron oxide NPs. Park
et al. (2004) synthesize the monodisphere iron oxide NPs via thermal decompo-
sition of iron chloride salt. Almost 40 g of iron oxide NPs were synthesized in
single reaction. Amara et al. (2012) reported the synthesis of nanospheres and
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nanocubes of Fe3O4 (maghemite) via solvent-less thermal decomposition. Differ-
ent mixtures of poly-vinyl pyrrolidone (PVP) and ferrocene were used as precursors.
Ibrahim et al. (2018) synthesized the γ-Fe2O3NPs via facile thermal decomposition
of [Fe(C32H22N4O4)] · 2H2O complexes. The average diameter of γ-Fe2O3 was 9 nm
and with superparamagnetic behavior at room temperature.

Microwave-Assisted Method

It is also a very commonmethod used for the synthesis of iron oxide NPswith various
shapes and sizes. From few years, chemists are using microwave-assisted synthesis
as reaction methodology. Molecules align their dipoles with externally applied field
when excited bymicrowave radiations.Due to becoming the electrical field excitation
in phase with strong agitation, a lot of internal heating is produced (Hu et al. 2007;
Wu et al. 2011b; Ai et al. 2010; Qiu et al. 2011). Sreeja and Joy (2007) synthesized
the superparamagnetic iron oxideNPs of γ-Fe2O3 usingmicrowave-assistedmethod.
The reaction was preceded at 150 °C for 25 min. The average diameter of γ-Fe2O3

NPs was 10 nm. Jiang et al. (2010) used microwave-assisted approach and observed
that by changing the experimental conditions, the shape and magnetic properties
were changed. Henam et al. (2019) reported the synthesis of Fe3O4 NPs from extract
of Euphorbia helioscopis leaves and iron (III) nitrate nona-hydrate. They claimed
the size of iron oxide NPs was 7–10 nm.

Sonolysis Method

The sonolysis, also called sono-chemical method, is based on chemical effects of
ultrasound waves which occur due to the acoustic cavitation. Novel structures were
produced by using high-intensity ultrasound waves. Sonolysis does not require long
reaction time, bulk high temperature or high pressure (Rajabi et al. 2019). Ultrasound
waves create and oscillate the bubbles, produced due to alternating expansion and
compressive of acoustic waves. After growing to a specific size (~ in the order of tens
of mm), oscillating bubbles start to accumulate the ultrasound energy in an effective
way. Under suitable conditions, a bubble can grow and collapse in very short time
releasing all the stored energy. This implosion of cavity bubbles is very fast and highly
localized with temperature (5000 K) and pressure (1000 bar) (Wu et al. 2008; Bang
and Suslick 2010). Sonolysis method is also used to synthesize iron oxide NPs. The
salt solutions of ferric and ferrous can be sonicated under specific conditions (Mukh-
Qasem and Gedanken 2005; Abu-Much and Gedanken 2008; Morel et al. 2008; Wu
et al. 2007; Zhang et al. 2012). Zhu et al. (2013) reported the synthesis of Fe3O4NPs,
dispersed on a sheet of graphene oxide, (Fe3O4/RGO), by sonolysis method. The
range of theseNPswas 30–40 nm. Theerdhala et al. (2010) used sonolysis for binding
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L-arginine onto Fe3O4 NPs surface. These surface modified iron oxide NPs can be
more useful in drug delivery.

Laser-Assisted Synthesis

Laser-assisted synthesis of NPs is an emerging method which is showing extraordi-
nary potential for synthesis NPs in well-controlled environment. In this method, a
metal target is dipped in liquid phase such as water, acetone or other organic solvents.
The laser beam is focused on the target surface and ablates the target surface which is
converted into NPs. Different parameters can control the shape and size of nanopar-
ticle, such as laser energy, focusing, nature of solvent and ablation time. Figure 11.5
shows the general schematic setup for synthesis of iron oxide NPs by using Nd:YAG
pulsed laser (Huang et al. 2019). Lasemi et al. (2018) synthesized the polycrystalline
iron oxide NPs via laser ablation technique. During ablation of iron target in water,
FexOy was produced, whereas in ethanol, core shell, Fe/FexOyNPswas obtained. The
size of FexOy and Fe/FexOyNPs was around 15 nm and 20 nm, respectively. Zhang
et al. (2018) reported the synthesis of α-Fe2O3 NPs via laser ablation. They ablate the
iron target in acetone using femto-second pulsed laser. The size of NPs was 4–5 nm.
Iwamoto and Ishigaki (2013) used laser ablation on bulk targets of Fe2O3, FeO and
Fe3O4 for their ablation in water and observed the size of NPs from 1 to 5 nm. The
small particles were dispersed, and larger were agglomerated in the solution.

Fig. 11.5 Schematic diagrams of experimental setup and laser-assisted synthesis process. Repro-
duced with permission from Huang et al. (2019)
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Thermal Response Mechanisms of Magnetic NPs

Whenmagnetic NPs are subjected to ACmagnetic field, they produce heat. To under-
stand the physical basis of this heat generation, a most important point is the tuning
of magnetic NPs. The heating effect is due to the energy losses during magnetization
and demagnetization of magnetic NPs (Deatsch and Evans 2014; Dutz and Hergt
2013; Fortin et al. 2007). A magnetic field can be produced by a number of ways,
but the most efficient source is the inductive coils. A uniform magnetic field can be
established inside of these coils. The following is the formula to find the intensity of
the field produced by the coils

Hα = N I

L
(11.2)

where N, I and L are the number of turns, current and length of coil, respectively.
Three mechanisms are responsible for the energy losses in magnetic materials

under the action of changing magnetic field.

i. Eddy currents (Shreshtha et al. 2015)
ii. Hysteresis losses
iii. Neel and Brownian Relaxation.

Eddy Current

Eddy current is one of the two less effective mechanisms for heat generation at
nanoscale; other is hysteresis losses. When a conducting material is kept in an alter-
nating magnetic field, then a current is produced, called eddy current. According to
Lenz’s law, “the induce current always opposes the cause producing it.” To do so,
electrons are moved in a plane which is normal to the applied field in the conductor.
This results in energy loss due to opposing tendency of eddy currents. In all this
process, some of the K.E of electrons is converted into heat. This phenomenon is
responsible for heat generating in bulk materials.

It is thought that losses in eddy current case can be induced higher in those sections
which have larger area of cross section. This is due to the radially escalation of eddy
currents. The power generation in a cylinder of uniform area of cross section, placed
in a uniform magnetic field, can be calculated by

P = σ(πμo f Hα)2r2 (11.3)

where σ express (conductivity of tissues in bulk)
μo is the permeability of free space
f is the frequency
Hα is the strength of field
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and r is the effective radius.

It can be seen from the above equation that power losses in the form of current
depend upon the square of frequency, effective radius and field strength. Therefore,
due to increase in any of the above three factors, the losses will rise. Tissues have
also the ability to produce eddy currents because of their small specific electrical
conductivity. Their magnetic field is much weaker than the required for therapeutic
dose (Ramprasad et al. 2004; Andrä and Nowak 2007). As eddy currents are induced
in bulk material (around 1 cm in size) (Shreshtha et al. 2015), consequently for
nanoscale particles, their contribution is nearly zero in heat generation. Figure 11.6a
shows the schematic of eddy current generation.

Hysteresis Losses

The ferromagnetic materials have regions in which magnetic spins of all the atoms
aligned in same direction or have uniform magnetization. Such regions are said to be
magnetic domains.Domains are separated fromeach other by a domainwall as shown
in Fig. 11.6b. When such type of magnetic materials is placed in AC magnetic field,
they magnetize during positive half cycle due to alignment of magnetic domains
and demagnetize during negative half cycle. The graphical representation of this
magnetization and demagnetization process is a nonlinear curve which is called
hysteresis loop as shown in Fig. 11.6b. The area of the loop gives information about
the strength ofmaterial, i.e., either it is soft or hardmagnetic material, secondly about
the heat loss duringAC cycle (Gubin et al. 2005). In fact, themagneticmoments align
themselves in the direction of externally applied alternating magnetic field and lower
their potential energy. In case of multi-domain nanomaterial, the domains align and
expand at the cost of other domains in their surroundings. Once the domain walls
moved, they will never adopt their previous positions even the externally applied
field reduces to zero. Such behavior is responsible for hysteresis loop (Burrows
et al. 2010). In case of nanomedicine applications, the commonly used strength of
applied magnetic field (H) is 0–40 KA/m, and frequency range is kept b/w KHz to
MHz. The reversal processes, like buckling, fanning and curling, also contributed
in relaxation of spins but much complicated to explain with the help of classical
models, like Stoner–Wohlfarth model. On the other hand, Hergt and his coworkers
(2006) derived an expression which gives the losses on the basis of particle size
distribution and parameters of applied field (Hergt et al. 2008). Their theoretical
estimations and experimental values give specific loss power for superparamagnetic
NPs. Figure 11.6c shows reversal mechanisms for a single domain (Gubin et al.
2005).
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Fig. 11.6 a Schematic representation of eddy current formation and direction,b representativeB–H
curve of magnetic nanoparticles, c possible reversal processes of single-domain ferromagnetic NPs,
buckling, curling, fanning. Reproduced with permission from Ramprasad et al. (2004), Rosensweig
(2002)
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Fig. 11.7 a Representative curve of energy barrier controlling single-domain particle, b schematic
representation of Neel and Brownian relaxation

Neel and Brownian Relaxations

At nanometer scale, the total magnetization of a particle is taken as single spin, which
is the resultant of all the magnetic moments in the magnetic particle. Relaxation in
superparamagnetic NPs occurs under two mechanisms; Neel relaxation and Brow-
nian relaxation (Fig. 11.7). In Neel relaxation, the movement of all types of spins
in the particles is involved, but it does not essentially involve the particle’s physical
movement. Such oscillations in magnetization occur in specific time, TB called the
blocking temperature. This blocking temperature suggests the limit of superpara-
magnetic to get a steady magnetization. A certain value of temperature is required
to develop the oscillations discussed above. The temperature for these oscillations
should be greater than critical temperature TB, where spins are blocked and consid-
ered to be fixed. By changing the volume and temperature of the particle, the time
period of oscillation can be controlled.

The following equation shows this temperature dependency

τN =
√

π

2
τo

eΓ

√
Γ

(11.4)

This equation was given by Lawis Neel (Néel and Kurti 1988; Néel 1950), where τ

is attempt time (10−9 s) and � is ration of anisotropy to thermal energies.
Value of � is given by

Γ = KμVM

kBT
(11.5)

In Eq. 11.5,

Kμ is anisotropy energy density
VM is volume of suspension
kB is Boltzmann constant
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T is temperature.

A strong relationship can be seen among the values of thermal energy kT and
anisotropic energy K in Neel relaxation equation. This provides the inner magnetic
core relaxation.

In Brownian relaxation, itself particle’s rotation is involved. The particle can be
aligned with externally applied field by rotation. Hydrodynamic volume and fluid’s
viscosity are two factors which control the Brownian relaxation (Brown 1963). The
characteristic relaxation time depends upon the rotational mobility of magnetic NPs,
suspended in liquid media. The mathematical expression for Brownian relaxation,

τB = 3ηVH

kBT
(11.6)

where ï is viscosity of liquid solvent
VH is hydrodynamic volume
KB is Boltzmann constant
T is temperature.

At small particle level, Neel relaxation is dominated whereas Brownian relaxation
becomes more prominent above a specific size of particles. Both mechanisms can
be observed close to a critical size limit where total effect is calculated by taking
geometric mean of their values (Deissler et al. 2014).

The equation for this is

τ = τBτN

τB + τN
(11.7)

However, it is difficult to find the contribution of each of the mechanisms sep-
arately. Scientists have performed experimental studies to solve this difficulty and
observed that NPs of maghemite and cobalt ferrite show higher specific absorp-
tion rate (SAR) values in water than in intracellular endosomes. Neel relaxation
was prominent for maghemite NPs whereas Brownian relaxation was notable for
cobalt ferrite. In similar way, Zhang et al. (2010) studied the magnetite NPs in water
and polydimethylsiloxome (PMDS) to differentiate between two mechanisms of
relaxation. They found that magnetite NPs have high SAR value in water for both
relaxation mechanisms. Despite that, by increasing the strength of applied field and
frequency, Neel relaxation gives some additional contribution.

Ferrofluids for Hyperthermia

Due to a valuable heat loss under applied field, several mediators (magnetic NPs
which produce high heat power) of heat have been made. Therefore, many types of
magneticNPs of different shapes and sizes have been studied to use as heat generating
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source in biological systems. These include metals like Co, Fe, Gd, Mg, Mn, Zn, Ni
and their oxide. Particularly, iron oxide-based NPs have been studied widely, due to
their potential applications (Gubin et al. 2005; Javed et al. 2017; Obaidat et al. 2015;
Thanh 2012).

Iron oxide NPs are superparamagnetic and have shown great properties for heat
generation. Other ferrites such as CoFe2O4, CuFe2O4, Li-0.5Fe2.5O4, MgFe2O4,
NiFe2O4, ZnFe2O4, etc., are also being used for hyperthermia (Basti 2014; Raveen-
dran and Kannan 2019; Céspedes et al. 2014; Hanini et al. 2016; Lin et al. 2014;
Veverka et al. 2014). Zinc ferrite NPs having size 11 nm have ability to self-regulate
themagnetic heating in local glioma therapy. Nanocomposite of ferromagnetic mate-
rial such as Zn, Mn and Gd with iron oxide (Hanini 2016; Hilger and Kaiser 2012)
and Fe with gold (Wijaya et al. 2007) are also been studied.

However, due to their unique features like biocompatibility, less toxicity and easy
recycling in the body, iron oxide NPs have main focus by researchers in recent
years (Neuberger et al. 2005). The value of SAR depends upon the type of liquid
media, used as solvent to suspend NPs. Hiergeistand coworkers (Hiergeist et al.
1999) studied the heat generation ability of ferrofluids in solidified and molten gel.
They observed that liquid phase gel has valuable power loss than in solid phase.
Fortin et al. (2007) performed a detailed study to differentiate between two relax-
ationmechanisms (Brownian andNeel relaxationmechanisms). They found thatwith
the increase in viscosity of medium, the main contribution is from Neel relaxation,
whereas, Brownian relaxation contribution faints out. In case of water, Brownian
relaxation was dominated, and Neel relaxation depends upon frequency of AC field.
Kandasamy et al. (2018a) used the superparamagnetic iron oxide NPs for in vitro
hyperthermia studies. The average size of NPs was about 20 nm after coating with
terephthalic and aminoterephthalic acid. They reported that about 90% of breast can-
cer cells dead due to thermal response of these coated superparamagnetic iron oxide
NPs. In the same year, Kandasamy et al. (2018b) reported the use of superparam-
agnetic iron oxide NPs, having size 6–10 nm, in thermotherapy for the treatment of
liver cancer cells. Gupta et al. (2018) studied theHeLa cells by hyperthermia-assisted
treatment. They used the DOX-loaded Fe3O4—reduced graphene oxide NPs having
average size 10 nm. Arachchige et al. (2017) used dextran-coated iron oxide NPs.
Arachchige et al. used dextran coatediron NPs with average size of 8 nm for mul-
timode imaging and treatment of cancer via hyperthermia treatment and for curing
pancreaticcancer. Mazario et al. (2017) used iron oxide NPs to produce localized
heat when placed under the influence of externally applied magnetic field. The value
of saturation magnetization was 63 emug−1 at 37 °C. Espinosa et al. (2016) used iron
oxide nanocubes having size about 20 nm for hyperthermia studies. After dual-mode
exposure, complete cell death was observed in both in vivo and in vitro systems.
Shen et al. (2015) synthesize Fe3O4 NPs with average size 15 nm and observed
that the thermal response of clustered NPs was much better than dispersed NPs, but
clustered NPs were more cytotoxic. Chen et al. (2016) used crystallized iron oxide
NPs for thermal therapy of SUM-159 tumor bearing mice. The size of NPs was
15 nm. Zhou et al. (2014) synthesize PEGylated Fe@Fe3O4 multifunctional NPs of
13.4 ± 0.8 nm average diameter. These iron-coated Fe3O4 NPs have shown good
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Fig. 11.8 a Temperature increases for iron oxide-based nanoflowers with different AC magnetic
field strengths at frequency 310 Hz, b curve between heat generation and applied magnetic field

heating efficiency. Figure 11.8 shows the trend of temperature and heat generation
in the presence of externally applied AC magnetic field strengths of different values
at frequency 310 Hz.

Conclusion

In this chapter, we focused on thermal response and synthesis of simple and metal-
based iron oxide NPs. The synthesis of iron oxide, having different range of com-
position, sizes and shapes, has made great progress over the last decade. Iron oxide
NPs have very promising response for imaging purposes, but commercial scale use
of these nanoparticles is not very common as there gadolinium nanoparticles are
still used. May be T1 contrast utilization of iron oxide can be more useful as mostly
studies are focused on negative contrast generated by the nanoparticles. Magnetic
properties of the iron oxide nanoparticles for the localized heat production are good
but to produce enough therapeutic response, morphology and composition of the
iron-based nanoparticles should be set to get reasonably high specific absorption
rate. Doped iron oxide nanoparticles have shown better response for heat genera-
tion, but still, the final translation into a medicine is still far because there are many
other parameters that are still needed investigations such as optimum concentration
of nanoparticles, metabolization, uptake, circulation time and toxicity.
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Chapter 12
Manganite Pervoskite Nanoparticles:
Synthesis, Heating Mechanism, Toxicity,
and Self-regulated Hyperthermia

Navadeep Shrivastava, Yasir Javed, Khuram Ali, Muhammad Raza Ahmad,
Kanwal Akhtar and S. K. Sharma

Abstract In the present chapter, we have reviewed the possibility of LaMnO3 and
Sr-doped perovskite manganites LaMnO3 (LMO) nanomaterials in therapeutics and
diagnostics with a special attention for hyperthermia applications. In addition, we
have also emphasized on the importance of synthesis, heating mechanism, con-
cept of self-regulated hyperthermia, and toxicity issue of this important class of
nanomaterials for their safer use in biological applications.

Keywords LSMO nanoparticles · Synthesis and surface modifications · Heating
mechanism · Hyperthermia applications · Toxicity study

Introduction

Magnetic nanostructured materials have a great amount of benefit in several impor-
tant biomedical applications (Gupta andGupta 2005;Mornet et al. 2004) for instance
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imaging, thermal therapy for cancer, drug delivery, sensing, andmagnetic fluid hyper-
thermia (MFH) for cancer therapy. In the recent time, MFH has been gaining a
tremendous interest amongst scientific community as a method for curing cancer
especially as an accessory to other modalities such as chemotherapy and radiother-
apy (Mornet et al. 2006; Hilger et al. 2004, 2005; Bubnovskaya et al. 2014; Lee
et al. 2014; Epherre et al. 2011a). The knowledge of hyperthermia is based on the
higher heat sensitivity of cancerous cells as compared to normal/healthy ones. There-
fore, treating cancerous cells at elevated temperatures between 42 and 47 °C would
allow to destroy tumour cells and to spare the healthy ones. MFH is a promising
hyperthermia modality taking benefit from the dimension of magnetic nanoparti-
cles (MNPs) to transform into heat the energy absorbed from a high-frequency AC
magnetic field generally via magnetic energy losses. The clinical modus operandi
would involve in the administration of stable and non-toxic colloidal suspensions of
the MNP fluids followed by a short time (generally a few minutes) exposure to the
AC magnetic field. Temperature rising above 42 °C may cause necrosis and can be
controlled by using MNPs with a Curie temperature, TC of 42 °C. The most widely
used materials for MFH applications are inorganic magnetic spherical cores which
are (a) essentially stabilized by electrostatic repulsive forces in the case of a direct
injection into the tumour (Jordan et al. 2001) or (ii) preferentially embedded in a
hydrophilic macromolecular corona for improving their blood half-time in the case
of intravenous administration (Mornet et al. 2006).

Neglecting frictional or viscosity losses, two foremost loss mechanisms and sub-
sequently two kinds of magnetic cores are generally prominent. In single-domain
superparamagnetic nanoparticles, loss mechanism results from the rotation of mag-
netic moments in overcoming the energy barrier E = KV, where K is the magnetic
anisotropy constant and V is the volume of the magnetic core. Energy is dissipated
when the particle moment relaxes to its equilibrium orientation and this phenomenon
is known as Neel relaxation. In multidomain ferromagnetic/ferrimagnetic nanopar-
ticles, heating is mainly due to hysteresis losses (Andra and Nowak 2007; Pandalai
2002) and the better use of the latter type requires the protection of the magnitude
of magnetization for small particles as high as possible. Further, the coercive force
should be adjusted to a genuine value assuring enough heating efficiency, but not
too high with respect to technical restrictions on the field amplitude for practical
medical heating application. At the same time, consideration should be paid to the
applied frequency. Generally, it has to be higher than 50 kHz to avoid neuromuscular
electrostimulation and lower than 1 MHz, in order to achieve a sensible penetration
depth of the radio frequency field. Thus, it is apparent that an improvement cannot
be achieved only by modulation of the parameters of the applied AC magnetic field,
but also by finely controlling a number of parameters of the nanoparticles such as
particle size, size distribution, shape, chemical phase composition, and tunes them
in such a way to enhance the overall magnetic properties of the materials.

The most widely used compounds for MFH applications are magnetic iron oxides
(Fe3O4, γ-Fe2O3) and substituted iron oxides. This is due to their good biocom-
patibility, their easy synthesis to form of stable aqueous magnetic fluids and their
equivalent development as contrast agents in magnetic resonance imaging (MRI)
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(Corot et al. 2006). As a result, the majority of in vitro and in vivo experiments on
animals models (and very lately on humans) are done with heat mediators based on
Fe3O4 or γ-Fe2O3 cores (Jordan et al. 2001). However, they associated with some
inconveniencies concerned with a partial possibility to control magnetic properties
in the desired way. Most importantly, they consist of reasonable heating capability,
characterized by specific absorption rate (SAR), expressed in Watt/g, which is vital
for clinical purposes. This is due to the fact that the higher value of SAR significant
to reduce the required dose to be injected to the patient. Another important factor
concerns the control of in vivo temperature growth during hyperthermia because the
heat conduction and energy adsorption in vivo are widely unknown, and therefore,
the local overheating may damage healthy or normal tissue. Therefore, scientist and
researcher are trying the way to design the nanoparticles and manipulate the Curie
temperature of materials and tune it in the range of 42–50 °C, so that the heating
would spontaneously stop as soon as the environment temperature reaches close to
T c. Subsequently, the nanoparticles would act not only as heat mediators but also as
in vivo temperature controller (Jordan et al. 2001). It is obvious that these settings can
be barely fulfilled by simple magnetic iron oxides nanoparticles. A possible solution
to handle this issue is to design complex magnetic oxides, whose magnetism can
be properly tailored by different ways, for example, (i) the modification of essential
properties depending on the phase composition and crystal structure or (ii) the mod-
ification of physical properties like particle size, shape depending on the synthesis
protocols and otherwise employing multiphase materials.

Indeed, these approaches are combined, and in the present chapter, a simple
attempt is made to review the possibility LaMnO3 and Sr-doped perovskite mangan-
ites LaMnO3 (LMO) nanomaterials in therapeutics and diagnostics with a special
attention for hyperthermia application. This is due to its decent capability for con-
trolling the heating temperature up to 47 °C in the presence of a high magnetic field,
high AC frequency, and the long duration of induction heating because of low Curie
temperature (TC ~ 50 to 70 °C) (Corot et al. 2006; Hedayatnasab et al. 2017; Sharma
and Chen 2009; Goya et al. 2008).

There are many reports which show that LaMnO3 and La1−xSrxMnO3 nanopar-
ticles are applied successfully to MFH. Generally, LMO has an antiferromagnetic
(AFM) phase transition temperature with Neel temperature, TN ~ 140 K which
increases with decreasing particle diameter to TN ~ 260 K (d = 40 nm) (Ghosh
et al. 2014) and to 246 K (d = 18 nm) (Markovich et al. 2010). On the other hand,
in La1−xSrxMnO3, however, the magnetic interactions as well as the particle diam-
eter change with the concentration (x) of Sr ions, which makes it a much more
complex system for which to improve the hyperthermia response. La1−xSrxMnO3

in the form of nanoparticles is ferromagnetic with high magnetization M and TC

but below 70 °C and hence enables its use for MFH treatment of cancerous cells
with a possibility of in vivo temperature control (ur Rashid and Manzoor 2016;
Kulkarni et al. 2015; AOTrauma 2001; McBride et al. 2016; Bahadur et al. 2007;
Uskokovic et al. 2006). The TC value depends strongly on the Sr-concentration x
(Kulkarni et al. 2016; Soleymani et al. 2017). As reported by in Uskokovic et al.
(2006) and Prasad et al. (2007), for x = 0.24 and x = 0.27, TC is about 40 and 45 °C,
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respectively, whereas for x = 0.30, it is 49 °C (AOTrauma 2001). Literature shows
(Das et al. 2006) that in LMO nanoparticles with reduction or decreasing particle
size, M increases, while in Sr-doped LMO nanoparticles, it decreases. The lattice
parameters decrease with decreasing particle size for LMO, LSMO, and (La, Ca)
MnO3 nanoparticles. Kulkarni et al. (2016) showed that radio frequency response
LSMO nanoparticles, combined with drugs for simultaneous MFH and drug deliv-
ery, are potential anti-cancer agents. Similarly, Silver (Ag) (Melnikov et al. 2009)
and Sodium (Na) (Shlyakhtin et al. 2007) doped manganite nanoparticles are also
recommended for temperature-controlled MFH. Ebrahimi et al. (2016) have studied
temperature change pattern in tumour and neighbouring tissue. The proposed model
system could be useful to gain insight on the self-controlled MFH (SCMFH) and for
treatment strategy determination.

Properties of LSMO Nanoparticles

LSMO are mixed metal oxide having perovskite structure ABO3 where La3+ or Sr2+

are cations at the A-site and Mn3+ or Mn4+ are cations at the B-site. They are gen-
erally ferromagnetic in bulk form. However, super paramagnetic and ferromagnetic
nanoparticles of LSMO have been reported widely in literature. Perovskites have
a face-cantered cubic lattice with A-sites found on the corners, and B-sites in the
centre of the unit cell. When a larger Sr2+ ion (0.144 nm) substitutes the La3+ ion
(0.136 nm), a distortion of the local crystal lattice from the ideal cubic geometry
is observed. Orthorhombic and rhombohedral structures (Fig. 12.1) are observed
depending on the concentration x of the Sr2+ ions (Epherre et al. 2011b; Urushibara
et al. 1995).

The doping of Sr2+ changes the strain within the lattice and the bond lengthMn–O
and the Mn–O–Mn band angles are reformed. The Mn atoms are ionized to Mn3+ or

Fig. 12.1 Structure of perovskites of type ABO3: a undoped LaMnO3; b lattice distortion caused
by the dopant in La1−xSrxMnO3 compounds



12 Manganite Pervoskite Nanoparticles: Synthesis, Heating … 361

Mn4+ in dependence on the Sr dopant concentration x. When x increases, the three
phases are observed: spin-canted antiferromagnetic insulator in low doped region
(for x < 0.1), a ferromagnetic insulator for 0.1 < x < 0.15, and a ferromagnetic
metal phase when x > 0.15 (Rao and Raveau 1998; Zener 1951; Rao et al. 1998;
Mahendiran et al. 1996). The ferromagnetic order and the behaviour of itinerant
electrons are both explained by the Zener’s double-exchange mechanism (Zener
1951). This mechanism is a type of a magnetic exchange whereby a d-hole (electron)
is transferred fromMn3+ (d4, t32g e

1, S= 2) toMn4+ (d3, t32g, S= 3/2) via the oxygen ion
O2−. It is well known that in these compounds, the ferromagnetism depends not only
on the double-exchange but also on the super-exchange interaction, i.e. their physical
properties and rich phase diagrams arise from these competing interactions (Rao and
Raveau 1998). On the one hand, the charge and orbital order lead to insulating
and antiferromagnetically ordered ground state and on the other hand, the double-
exchange interactions lead to metallic and ferromagnetically ordered ground state.
This competition depends on external fields as well as on carrier concentration,
lattice structure, and ionic sizes. The double-exchange interaction Mn3+–O–Mn4+ is
ferromagnetic while the super-exchange interactions Mn4+–O–Mn4+ and Mn3+–O–
Mn3+ are antiferromagnetic.

As depicted before, the thermal heating of the cancer tissues should not exceed
42–50 °C, since, at higher temperatures, the denaturation of the proteins in the normal
healthy cells results in the formation of necrosis with a subsequent lethal outcome.
Therefore, the nanoparticles examined, here, must have a magnetic phase transition
temperature between 315 and 323 K. Beyond this temperature, the nanoparticles
pass into a paramagnetic state and the heating is terminated. Therefore, this allows
one to choose in advance LSMO compounds with such x values, most appropriate
for such study. Further, conditions necessary for the properties of nanoparticles to be
suitable for MFH are: (i) a large saturation moment for a large response by applying
an external AC magnetic field; (ii) a large value of coercive force which gives larger
specific absorption rate for the best heating results; (iii) the size of nanoparticles is
smaller or close to single-domain size range.

Synthesis of LSMO Nanoparticles

Combustion Methods

Preparing materials of using combustion methods (also called as self-propagating
high-temperature synthesis) is an effective and low-cost method for production of
various industrially and laboratory useful materials. Recently, a number of important
breakthroughs in this field have beenmade, notably for development of new catalysts
and nanocarriers with properties better than those for similar traditional materials.
There are two ways for combustion synthesis:(i) solid-state combustion (SSC) and
(ii) solution combustion synthesis (SCS) (Shinde et al. 2010; Mukasyan et al. 2007)
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(Fig. 12.2). The second method (SCS) is relatively new and equally important for
nanoscaled materials synthesis. In this method, initial reaction medium is aqueous
solution and the process involves a self-sustained reaction in homogeneous solution
of different oxidizers (e.g. metal nitrates) and fuels such as urea, glycine, hydrazides.
Depending on the type of the precursors and conditions used for the synthesis proto-
cols, the SCS process can be obtained as either volume or layer-by-layer propagat-
ing combustion modes. This process provides nanosize oxide materials and uniform
doping of trace amounts of rare-earth impurity ions in a single-step preparation of
materials. For perovskite magnetic nanomaterials synthesis, this is favourite methods
of researchers which are discussed below (Shinde et al. 2010; Mukasyan et al. 2007).

Makni and colleagues studied the molybdenum and titanium substitution on
manganese site of La0.7Sr0.3MnO3 (LSMO), La0.7Sr0.3Mn0.95TiO3 (LSM–TiO),
La0.7Sr0.3Mn0.95Mo0.05O3 (LSM–Mo–O) nanoparticles (~18 nm) and synthesised
such NPs using an aqueous combustion process (glycine nitrate process, GNP), for
hyperthermia applications by choosing the two “oxidizing and fuelling” reagents
(Makni et al. 2018). They used nitrate precursors (nitrates “N” work as oxidizing
agents) and varying amount of Glycine “G” as fuel. They kept G/N molar ratio
equal to 0.56 to improve the chelation and maintained the flame temperature induc-
ing the crystallization of compounds. For the materials cooking, nitrate precursor
preparation, i.e. titanium nitrate and molybdenum nitrate, was added to the mix-
ture of glycine. Further, the nitrate solution was thoroughly mixed by stirring and
dehydrated by heating on a hot plate at T = 100 °C for 2 h. The mixture becomes
transparent viscous gel. In the next stage, this gel was heated to T = 350 °C, to
initiate auto-combustion. Due to this, very bulky black ash was obtained as product.
During characterization, a decrease in Curie temperature (TC) was observed for both
compounds, whereas the magnetization increases for LSM–Mo–O and is reduced
for LSM–Ti–O. Additionally, SAR values were found to be 10.363 W/g for the
LSMO; however, it is about 8.927 and 9.135 W/g for LSM–Ti–O and LSM–Mo–O,
respectively (Makni et al. 2018).

Fig. 12.2 aTEMimagesLSMOnanoparticles,bFCandZFCgraphsof the nanoparticles.Reprinted
with permission from Shinde et al. (2010)
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Similarly, Epherre and co-workers (2011a) prepared the un-aggregated (following
fast calcination) La0.82Sr0.18MnO3+δ perovskite NPs (with crystallite size of 22 nm)
using n-glycine nitrate process (GNP). This GNP process utilizes the benefits of
exothermic, fast and self-sustaining chemical reactions between metal nitrates and
glycine as a suitable reducing agent. In the case of the GNP synthesis of LSMO, the
redox combustion reaction has been provided as follows (Note that it is a debatable
reaction) (Epherre et al. 2011a):

0.82La(NO3)3 + 0.18Sr(NO3)2 + Mn(NO3)2 +n H2N(CH2)CO2H

+ (2.25n − 5.73)O2 → La0.82Sr0.18MnO3 + 2nCO2

+ 2.5nH2O + (2.41 + 0.5n)N2

They studied effect of G/N ratios to understand phase purity, crystallite size,
and manganese valency. Additionally, to improvise the chelation of the cations in
acidic pH, fuel abundant conditions were selected for accurate control of the cationic
composition.

Sol–Gel Method

The sol–gel process is a wet-chemical technique that uses either a chemical solution
or colloidal particles to produce an integrated gel network (Rao et al. 2017; Feld-
hoff et al. 2008) with subsequent post-treatment and transition into solid oxide (novel
metal oxide NPs andmixed oxide composites) material. Thismethod provides poten-
tial control over the textural and surface properties of the materials. Sol–gel method
mainly undergoes in few steps such as hydrolysis, condensation, and drying process
to deliver the final metal oxide. Sol–gel method is divided into two categories: aque-
ous (water is solvent) and as non-aqueous (organic solvent as reaction medium). It is
possible to get high purity and uniform nanostructure at low temperatures using this
process. The reaction pathway using the sol–gel method has been shown in Fig. 12.3.
Nature ofmetal precursor and types of solvents are important factors to preparemetal
oxides NPs (Rao et al. 2017; Feldhoff et al. 2008). Several perovskite NPs have been
prepared in context of magnetic hyperthermia applications.

A nanocrystalline manganese perovskite phase of mean crystallite size ~30 nm
was synthesized by Kaman et al. (2009) utilizing above-mentioned technique
employing citric acid and ethylene glycol as solvent and subsequent evaporation
of water, drying, calcination, and annealing (750 °C, 3 h). The resulting single-phase
productwas subjected to rolling and ballmilling in ethanol that provided to individual
20-nm NPs without signal of sintering. This mechanical treatment was carried out to
break “connecting bridges” which might initiate in a rising tendency to sinter at high
annealing temperature. Bubnovskaya and group studied a wide range of experiments
of magnetic fluid hyperthermia of rodent tumours using manganese perovskite NPs
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Fig. 12.3 The reaction
pathway for the production
of metal oxide
nanostructures in the sol–gel
method

prepared using sol–gel methods using similar synthetic approaches (Bubnovskaya
et al. 2014).

Citrate Gel Method

One of the most common small organic molecules used in sol–gel chemistry is citric
acid which is cheap, effective chelating agent. It is a weak triprotic acid with three
carboxylic acid moieties that are able to dissociate as in equations:

H3Cit � H2Cit
− + H+ Ka1 = 7.10 × 10−4;

H2Cit � HCit2− + H+ Ka2 = 1.68 × 10−5;

HCit2− � Cit3− + H+ Ka1 = 6.40 × 10−6.

In a typical synthesis procedure, aqueous metal salts (e.g. nitrates) are mixed with
citric acid which is further treated by heat to form a viscous solution or gel. It is
also possible to change the pH and enhance cation binding to the citrate by using
bases such as ammonia or ethylenediamine (Lassa et al. 2015). Conversion of the
“viscous solution/gel” to a metal oxide is performed pyrolysis process in air, with
the maximum temperature that is specific for individual system. The method is very
useful to prepare binary, ternary, and quaternary metal oxides and also to prepare
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crystalline and amorphous forms. The major benefits of citrate sol–gel method over
traditional sol–gel synthesis are the uniformity of the starting material. When the
metal–citrate viscous solvents are heated at∼300 to 400 °C, the organic components
in themixture start combustion process that strongly depends on themetal counterion
and presence of additives, and pH. In the first step of the synthesis, i.e. sol–gel
preparation, the presence of the organic matrix promotes a small crystallite size after
the nucleation starts, where the crystal sites are evenly dispersed and numerous (Rao
et al. 2017; Lassa et al. 2015; Balamurugan and Melba 2015).

Vasseur and others prepared manganese perovskite (La0.75Sr0.25MnO3) NPs of
the crystallite size 20–180 nm, starting from citrate gel precursor by annealing in the
range of 570–900 °C (Vasseur et al. 2006). Oxide source of La, carbonate precursors
of Sr and Mn were dissolved in the required amount in nitric acid and further mixed
with citric acid and ethylene glycol in a ratio 2:3 and NH4OH was used for basic pH
(~9). Further, a three-step process was included: (i) water evaporation (80–90 °C);
(ii) drying the obtained gel-like material (~160 °C), and (iii) calcination (~400 °C,
4 h) in air. To prepare the final NPs of different sizes, annealing (570–900 °C) is
required (Vasseur et al. 2006). The parent compound LaMnO3 is a single-valent
(Mn3+) antiferromagnetic insulator and replacement of lanthanum by strontium ions
in the perovskite A-sites causes a gradual decrease of the steric distortions and the
structure changes from the orthorhombic (Pbnm) to rhombohedral R3̄c symmetry. It
leads to a decrease of the resistivity, insulator–metal transition for the compositions
of x > 0.17 and due to double-exchange interactions to ferromagnetic ordering with
Curie temperature in the range of 320–370 K for 0:2 < x < 0:3 (Epherre et al. 2011a).
The materials thus offer a unique possibility of the self-controlled heating power for
magnetic hyperthermia application (Brusentsov et al. 2007; Falk and Issels n.d.).

Thermal Decomposition Methods

In general, the thermal decomposition of various organometallic complexes (e.g.
iron pentacarbonyl, acetylacetonate, oleate, or stearate in polar organic solvents) in
the presence of ligands (oleic acid and/or oleylamine) was reported as a synthesis
path leading to the best geometrically defined nanocrystals. These syntheses are
performed at reflux of high boiling point solvents, commonly 1 octadecene (T b =
318 °C), octyl ether (T b = 288 °C), ordiphenyl ether (T b = 268 °C). There are two
types of the thermal decompositions of the reactants: (i) “hot injection” protocol at
the high reaction temperature, leading to a rapid formation of nuclei called “burst”,
caused by the sudden supersaturation of the solutionwith precursors and (ii) reactants
can be introduced following a “heating-up” protocol: the solvent, the precursors, and
the ligands are mixed at a lower temperature before being heated at a controlled rate
up to the reaction temperature, leading to the formation of nanocrystals. In principle,
several factors such as the ratio of organometallic reagents, surfactant(s), solvents,
the reaction time in absence of stirring affect sizes/morphologies. In some cases,
further oxidation improves the crystallinity of the materials, as it is also the case
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by applying a magnetic hyperthermia treatment that acts as an annealing process.
MNPs obtained this way are dispersible in polar solvents which are a limitation for
biological applications and hence require a ligand-exchange strategy.

In comparison with other methods (combustion/sol-gel), thermal decomposition
has not been favourite methods for magnetic perovskite materials for hyperthermia
applications due to expensive and time-consuming. For an illustration, Daengsakul
et al. (2009) prepared magnetic La0.7Sr0.3MnO3 nanoparticles by thermal decompo-
sition method using acetate salts of La, Sr, and Mn as starting materials. For this,
thermal decomposition of the precursor is carried out at the temperatures of 600,
700, 800, 900, and 1000 °C for 6 h. Further, they characterized them for cytotox-
icity. Further, by the same group (Daengsakul et al. 2009), magnetic nanoparticles
of La1−xSrxMnO3 (LSMO) with x = 0, 0.1, 0.2, 0.3, 0.4, 0.5 were prepared via the
thermal hydro-decomposition method. In this process, high purity acetates of La,
Mn, and Sr were used as starting materials (in ratio La: Sr: Mn of 1 − x: x: 1) were
dissolved and stirred in deionized water (DI water) at a ratio of volume/weight of DI
water to total acetate salts and were thermally decomposed in an oven under normal
atmosphere at different temperatures of 600, 700, 800, and 900 °C for 6 h and left to
cool down to room temperature before being ground to obtain LSMO nanoparticles
(Daengsakul et al. 2009).

Coatings

The nanoparticles of pure LSMO have a very low colloidal stability in the aqueous
environment and encapsulation without previous stabilization of the nanoparticles
would lead to the growth of silica on their aggregates. The employed stabilization
procedure involves adsorption of citric acid and its ionization by increasing the pH
which leads to the separation of individual grains due to the repulsive forces of
negatively charged surfaces (peptization).Silica coating has been a preference for
the coating over LSMO. First, LSMO can be treated by diluted ice-cold nitric acid
(0.1M) in an ultrasound bath (Epherre et al. 2011a). After the removal of the nitric
acid, the nanoparticles were re-dispersed in ice-cold citric acid (1M) using ultrasound
(Fig. 12.4) (Lassa et al. 2015). The particles separated by centrifugation were washed
with water and re-dispersed in water alkalized by a few drops of ammonia. Then the
suspension was exposed to ultrasound irradiation, and the solution of citrated parti-
cleswas poured into a volume of ethanol/water/ammonia solution. The encapsulation
was carried out at a temperature of 40 °C under the simultaneous action of mechan-
ical stirring and ultrasound irradiation by adding tetra-ethoxysilane (618 μL). The
product of the required size can be separated using centrifugation involving removal
of heavy fractions present in the raw mixture and separation of nanoparticles from
the corresponding supernatant. It was washed two times with ethanol and three times
with water using centrifugation and re-dispersion in an ultrasound bath and the final
product LMSO@SiO2 is obtained (Kaman et al. 2009).
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Fig. 12.4 TEM image of SiO2 coated LSMO nanoparticles. Scale bar 500 nm (Kaman et al. 2009)

Heating Mechanism

LSMO Nanoparticles for Magnetic Fluid Hyperthermia

Rare-earth metals-based ferromagnetic materials, for example, LSMO compounds,
have gained much attention in biomedical field especially in hyperthermia applica-
tions. La1−x SrxMnO3 showed wide transition temperature range of 283–370 K with
large magnetic moment values. These physical properties make LSMO compounds
as promising candidate towards hyperthermia therapy. Amongst LSMO compounds,
La0.7Sr0.3MnO3 possessed zero coercivity (Hc = 0 Oe), magnetic moment value
(40 emu g−1) under magnetic field of 300–400 Oe at room temperature, which is
usually applied during hyperthermia therapy (Epherre et al. 2011a; Zhang et al.
2010).

To enhance the biocompatibility and stability of LSMO NPs, different type of
coating materials including dextran, bovine serum albumin, citrate ligands, fatty
amines (Rajagopal et al. 2006), SiO2 (Bhayani et al. 2007), and dextran (Hong et al.
2009) was reported. However, few reports regarding amphiphilic polymer (PVP)-
coated LSMO NPs are presented recently. PVP is amorphous, hygroscopic, and
available in powder form. It is neutral, non-toxic, and possessed many pharmaceu-
tical, industrial, cosmetic, and medical applications. Jadhav et al. reported LSMO
nanoparticles prepared by combustion method with size 23 nm and functionalized
through polyvinylpyrrolidone (PVP) for their use in magnetic fluid hyperthermia. In
double-distilled water and phosphate buffer saline, stable suspension of the resulted
PVP-coated particles were suspended which revealed narrow hydrodynamical size
distributions. At different alternating values of magnetic fields, i.e. 167.6, 251.4 and
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335.2 Oe, heat induction studies were performed in the two-suspension media. In
phosphate buffer saline, PVP-coated LSMO NPs exhibited higher specific absorp-
tion rate as compared to double-distilled water (Jadhav et al. 2013). Jadhav et al.
also investigated the water-dispersible LSMO magnetic NPs for their use in hyper-
thermal treatment of cancer as effective heating source. Oleic acid–betaine coated
LSMONPs possessed narrow hydrodynamical size distribution as they formed stable
suspension in physiological and aqueous media. MFH studies revealed high heating
efficacy of oleic acid-coated LSMO NPs as compared to the bare LSMO. Function-
alized LSMONPs with oleic acid showed no toxicity for in vivo use because of their
biocompatibility with L929 and HeLa cell lines (Jadhav et al. 2015). Jadhav et al.
also synthesizedLSMONPs through solution combustionmethod and functionalized
further with polyethylene glycol and polyvinyl alcohol. NPs have induction heating
at very low concentration (5 mg/mL) and possess higher specific absorption rate at
constant frequency and varying magnetic field (Jadhav et al. 2015).

Self-controlled Hyperthermia

Nanoparticles with high specific absorption rate (SAR) are the best candidate in
magnetic hyperthermia. Specific absorption rate is the amount of heat generated
by the per unit mass of magnetic material under radio frequency magnetic field.
To minimize the dosage of hyperthermia agent, high SAR is required. One of the
most sophisticated forms of magnetic hyperthermia is self-controlled hyperthermia
in which range of Curie temperature lies between 315 and 320 K (Prasad et al. 2007;
Natividad et al. 2012). Cancerous cells can be destroyed effectively at this Curie
temperature range with nominal damage to the healthy cells. By maintaining the
Curie temperature range of themagneticmaterials, they can be used as self-controlled
heating agent in the anticipated range of temperature to avoid any type of heating
process. Such type of magnetic materials provides less heating in paramagnetic state
while more heating in the ferromagnetic state. Hence, Curie temperature maintains
constant current in the tumour targeted area. LSMONPs are considered as promising
candidates for self-controlled hyperthermia therapy. Magnetization of LSMO based
NPs is higher and the range for the Curie temperature is 315–320 K (Kaman et al.
2009; Prasad et al. 2008; ur Rashid et al. 2013). Rashid et al. investigated the heating
behaviour of LSMO nanoparticles prepared through citrate gel route by correlating
structural and magnetic properties with linear response theory. Perovskite structure
of the NPs was confirmed with the crystallite size varies from 33 to 44 nm range.
Under radio frequency magnetic field of 214 kHz and 800 A/m, adiabatic magneto-
thermal measurements were noted. SAR was calculated by using linear response
theory, whereas Curie temperature was determined through thermal demagnetization
measurements. These Curie temperature values were compatible with the required
values of self-controlled hyperthermia (Gogoi et al. 2014).

Gogoi et al. prepared magnetic vesicles consisting of paclitaxel, iron oxide, and
dextran-coated biphasic LSMO NPs for their use in self-controlled hyperthermia
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and chemotherapy. Encapsulation efficiencies of those paclitaxel and prepared NPs
were 83 ± 3% and 67 ± 5%, respectively. At 37 °C, sequential release performed
for 60 min followed by 55 °C for same duration. Intra-tumoral injection revealed
cumulative release of 109.6 μg (6.6%) which was more as compared to the inhibitor
concentration (IC50 ~ 112 nM). Combined effect of chemotherapy and hyperthermia
was observed to be more effective in nature while temperature was maintained at
44 °C (Gogoi et al. 2014). Bhayani et al. used LSMO NPs stabilized with dextran
(Dex-LSMO) as alternative agent for the hyperthermia treatment. They carried out
experiment by inducing heat and extraneous heat of Dex-LSMO by applying radio
frequency (~264 kHz). Induction of heat changed the proliferation pattern, morphol-
ogy, and heat shock protein induced in human melanoma A375 cell line. A clear
cellular effect with extraneous heating at 43 °C for 60 min was observed (Bhayani
et al. 2012).

Drug Loading and Combinational Therapy Using LSMO
Nanoparticles

For apoptosis in cancer cells, many post-treatments like radiation, chemotherapy,
and hyperthermia have already been extensively studied. Along with hyperthermia
treatment, many clinical tests have exhibited improved therapeutic response when
applied with radio and chemotherapy. Many studies reported the transient improve-
ment of tumour removal by hyperthermia, which deliver many chemotherapeutic
drugs successfully. Hyperthermia enhances anti-cancer drugs efficacy for the treat-
ment of different cancer types such as breast cancer, brain cancer, etc. (Sen et al.
2011; Song et al. 1984; Mulier et al. 2012). To increase the lifespan of ovarian and
gastric cancer patients, combinational therapies (chemotherapy and hyperthermia)
are usually preferred. In patients of phase III study (patients bearing cervical carci-
noma), hyperthermia therapy in combination with radiotherapy and chemotherapy
revealed 15% improvement in survival when compared to conventional therapies.
Hyperthermia in combination with radiotherapy showed better results as compared
to radiotherapy in glioblastoma, cervical, and prostate cancer patients (Westermann
et al. 2005; Heijkoop et al. 2012; Fodale et al. 2011; Kulkarni et al. 2016) (Fig. 12.5).
The quiescent and hypoxic cells within tumours are resistive to radiotherapies. These
cells aremore sensitive towards heat; therefore, combinational therapies are preferred
because hyperthermia treatmentmaydamagequiescent andhypoxic cells.Major con-
cern along with the use of chemotherapeutics such as doxorubicin is dose-dependent
nephrotoxicity, hepatotoxicity (Carvalho et al. 2014), and cardiotoxicity (Babincová
et al. 2008) resistance of tumour-bearing cells till the extent of high doses of drugs
(Kerr et al. 1994; Koning et al. 2010; Singh et al. 2014; Sun et al. 2012; Louguet
et al. 2012).
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Fig. 12.5 Uptake studies of doxorubicin-loadedLSMOnanoparticles inMDA-MB-231 cellswhere
a Control (absence of radiofrequency), b 3 h and c 3 h. Red fluorescence indicates doxoru-
bicin; green indicates phalloidin—FITC stain for actin and blue shows DAPI for nuclear staining.
Reprinted with permission from Kulkarni et al. (2016b)

To localize and restrict the activity of drugs to the specified site of interest through
magnetic drug targeting is one of the most attractive options. Many chemotherapeu-
tic drugs used for the treatment of cancer significantly reduce the drug-associated
toxicity inside healthy tissues. It also increases the concentration at target of pharma-
cologically active agents. Many approaches can be adapted for drug loading using
LSMO nanoparticles. Drug attached electrostatically or covalently at the surface, or
drugs and nanoparticles can be encapsulated together.

To ensure the retentionofmaximumnumber of nanoparticles at the site of tumours,
external magnetic field is applied. To trigger the drug release mechanism, heating of
nanoparticles usually preferred. LSMO nanoparticles coated with silica and modi-
fied further with copolymer structures including (polyether and poly 1-lysine seg-
ments) have been used for encapsulation of hydrophobic drug to trigger drug release
thermally through doxorubicin (Kulkarni et al. 2015). Doxorubicin-loaded chitosan-
based LSMO NPS have been used for hyperthermia and drug delivery treatment
of breast cancer in vitro. Primary coatings of positively charged polymer chitosan
on LSMO nanoparticles enhance the colloidal stability. Radio frequency radiations
stimuli the drug release from the nanoparticles system (Gogoi et al. 2017).

In another recent report, hybrid magnetic nanovesicle consisting of iron oxide and
LSMONPs coated with dextran was combined with chemotherapy and hyperthermia
therapy. These “biphasic” nanovesicles were encapsulated with 83% of drug and
studied by using their combined effect with chemotherapy and hyperthermia on
human breast cancer cells MCF-7 (Kačenka et al. 2011).
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Fluorescence Imaging and MRI Contrast Agents

In cell imaging and contrast agents in magnetic resonance imaging, core
structure of LSMO with double-layer fluorescent tetra-ethoxysilane and tetra-
ethoxy/alkoxidesilane can act as fluorescent probes. These modified nanoparticles
bear overall diameter of 89 nm and a manganite core of 57 nm. These nanoparticles
showed maximum excitation at 514 nm and correspond the maximum emission to
fluorescein. These nanoparticles showed high spin–spin relaxivity values (r2 = 580,
540 and 520 s−1 mmol (Mn)−1L) when magnetic field of (0.5, 1.5, and 3 T) was
applied along with the fluorescence properties (Berkova et al. 2013). Relaxivity val-
ues of those LSMO NPs much higher as compared to relaxivity values reported for
iron oxide NPs. Recent study revealed the similar results of SiF@Si modified LSMO
and used successfully for contrast agents and cell labelling along with fluorescent
probe. In magnetic resonance imaging, magnetic pulse corresponds to magnetic field
provided to the sample which causes the magnetization change of protons present in
water molecules. Protons will be relaxed depending on tissue types which produce
contrast for differential visualization (Javed et al. 2017). Relaxation process consists
of longitudinal relaxation time (T1) and transverse relaxation time (T2) (Haghniaz
et al. 2016). MRI shows the anatomical detail through magnetic contrast agents.
Magnetic single domains comprise magnetic moments, which are surrounded by
magnetic field generated from the magnetic moments. In water molecules, hydrogen
nucleus interacts with magnetic field in body. Hence, it affects different resonance
properties. MRI enhances the cancer detection abilities and their metastases. Con-
ventionally used T 1 and T 2 contrast agents are gadolinium and superparamagnetic
iron oxide nanoparticles, respectively. Dextran stabilized LSMONPs have been used
nowadays because they are compatible and safe for in vivo use (Gogoi et al. 2017).
Haghniaz et al. performed in vivo experiment by using Dex-LSMO NPs as contrast
agents in magnetic resonance imaging (MRI). Dex-LSMO NPs with the average
diameter ≤ 50 nm showed both positive and negative contrasts with r1 and r2 relax-
ivity values approaches to 6. 741 s−1 mg−1 mL and 778 s−1 mg−1 mL, respectively.
Dex-LSMO NPs exhibited strong magnetomotive signals when injected at tumour
site clearly revealed their use in therapeutic and diagnostic purposes (Haghniaz et al.
2016) (Fig. 12.6). Veverka et al. synthesized LSMO NPs with perovskite phase (x =
0.2− 0.45) through sol–gel method followed by mechanical and thermal treatments.
LSMO NPs were coated with silica to gain higher colloidal stability. Higher trans-
verse relaxivity values up to 290–430 s−1 mg−1 mL under external magnetic field of
0.5 T were reported (Veverka et al. 2015). Kačenka et al. synthesized LSMO core
coated with double layer of silica and used as novel dual fluorescence/MRI probe.
High spin–spin relaxivity values (r2 = 520, 540, 580 s−1mmol(Mn)−1 L) at magnetic
field of 0.5, 1.5, and 3 T were reported respectively (Kačenka et al. 2011).
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Fig. 12.6 Distribution studies of dextran-coated LSMO nanoparticles using magnetic resonance
imaging, a photographs and b Ex vivo magnetic resonance images. Lighter colour indicates lower
concentration levels and darker colour represents higher concentrations levels of nanoparticles
(Haghniaz et al. 2016)

Förster Resonance Energy Transfer (FRET) Using LSMO
Nanoparticles

FRET is an energy transfer mechanism involving two molecules usually named as
acceptor and donormolecules. FRET is considered asmost sensitive techniquewhich
canbe used for determination andmeasurements of distances between twomolecules.
Interaction of different type of biomolecules with LSMO can be conducted through
FRET; LSMO NPs stabilized with citrate were studied through interaction of cova-
lently bounded chromophore 4-nitrophenylanthralinate and adsorption at the NPs
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surface of fluorescent adenine analogue. Giri et al. reported the solubility of LSMO
NPs in the aqueous media. FRET studies of covalently attached capped NPs with
the probe 4-nitrophenylanthranilate (NPA) confirmed its ligand attachment at the
functional group (–OH) surface of citrate ligand (Giri et al. 2010).

Toxicity Study

Studies on nanoparticle toxicity involved interdisciplinary science including biology,
chemistry, and physics which has developed over recent years due to their increasing
prevalence in common everyday materials. Most of MNPs used in biomedical appli-
cations are showing toxicity, which is not favourable for in vivo administration. So,
the functionalization of MNPs with biocompatible organic/inorganic molecules is
necessary. It is natural that the synthesizing of particles with chemical composition
canmake them toxic. Therefore, toxicity and its relating issues have serious concerns
in the perspective of regenerative medicine which includes the production and tissue
engineering (Barakat 2009; Ferreira 2009; Ito andKamihira 2011; Jin et al. 2010; Lin
et al. 2008; Mahmoudi et al. 2010). Besides of extensive work has been published
on LSMO nanoparticles, their toxic effects have been discussed very little. Several
NPs enhance the process of mucus secretion which can damage the airway and can
create different complication in respiration mechanism. But the results of lanthanum
strontium manganite (LSM) NPs show less toxic effects as compared to other NPs
because of their biocompatibility in various contexts and ability to perform with an
appropriate host response in a specific situation. The surface functionalization of
NPs plays the main character for the biocompatibility which causes less toxicity.
The biocompatibility of the bare LSMO MNPs is improved after functionalization
with dextran and betaine HCl. The most common method, which is used to eval-
uate the cytotoxicity of nanoparticles, is MTT assay. The dextran and betaine HCl
functionalized LSMO MNPs are about 90% cell viability for up to 48 h. The real
meaning of biocompatibility of MNPs is to study their exact cytotoxicity mechanism
by using multiple assays on multiple cell lines. The results show that there is not any
apoptosis or necrosis by LSMO MNPs and the observed cell death is only because
of presence of MNPs on cell surface. For improving the surface functionalization of
La0.7Sr0.3MnO3 (LSMO) nanoparticles, polymer (dextran) on their colloidal stability
in physiological media is studied and correlated with their hyperthermia properties
but their long-term stabilitywhen such complexes are exposed to physiologicalmedia
is still not well understood (Kulkarni et al. 2015; Daengsakul et al. 2009; Shinoda
et al. 2014).

The engaging of NPs for the long duration of time may cause the reduction
of efficient needful therapeutic results for the therapy of cell (Huang et al. 2008).
The toxicity causes to reduce the efficiency of the cell due to the un-favoured and
dangerous outcomes of chemicals, physical, and biological agents in persons and
environment (Liu et al. 2013). The cell toxicity and its effects are responsible for
weakening themitochondria and its activity due towhich cell cannot retain its original
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working position and cannot fulfil and maintain its energetic needs and can stop the
practicality of the cell. The rapid reproduction and self-sustaining activities start to
alarm and damage the rapid pace of therapeutic efficiency (Bhayani et al. 2012). The
other concerns about themagnetic nanoparticles are their incorporation effects on the
therapy while these NPs have been transplanted within the body and there is a risk of
migration of MNPs through the organism which produces serious concerning issues
and body starts to perform undesirable responses such as inflammation (Bhayani
et al. 2007; Mahmoudi et al. 2010; Liu et al. 2013).

Extensive work has been published on the La1−xSrxMnO3 (LSMO) nanoparticles
for their unique applications in field of cancer hyperthermia and has been now consid-
ered as potential candidates for the treatment of cancer. The LSMO are considered a
new kind of ferromagnetic La1−xSrxMnO3 (LSMO) compounds and are found more
suitable for hyperthermia treatment because of their capability of tuning the Curie
temperature (T c).

Before ferromagnetic lanthanum strontium manganese oxide (LSMO) nanopar-
ticles, iron oxide NPs such as magnetite (Fe3O4) and maghemite (Fe2O3) are exten-
sively in use and they are applied for hyperthermia, but the heating is not self-
controlled in the therapeutic range owing to their high Curie temperature. This prob-
lem has been solved by the dextran-coated La0.7Sr0.3MnO3 (Dex-LSMO) nanopar-
ticles (30–50 nm) with Curie temperature of ~360 K (~86 °C). They exhibit self-
controlled heating property and have potential to use for localized hyperthermia
(Bhayani et al. 2007;Kale et al. 2006) andmagnetic resonance imaging (MRI) (Hagh-
niaz et al. 2013). In vitro cancer-killing effect, Dex-LSMO nanoparticles showed
less toxicity in mice (Bhayani et al. 2007). These NPs have also possible application
in vivo hyperthermia.

When NPs interact and absorb with the cells for performing the biological func-
tion, they produce cytotoxicity but it does not happen when these are attached to the
cell membrane (Kulkarni et al. 2015; Solanki et al. 2008). Different other physical
characteristics like size, shape, and thin layered surface of nanoparticles can also
play a toxic evoking character which may aggregate and coagulate in accord to their
sizes and shapes. The other main considering parameter about toxic is the location
of nanoparticles (Huang et al. 2008; Liu et al. 2013). The probable destined location
of magnetic NPs during in vivo case are considered on their fate when these NPs
are released by the cells. The applied NPs start to degrade and their outcomes or
by-products produce toxicity. These by-products can reside in tissues and organs
(Mahmoudi et al. 2011a; Bulte 2009). At micro-level, oxidative stress is the major
reason for repairing the damages of the cell. So, when NPs are used for the treatment
of hyperthermia, there is a chance of production of toxicity due to imbalance between
free radicals and antioxidants in the body (Kim et al. 2011). Oxidative stress is also
mentioned with name of reactive oxygen species (ROS). These species are consisting
of hydrogen peroxide group, hydroxyl radicals’ group, and shield protecting antiox-
idants and production of these products are mainly due to the partial formation of
the ROS (Khaing et al. 2012). Generally, lanthanum strontium manganite (LSM)
is used in solar oxidized fuel cells (SOFCs). Its effect on airway cells was inves-
tigated after treating trachea cells with increasing concentrations of LSM ranging
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up to 500 μg/mL. It has been observed a moderate effect on cell viability, reactive
oxygen species (ROS) production, cytochrome C, and caspase 3 expression. Despite
its minimal impact on stated apoptosis-inducing characteristics, LSM illustrated an
inhibiting effect on mucus secretion and reported a decreasing trend in mucus secre-
tion with an increased concentration of the LSM treatment. Overall, LSM does not
show a significant toxicity to trachea cells; LSM reduces mucus secretion and can
potentially interfere with airway clearance (Getzlaff 2007).

The presence of toxicity in LSMO is studied via a set of in vitro along with in vivo
experimentations series. The in vitro toxic investigatory tests on the initially gather-
ing data present rapid and straight ways initial information about toxicity. This is a
low cost and least moral concerned issue (Mahmoudi et al. 2010). During in vitro
experimental studies, the important factor is to recognize and to be able to reproduce
in vivo environments in terms of such growing and developing conditional situations
along with the preparation of sample in vitro (Mahmoudi et al. 2011a). The data of
in vitro tests reveal the minimal presence of toxicity, and in some cases, no toxicity
is seen. It can then be moved onto in vivo studies (Weissleder et al. 1989). Such
experimental set ups are brought under similar conditions of trial on small animals.
The outcomes of these experiments are noted under continuousmonitoring over time.
The injected sites andmetabolic sites are studied through histology. The microscopic
studies provide the small scale search and accumulating behaviour of such nanopar-
ticles on these sites. The metabolic sites are liver kidneys, brain, and pancreas where
the metabolism reactions take place. The sections are stained for iron by Prussian
blue stain and caspase 3 as an indicator for apoptosis within these areas (Schlachter
et al. 2011). It is not unlikely to have contradicting in vitro and in vivo results. This
may be recognized to in vivo bodily functions/processes such as homoeostasis, work-
ing to eject extraneous substances which are not presented in vitro, such as, kidneys
are performing to purify the blood (Mahmoudi et al. 2010). The safety concerns
for the clinical usage of such NPs are very important and are approved by regu-
latory bodies (Food and Drug Agency, FDA) after their complete evaluation. This
approval depends upon the direct use of these NPs on human behaviours after their
usage and research findings of clinical trials. For this noble cause, people have to
present themselves voluntarily for testing the interventions, new treatments, or tests
as means/resources to detect and manage the new kind of diseases. This practice
would bring different respond and side effects of volunteers and would be helpful for
the approval or rejection of the clinical use. For this purpose, the use of nanoparticles
(NPs) must be used when both regulators and the patients are satisfied. The use of
contrast agents has some compulsions. They are to be quick in excretion process
and their presence in the body should not be prolonged in the body. However, for
some special cases, particularly within the situ of remitted domain of regenerative
medicine, long-term facilitated behaviour of fine magnetic particle may be needed in
body. The approval of FDA contrast agents (CA) would make it an easier assignment
(Shinoda et al. 2014).

Toxicity results in situations of in vitro and in vivo differ from each other which
are due to the attribution of protein adsorption which performs a key role at the
surfaces of nanoparticles in several natural processes. It has brought a vast interest
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in various domains of research which has been for biological and tissue engineering.
These resolves may have advantage to bio-organic fluids produced by organism prior
to the process of implantation. It would let an appropriate condition to establish a
layer of pre-adsorbed proteins which have the ability of adherence with the surface of
the material and propose numerous benefits in regards of cellular mediated immune
responses (Li et al. 2008). There has been no such report about LSM concerning
the apoptosis progression evaluated by cytochrome c, localized between inner and
outer mitochondrial membranes. The mitochondrial reliable integrity is measured by
monomer JC-1fluorescence. There are no traces of expressions concerning to caspase
3 which produce survival of the cell and production of mitochondrial reactive oxygen
species. Different amount of concentrations of NPs have been tested. Each amount of
treatment resulted as suppression of mucus secretion. The increase in concentration
of NPs decreases the production of mucus secretion. This proves their non-toxic
attitude towards airway epithelial cells and no report was seen about major changes
in apoptosis stages. In addition to that, such NPs lower the mucus secretion that can
jeopardize cell viability (Wang et al. 2012; Huang et al. 2012; Tsai et al. 2019).

Conclusion

Rare earth-based half-metallic ferromagneticmaterials have demonstratedwide tran-
sition temperature range and large magnetic moment at ambient temperature. Block-
ing temperature can be modified of LSMO by different divalent dopants. These
materials due to their metallic nature and higher conductivity can be applied for dif-
ferent biomedical field. These nanomaterials can be used as biomarkers, for imaging
in MRI and in magnetic hyperthermia. Although LSMO nanomaterials have shown
potential for different biomedical applications, said nanomaterials have not been
studied extensively on preclinic and clinical level and there is plenty of room on the
investigation to make these nanomaterials more suitable for biological systems.
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Chapter 13
Toxicity Assessment of Nanomaterials

Mariana Tasso, Maria Amparo Lago Huvelle, Ines Diaz Bessone
and Agustin S. Picco

Abstract In the last decades, nanoscience had a spectacular evolution providing
new, versatile engineered nanomaterials and nanotoolswith a plethora of applications
in very diverse fields ranging from energy storage to medicine. Among the palette
of nanomaterials, magnetic nanoparticles (in particular iron oxide-based) present
unique physicochemical properties that are actively being exploited in the biomedical
field. Currently, they are used for induced magnetic hyperthermia cancer treatments,
as contrast agents for magnetic resonance imaging, as cell tracking elements, and
for drug delivery modalities. In parallel to the growth of nanoscience and the ever-
increasing applications of nanomaterials, concerns regarding the safety and toxicity
of nanoparticles have arisen, both during and post-administration. In this chapter, we
review key concepts related to nanotoxicology and to the fate of nanomaterials in the
human body. A detailed description about the most accepted and practiced in vitro
and in vivo methods used to evaluate the toxicity of nanomaterials is provided, with
emphasis in magnetic nanomaterials for nanomedicine applications.

Keywords Nanotoxicity · Cell-nanomaterial interactions · In vitro and in vivo
evaluation · 3D culture system · Animal model

Introduction

To begin, a foreword defines and delimits the scope of this chapter: Here, we dealwith
the toxicity of nanomaterials that are employed in biomedical applications and among
those about nanomaterials used in nanomedicine. Therefore, toxicological effects
related to biomaterials used in implants or for regenerative therapies, to nanoparticles
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naturally or anthropogenically present in the environment (ecotoxicity, occupational
health, and safety), and to nanoparticles employed in the food, cosmetics, or clothing
industry are out of the scope of this chapter. Furthermore, we will focus on the
toxicity evaluation of magnetic nanomaterials, which are an extended and significant
subgroup of the nanomaterials used in nanomedicine.

The chapter opens with an introduction that begins with a general description of
nanomaterials for nanomedicines and their potential routes of uptake and administra-
tion in animals and humans. The nanomaterials’ fate in the body and the associated
physiological response to them are thereafter discussed depending on the exposure
pathway. Fundamental mechanisms of cell response to the stress associated with
cell interactions with the nanomaterial as well as prominent nanoparticle features
responsible for nanotoxicological effects are subsequently described. Finally, exam-
ples of magnetic nanomaterials used in nanomedical applications are provided, with
emphasis on iron oxide nanoparticles. Noteworthy, the introduction section does not
intend to provide a comprehensive, thorough overview of the referred topics but
rather a pertinent and concise description that will serve as a foundation to better
comprehend the subjects dealt with in the subsequent sections.

In the following sections, a detailed description of the most accepted and reported
methods to evaluate toxicity of magnetic nanomaterials is presented. In vitro cyto-
and genotoxicity, 3D cultures, and in vivo methods are discussed and illustrative
examples provided. In vitromethodswith organoids are includeddue to their potential
to provide more translatable, and possibly also more relevant, information from
in vitro to in vivo assays.

Nanomaterial Definition and the “Nano” Hazard

The International Organization for Standardization (ISO) defines “nanomaterial” as a
“material with any external dimension in the nanoscale or having internal structure or
surface structure in the nanoscale” and “nano object” as a “discrete piece of material
with one, two or three external dimensions in the nanoscale”, with nanoscale being
in the 1–100 nm range (ISO/TS 80004-1 2015). Though it is generally accepted in
the scientific community that nanomaterials are those whose main dimensions are
below 100 nm, numerous initiatives exist within the framework of regulatory norms
for better definitions to be adopted with the unequivocal aim to protect human health
and the environment (Boverhof et al. 2015;Miernicki et al. 2019; Auffan et al. 2009).
For somematerials, nanoscale dimensions can drastically change material properties
unveiling characteristics that could not be predicted from the large-scale features of
those same materials, e.g., the size-dependent optical and electronic properties of
quantum dots (Alivisatos 1996) or the size-dependent temperature transitions in fer-
romagneticmaterials (Gangopadhyay et al. 1992). These unusual and novel attributes
have propelled the design, production, and use of nanomaterials for amyriad of appli-
cations, ranging from food additives, cosmetics, pharmaceuticals, and flat-panel dis-
plays to sensitive biosensors, contrast agents in magnetic resonance imaging (MRI),
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and nanomedicines. Noteworthy, for a vast range of materials, nanoscale dimensions
do not impose a drastic alteration in material properties but a rather smooth, pre-
dictable, and continuous transition from the bulk materials (Donaldson and Poland
2013). The nanoscale feature, however, irremediably changes the proportion of atoms
present at the surface compared to those in the core (or the surface-to-volume ratio),
thereby leading to innate nanoscale attributes that will effectively differentiate these
entities from their large-scale counterparts. Indeed, nanoparticles below 20–30 nm
in size are characterized by their thermodynamic instability and enhanced surface
reactivity; properties that may increase dissolution processes, redox reactions, or
the generation of reactive oxygen species (ROS) (Auffan et al. 2009). These prop-
erties, together with other innate nanoparticle attributes, such as size, shape, or the
presence of surface ligands, could constitute leading driving forces for undesirable
cellular responses that may result in cellular and organ toxicity (Nel et al. 2006a;
Sahu and Hayes 2017; Oberdörster et al. 2005; Xia et al. 2009). Compared to larger
particles, nanoparticles of certain dimensions can enter the cells and have access to
the intracellular milieu and its organelles, something that is precluded for larger par-
ticles and that could be potentially toxic (Pietroiusti et al. 2013; Oh and Park 2014;
Shvedova et al. 2010). Though there appears to be a general consensus regarding the
health and safety concerns associated with the biomedical use of nanoparticles, some
argue that the mechanisms behind nanoparticle health hazard are already evident for
larger particles, meaning that there is no evidence of novel “nanospecific hazard”
(Donaldson and Poland 2013; Fubini et al. 2010). What appears then critical is the
understanding of the mechanisms that are set up by the body during its interaction
with nanoparticles, either naturally entering the body via inhalation, ingestion, or
penetration through the skin or intentionally administered via intravenous or retro-
orbital, intrapulmonary, intraperitoneal, oral delivery or subcutaneous routes, and
the possible consequences of those interactions onto cell and organ viability and
function.

Nanomedicine

Differing from the commonly accepted understanding of nano-objects in nanotech-
nology areas having an upper size limit of 100 nm, in the drug delivery field the
definition is extended to cover medicines in the size range from a few nanometers
to <1000 nm in diameter. In practice, the useful range of nanomedicines normally
falls within the range of 5–250 nm (Garnett and Kallinteri 2006). The sort of materi-
als that could be called nanomedicines can include proteins, polymers, dendrimers,
micelles, liposomes, emulsions, nanoparticles, and nanocapsules. Besides nanomate-
rials employed as drug delivery units, other nanomaterial types and applications exist
that currently belong to the nanomedicine field. Magnetic nanomaterials are since
longbeingused as contrast agents inmagnetic resonance imaging, as therapeutic tools
in hyperthermia for ablation of malignant cancer tissue, or as carriers for (image-
guided) drug/gene delivery (Pankhurst et al. 2003; Banerjee et al. 2010; Wu et al.



386 M. Tasso et al.

2018; Kang et al. 2018). Recent developments in nanomaterials have produced small
(SPIOs) and ultra-small superparamagnetic iron oxide particles (USPIOs) (Wu et al.
2018; Barry 2008; Bourrinet et al. 2006), as well asmultimodal variants that combine
magnetic nanomaterials with, for instance, near-infrared fluorescent quantum dots
(Sitbon et al. 2014) or fluorochromes (Kircher et al. 2003) for double-imaging capac-
ities. Further applications of magnetic nanomaterials in nanomedicine are described
at the end of this section.

Exposure Pathways to Nanomaterials and Possible End
Locations in the Body

Given their very small size, comparable to those of viruses and pathogens, engi-
neered nanoparticles can naturally enter the human body: Some nanoparticles can
penetrate lung, intestinal, or dermal skin barriers and translocate to the circulatory,
lymphatic, and nervous systems, reaching most bodily tissues and organs including
the brain, and potentially disrupting cellular processes and causing disease (Buzea
et al. 2007; Ali and Rytting 2014; Kreyling et al. 2009; Elder et al. 2006; Oberdörster
et al. 2004; Pietroiusti et al. 2013). Once in the body, they will come into contact
with the immune system in charge of clearing them if potentially dangerous. Immune
cells (and secreted biomolecules) present in the airway and digestive mucosae, as
well as in the skin, are the first to intercept nanomaterials upon natural or accidental
exposure. When nanomaterials are intentionally administered to the body, as with
nanodrugs or nanomaterials for diagnostics and therapy, the immune cells present
in blood, muscle tissue, liver, spleen, and kidney are those who will mainly inter-
act with the nano-objects (Buzea et al. 2007; De Matteis 2017; Arami et al. 2015).
Upon inhalation, specific sizes of nanoparticles are deposited by diffusional mecha-
nisms in all regions of the respiratory tract, where they are uptaken by immune cells
and translocating across epithelial and endothelial cells into the blood and lymph
circulation to reach potentially sensitive organs, such as the bone marrow, lymph
nodes, spleen, and heart (Oberdörster et al. 2005; Kreyling et al. 2009). Access to
the central nervous system has also been reported (Elder et al. 2006; Oberdörster
et al. 2004). Nanoparticles adsorbed through the skin distribute via uptake into lym-
phatic channels (Buzea et al. 2007). Nanomaterials ingested are primarily degraded
in the gut, though if they survive the acidic environment of the gastrointestinal tract,
they may reach the intestine and the bloodstream (this, if not eliminated in the liver)
(Arami et al. 2015). Figure 1 depicts various pathways of human body exposure to
nanoparticles, as well as the potentially affected organs and associated diseases.

Though hard to implement and standardize, cellular assays should reflect portal-
of-entry toxicity in lungs, skin, andmucousmembranes, as well as deleterious effects
on target andnon-target tissue, such as endothelium, blood cell elements, spleen, liver,
nervous system, heart, and kidney (Nel et al. 2006b). Without such a broad interpre-
tation of the nanotoxicity evaluation issue, results shall be deemed as incomplete,
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Fig. 1 Schematic representation of the various pathways of human body exposure to nanoparticles,
with emphasis in various organs they could reach depending on the exposure pathway, as well as
the potentially affected organs and associated diseases. Strategies to enable long-term nanoparticle
circulation in the bloodstream together with immune system evasion have been reported. Such
strategies are not depicted in this figure, though they constitute an alternative regarding the fate of
these nanomaterials upon body exposure. Figure taken from Buzea et al. (2007). Reprinted with
permission from AIP Publishing

partial representations of the short- and long-term toxicological hazard represented
by nanomaterials.

The Immune Response and the Mononuclear Phagocytic
System (MPS)

If the nanoparticles happen to elicit an immune response, a cascade of events is
set in place to rapidly eliminate the nanoparticles via phagocytic, metabolic, and
degradative processes in immune cells (e.g., white blood cells such as monocytes
and residential tissue macrophages). An important part of the immune system, the
mononuclear phagocytic system (MPS) also known classically as reticuloendothe-
lial system (RES), has been defined as a family of cells comprising bone marrow
progenitors, blood monocytes, and macrophages located in different organs, such as
liver, spleen, lymph nodes, bone marrow, lung, and brain that play an active role in
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defense reactions against certain microorganisms, interaction with lymphoid cells
in immunity, disposal of cell debris, among others (Hume et al. 2019; Chow et al.
2011; Territo and Cline 1975). The major specialized tissue-resident macrophages
are dermal macrophages and Langerhans cells in the skin, Kupffer cells in the liver,
alveolar macrophages in the lungs, osteoclasts in bones, microglia in the brain, and
histiocytes in interstitial connective tissues (Davies et al. 2013; Hirayama et al. 2017;
Gordon and Martinez-Pomares 2017). Macrophages are a major cell population in
most of the tissues in the body, and their numbers increase further in inflammation,
wounding, and malignancy (Hume 2006). Tissue macrophages such as those found
in the liver and spleen are the most critical cells in the clearance of NPs from blood
circulation: They can eliminate nanoparticles from the bloodstreamwithin seconds of
intravenous administration, thereby imposing tremendous challenges to drug deliv-
ery nanomaterials or those designed to be site-specific (Arami et al. 2015; Gref et al.
1994). In particular for the liver, this is related to one of its physiologic functions
that is to efficiently capture and eliminate particles in the ~10–20 nm size range for
the clearance of viruses and other small particles (Choi et al. 2007; Longmire et al.
2008).

Opsonization and How to Evade It

Macrophages cannot directly identify the nanoparticles as such but rather recognize
specific opsonin proteins bound to the surface of the nanoparticles following parental
injection (Gustafson et al. 2015; Owens and Peppas 2006). Opsonins are blood serum
components that adsorb to the surface of foreigner objects with the aim of making
them visible to phagocytic cells. Once opsonization has occurred, phagocytes attach
to the surface of the foreigner object and engulf it, typically by endocytosis. Endocy-
tosed material will be eventually degraded by the phagocytes and if not, undigested
material will either be removed by the renal system or sequestered and stored in
one of the MPS organs (Gustafson et al. 2015; Owens and Peppas 2006; Aggarwal
et al. 2009). Removal by the renal system occurs for molecules with a molecular
weight of 5000 or less, but can be as high as 100,000 for more dense polymers such
as dendrimers (Owens and Peppas 2006). For nanoparticles, the size threshold for
renal clearance is <10 nm, meaning that nanoparticles of that size range are removed
from blood and excreted through the urine (Arami et al. 2015). Noteworthy, if nano-
materials are intended to be used as nanomedicines, it is imperative to endow them
with particular properties so that they could evade immune system recognition and
elimination and persist in the organism sufficiently long time to reach their target
and exert their beneficial effect. Surface modification of nanoparticles with antifoul-
ing molecules, such as PEG or zwitterionic polymers, has demonstrated utility at
reducing opsonization and minimizing clearance by the MPS leading to improved
pharmacokinetic properties (Li and Huang 2009; Guo and Huang 2011). Recent
review articles provide a detailed and comprehensive overview of the various uptake
pathways of nanoparticles and their fate for each uptake route, from their interactions
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with biological barriers and elicited immune responses to biodistribution, pharma-
cokinetics, and clearance pathways (Sahu and Hayes 2017; Buzea et al. 2007; De
Matteis 2017; Arami et al. 2015; Crisponi 2017).

From Extravasation of Nanoparticles to Uptake by Cells

As explained, parental injection of nanoparticles encounters tight immune defensive
mechanisms arising from the MPS acting on opsonized nanoparticles, with the most
likely result of vast nanoparticle clearance from circulation to the liver and spleen.
If opsonization can be reduced and the MPS evaded, nanoparticles with increased
blood circulation times still may need to trespass the vascular endothelium barrier,
which has tight junctions of lower than 2 nm, to reach target organs. In the liver
and spleen, the endothelium is fenestrated, thus allowing material up to 100 nm
(liver) or higher than 150 nm (spleen) to pass from the endothelium to the under-
lying parenchymal cells, so exiting circulation (Garnett and Kallinteri 2006). Some
NPs can pass through the endothelial cells by transcytosis mediated by caveolae.
If the endothelium becomes leaky due to certain diseases or upon inflammation,
nanomaterials can also exit circulation. In some cancers, the epithelium is not only
leaky, but it also loses the lymphatics (Garnett and Kallinteri 2006; Greish 2010).
For that reason, nanomaterials passing through the leaky epithelium can selectively
accumulate in cancer tissue, a process named enhanced permeability and retention
(EPR) effect.

Once out of the circulation, nanomaterials will be located in the extracellular
matrix, composed of proteins, polysaccharides, and glycoproteins. Some macro-
molecules and nanoparticles can move through the extracellular matrix via its water
channels. Nanomaterials in the extracellular matrix can be spontaneously internal-
ized by cells. As partitioning across membranes is not possible for macromolecules
or nanomaterials, entry into cells is largely governed by the mechanisms of endo-
cytosis (Garnett and Kallinteri 2006; Foroozandeh and Aziz 2018). Large particles
(0.25–10 μm) are uptaken by phagocytosis, performed by specialized cells such
as macrophages and neutrophils, and a variety of other endocytic processes at a
smaller scale (Garnett and Kallinteri 2006). Most of these endocytic routes end up
in a degradative compartment of the cell, the lysosome, where materials are exposed
to high concentrations of a wide variety of hydrolytic enzymes active on proteins,
polysaccharides, and nucleic acids. Depending on the nature of the nanomaterial, the
lysosomal compartment may be the final destination of the nanomaterial. Besides
cell internalization of nanoparticles through endocytosis, positively charged nano-
materials can gain access to the cytoplasm. It is well known that positively charged
polymers and polyelectrolyte DNA delivery systems can trigger cytotoxicity due to
their interaction with cell membrane phospholipids that results in disruption of the
cellular membrane structure (Foroozandeh and Aziz 2018; Gratton et al. 2008).
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Consequences of Cell–Nanomaterial Interactions

Besides the description of general uptake pathways of nanoparticles, with their cor-
responding biodistribution, pharmacokinetics, and clearance routes from the body,
it is of particular importance to describe the specific mechanisms set in place during
cell–nanomaterial interactions and their dependence with the intrinsic properties of
the designed nanomaterials as well as with the biologically modified forms of those
nanomaterials when in contact with biological fluids. As noted, the increased sur-
face area per mass compared with larger-sizematerials of the same chemistry renders
nanoparticles thermodynamically unstable, more surface reactive, and more biolog-
ically active. This activity relates to a potential for inflammatory and pro-oxidant,
but also antioxidant capacity (Oberdörster et al. 2005). Nanoparticle-mediated cyto-
toxicity mechanisms commonly proposed in the literature include oxidative stress
(reactive oxygen and nitrogen species), inflammation, cell membrane damage, geno-
toxicity, immune system response, autophagy dysfunction, ultrastructural changes
in cell or cell organelle morphology, lactate dehydrogenase release, inhibition of cell
growth and cell death, among others. The first four mechanisms are described more
extensively below.

1. Reactive Oxygen Species
Reactive oxygen species (ROS) are a number of reactive molecules and free

radicals derived frommolecular oxygen, like superoxide anion, hydrogen perox-
ide, and nitric oxide. These molecules, produced as byproducts during the mito-
chondrial electron transport of aerobic respiration or by oxidoreductase enzymes
and metal-catalyzed oxidation, can be responsible for a series of deleterious
events. As stated, ROS are continually produced during cell metabolic processes,
though their generation is normally counterbalanced by the action of antioxidant
enzymes and other redox (reduction–oxidation) molecules. An imbalance toward
the pro-oxidative state is often referred to as “oxidative stress.” Glutathione may
be the most important intracellular non-enzymatic small molecule that acts in
the defense against the damaging effects of reactive oxygen species. Reduced
glutathione (GSH) is regenerated from its oxidized form (GSSG) by the action
of anNADPH-dependent reductase. The ratio of the oxidized form of glutathione
(GSSG) and the reduced form (GSH) is a dynamic indicator of the oxidative stress
of an organism (Jones 2002). The generation of ROS and the related oxidative
stress responses are frequent causes of nanoparticle toxicity. The production of
ROShas been found in a diverse range of nanomaterials, including semiconductor
nanocrystals, fullerenes, carbon nanotubes, and metal oxides (Nel et al. 2006a;
De Matteis 2017; Sharifi et al. 2012; Malvindi et al. 2014; Huang et al. 2010).
Oxidative stress induced by engineered nanoparticles is due to acellular factors
such as particle surface, size, composition, and presence of metals, while cellu-
lar responses such asmitochondrial respiration, nanoparticle-cell interaction, and
immune cell activation are responsible for ROS-mediated damage (Manke et al.
2013). Nanoparticle-induced oxidative stress responses are behind genotoxicity,
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carcinogenesis, inflammation, and fibrosis effects, as demonstrated by activa-
tion of associated cell signaling pathways (Xia et al. 2009; Manke et al. 2013).
Most of the metal-based (Fe, Si, Cu, Cr, Va) nanoparticles elicit oxidative stress
via the generation of free radicals following Fenton-type reactions (Huang et al.
2010). Intracellularly produced free radicals have adverse effects on cell com-
ponents, like proteins (protein oxidation), lipids (lipid peroxidation), and DNA
(DNA strand break) and also alter mitochondrial membrane potential (Manke
et al. 2013; Huang et al. 2010). Extremely toxic levels of oxidative stress result
in mitochondrial dysfunction and membrane damage, which finally lead to cell
death. For transition metal oxide nanoparticles, the physicochemical properties
that determine toxicity include surface catalytic activity (e.g., metallic, semicon-
ducting properties), nanoparticle uptake, and nanoparticle dissolution (Huang
et al. 2010). In particular for iron oxide nanoparticles, their physical interactions
with cellular structures involved in the catalysis of biological redox processes, as
well as their dissolution in biological media, catalyze ROS generation and forma-
tion of OOH· and OH− radicals from H2O2 via Fenton reaction (Ling and Hyeon
2013; Gaharwar et al. 2017). Indeed, zero-valent iron at the surface of iron oxide
nanoparticles is oxidized by dissolved oxygen in aerobic organisms to give rise
to Fe2+ and OH−. Fe2+ can be further oxidized to Fe3+. Redox-active iron may
enhance the generation of more highly reactive and highly toxic hydroxyl radi-
cals from less reactive hydrogen peroxide (a product of mitochondrial oxidative
respiration) via Fenton chemistry: Fe2+ + H2O2 → Fe3+ + OH· + OH− (Ling
and Hyeon 2013). Therefore, by their involvement in catalytic redox reactions,
zero-valent iron and iron oxide nanoparticles can be directly linked to the pro-
duction of ROS, in particular of hydroxyl radicals. Protecting the surface of these
nanoparticles from oxidation and dissolution in biological media, both intra- and
extracellularly, is therefore a sine qua non condition for the translation of these
nanomaterials to clinical trials.

1.1. Mitochondrial iron homeostasis: Mitochondrial iron homeostasis is indis-
pensable for cellular iron management in particular by controlling the syn-
thesis of heme and Fe–S clusters, functional groups that are essential to the
functionality of numerous proteins, including those participating in energy
production via the respiratory chain (Bresgen et al. 2015). About 0.2–5%
of the total cellular iron is considered as transiently mobile, non-protein-
bound low-molecular-weight redox-active iron which together with chelat-
able protein-bound iron defines the dynamic, intracellular “labile” iron pool
(LIP) encompassing compartment-specific LIPs of the cytosol, the mito-
chondria, and the endo-/lysosomal compartment in total containing about
6–16μMiron,mainly as Fe2+ (Bresgen et al. 2015). Iron is shuttled between
these pools by distinct mechanisms and can also be directly delivered from
endosomes to mitochondria via a “kiss-and-run” mechanism, character-
ized by the docking of iron-containing endosomes or vesicles to the outer
mitochondrial membrane followed by the passing over of iron to mitoferrin
(Bresgen et al. 2015). This mechanism enables a direct transfer of iron to
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the mitochondria, which may be beneficial under physiologic conditions
but can have deleterious effects under conditions of iron overload, as those
observed upon administration of iron or iron oxide nanoparticles. Trans-
fers involving free Fe2+ ions represent a constant hazard of Fenton reactions
and their consequent generation of ROS and derived oxidative stress (Bres-
gen et al. 2015). The highly reactive hydroxyl radical can damage macro-
molecules within mitochondria, including lipids, proteins, and DNA, and
generate genomic instability, organelle dysregulation, and cellular injury
or apoptosis (Guo et al. 2013). Therefore, by disrupting the natural balance
between generated ROS species, antioxidant defenses, and repair enzymes
in mitochondria, zero-valent iron and iron oxide nanoparticles can lead to
mitochondrial dysfunction and apoptosis through the transfer of free Fe2+

ions to the organelle.
1.2 Sources of oxidative stress in SPIONs. Superparamagnetic iron oxide

nanoparticles (SPION), and the equivalent for iron oxide nanoparticles,
have been associated with four primary sources of oxidative stress: (a)
direct generation of ROS from the surface of the nanoparticle, (b) produc-
tion of ROS via leaching of iron molecules from the surface due to enzy-
matic degradation, (c) alteringmitochondrial and other organelle functions,
and (d) induction of cell signaling pathways together with their consequent
activation of inflammatory cells, which results in the generation of ROS
and reactive nitrogen species (Buzea et al. 2007; Mahmoudi et al. 2012).
Protein and lipid oxidation by SPIONs has also been reported (Stroh et al.
2004; Singh et al. 2010; Wei et al. 2016).

2. Inflammation
Inflammation is the major process through which the body repairs tissue

damage and defends itself against foreign materials. Acute inflammation is
typically caused by an external chemical, mechanical, or pathogenic influ-
ence, has a relatively short duration (hours to days), and is a necessary pro-
tection tool that removes foreign bodies and damaged tissue, preventing fur-
ther damage (Stevenson et al. 2011). As explained previously, tissue-resident
macrophages are involved in the primary immune response of tissues, produc-
ing various cytokines and immune regulators. Upon macrophage interaction
with nanoparticles, macrophages can get polarized toward pro-inflammatory or
anti-inflammatory phenotypes depending on the nanoparticle type (Miao et al.
2017; Reichel et al. 2019). The net effect of such a polarization may be the dis-
ruption of the stable equilibrium between macrophage-produced pro- and anti-
inflammatory cytokines, a fact that has been linked to the pathogenesis of a num-
ber of inflammatory disorders, e.g., tumor necrosis factor-α (TNF-α) cytokine
related to rheumatoid arthritis (RA) (Stevenson et al. 2011). Furthermore, oxida-
tive stress also results in the release of cytokines. Indeed, several reports demon-
strate that the exposure to nanomaterials is associated with inflammation, with
various particle-related parameters, like size, playing a defining role (Kharazian
et al. 2018; Manshian et al. 2018; Gojova et al. 2007; Deng et al. 2011).
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3. Cell membrane damage
Nanoparticles have been involved in cell and organelle membrane damage

throughvariousmechanisms, typically dependingonnanoparticle attributes, such
as size, surface charge, or hydrophilicity (Leroueil et al. 2007; Fischer et al. 2003;
Contini et al. 2018; Chen et al. 2009a; Zhu et al. 2013a; Beddoes et al. 2015).
Nanoparticles can cause cell membrane disruptions and, eventually, cell death
(Ali and Rytting 2014; Pietroiusti 2012). Hemolysis, or the damage of red blood
cell membrane, is one insightful parameter to measure nanoparticle-induced tox-
icity when interactions with the bloodstream are envisaged. Noteworthy, cell
transfection and in vivo gene delivery applications rely upon nanostructures that
can non-selectively cross the cellmembrane and access the cytosolwithout induc-
ing major cytotoxic effects. A vast literature supports the idea that polycationic
organic polymers, such as PLL (polylactic acid), PEI (polyethyleneimine), and
PAMAM(polyamidoamine) dendrimers, permeabilize the cell plasmamembrane
and, if sufficiently concentrated, result in cell lysis (Leroueil et al. 2007; Fischer
et al. 2003; Hong et al. 2004, 2006). Regarding inorganic nanomaterials, exam-
ples abound too; for instance, copper metal (Cu; 100–200 nm size) and Cu–Zn
(3.8 nm size) alloy nanoparticles induced significant membrane damage upon
exposure to lung epithelial cells (A549), while CuO (20–50 nm) nanoparticles
showed no such effect (Karlsson et al. 2013). Iron oxide nanoparticles coatedwith
a copolymer of chitosan and PEG could pass the blood-brain barrier (Veiseh et al.
2009a), though other formulations could achieve the same result after magnetic
field application and radiofrequency radiation to modulate blood-brain barrier
integrity, thereby increasing its permeability (Busquets et al. 2015a). Nakamura
and Watano have compiled information about organic and inorganic nanoma-
terials passing through the cell membrane, either by endocytosis or by direct
penetration (Nakamura and Watano 2018). Whether such nanomaterial passages
through the cell membrane elicit irreversible damage and nanotoxicity or not,
that certainly depends on administered concentration and nanoparticle proper-
ties. Cell membrane damage can be determined by measuring the degree to
which lactate dehydrogenase (LDH), a cytosolic enzyme present in many differ-
ent cell types, leaks from the cells (Decker and Lohmann-Matthes 1988). The
amount of enzyme that leaks into the extracellular medium can be quantified by
an enzymatic reaction that colorimetrically indicates the amount of LDH present.

4. Genotoxicity
Alterations in cell redox equilibrium between generated reactive oxygen

species and antioxidant elements result in oxidation of critical cell biomolecules,
like membrane lipids or nuclear DNA. DNA damage covers a wide range of
DNA lesions, which include genome rearrangements, strand breaks, and the for-
mation of modified DNA bases. These different types of DNA lesions can lead to
chromosomal aberrations, gene mutations, apoptosis, carcinogenesis, or cellular
senescence if left unrepaired (Singh 2017). Epidemiological, in vitro, and in vivo
studies show that nanoparticles of various materials (diesel, carbon black, weld-
ing fumes, and transition metals) are genotoxic to humans and rats (Buzea et al.
2007). DNA damage was observed upon cell exposure to TiO2 (Kansara et al.
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2015), cobalt (Wan et al. 2017), silver (Ahamed et al. 2008), carbon nanotubes
and graphite nanofibres (Lindberg et al. 2009), and iron oxide (Ahamed et al.
2013; Alarifi et al. 2014) nanoparticles. Furthermore, some nanomaterials, such
as metal and metal oxide, quantum dots, fullerenes and fibrous nanomaterials,
were found to induce chromosomal fragmentation, DNA strand breakages, point
mutations, oxidativeDNAadducts, and alterations in gene expression, sometimes
even through cellular barriers (Singh et al. 2009; Bhabra et al. 2009).

5. Others
Nanoparticles can cause negative physiological effects, such as inflammation,

immune system response, autophagy dysfunction, ultrastructural changes in cell
or cell organelle morphology, inhibition of cell growth and cell death, among
others, thatmay partially or completely impair normal cell and organ functioning.

Autophagy and lysosomal dysfunction are proposed as emerging mechanisms of
nanomaterial toxicity (Stern et al. 2012; Wang et al. 2018). Since most endocytosed
nanoparticles accumulate within the lysosomal compartments without evident exit,
the evaluation of the effects of nanoparticle accumulation in lysosomes, as well
as in autophagy, a lysosomal degradative pathway, needs to be addressed. If the
nanoparticles are taken up into the lysosomal compartment but are not biodegradable,
they could potentially accumulate there and cause lysosomal dysfunction and hence
cellular toxicity.

Nanoparticle Uptake by Cells

Cell–nanomaterial interactions also comprise cell internalization of nano-objects,
unspecific adsorption of nanoparticles to the cell membrane, as well as induced cell
responseswhen nanoparticles are functionalizedwith, e.g., targets of cell receptors or
specific ligands that promote cell membrane permeabilization, as already discussed
(Oh andPark 2014;Gratton et al. 2008;Beddoes et al. 2015; Salatin et al. 2015;Kurtz-
Chalot et al. 2014; Pan et al. 2018). Nanoparticles adsorbed on cell membranes can
block cellular ducts, cause structural changes to the membranes, or inhibit mobility
and nutrient or ion intake and result in cell death (Kurtz-Chalot et al. 2014; Pan et al.
2018;Warren andPayne 2015).Nanoparticles have been functionalizedwith a variety
of biomolecules that can bind to cell membrane receptors and promote nanoparticle
internalization, e.g., endothelial growth factor (EGF)-functionalized nanoparticles to
target EGF receptor (EGFR), folate-functionalized nanoparticles to target the folate
receptor, RGD peptide, integrin receptor, among others (Xu et al. 2013).

When nanomaterials extravasate and leave circulation, they encounter the extra-
cellular matrix (ECM), composed of proteins, polysaccharides, and glycoproteins.
Through water channels present at the ECM, some biomolecules, but also nanopar-
ticles, can pass through the ECM. As partitioning across membranes is not possible
for macromolecules, entry into cells is largely governed by biological mechanisms
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of endocytosis. These include the uptake of large particles (0.25–10 μm) by phago-
cytosis, performed by specialized cells such as macrophages and neutrophils, and a
variety of other endocytic processes at a smaller scale (Garnett and Kallinteri 2006).
Most of these endocytic routes end up in a degradative compartment of the cell, the
lysosome, where materials are exposed to acidic pH and high concentrations of a
wide variety of hydrolytic enzymes active on proteins, polysaccharides, and nucleic
acids (Garnett and Kallinteri 2006; Foroozandeh and Aziz 2018). The hostile lyso-
somal can degrade all but the most biopersistent of the nanomaterials. In addition to
the endolysosomal pathway, recent evidence suggests nanomaterials can also induce
autophagy (Stern et al. 2012).

Technologies based on cell/organ imaging, targeted drug delivery, or localized
therapy depend on nanoparticle uptake by cells. The safety of these techniques
depends, however, on cellular uptake of nanoparticles without affecting normal
cellular function, both at the target site and elsewhere in the body (Buzea et al.
2007).

A battery of cellular tests exists that can elucidate the actual mechanisms involved
in cellular toxicity, such as the MTT or MTS assays that assess cell metabolic activ-
ity relying on the presence of cellular oxidoreductases (NADPH) enzymes in the
cytosol, or the LDH assay that analyzes the activity of the cytoplasmic enzyme lac-
tate dehydrogenase when released to culture media upon cell membrane damage.
These methods will be described, and examples are provided in Sect. 13.2.

Nanomaterial Properties Affecting Cells and Organs

Nanomaterials properties are critical at defining possible cellular responses when
interaction takes place. It is generally believed that the interactions with biologi-
cal components (e.g., proteins, opsonins), cellular uptake, in vivo fate, and toxicity
of nanoparticles are strongly correlated with their physicochemical characteristics.
Some relevant properties include size, size uniformity, shape, composition, surface
area, surface charge, state of aggregation, degree of crystallinity, aspect ratio, surface
functionalization, aging in biological media, and the potential to generate ROS (Oh
and Park 2014; Buzea et al. 2007; Zhang et al. 2012a). Plentiful reviews provide
a comprehensive description of these factors and their implication in toxicological
responses (Shvedova et al. 2010; Buzea et al. 2007; Arami et al. 2015; Crisponi 2017;
Zhang et al. 2012a). For that reason, we are going to refer to some of them and to
focus on magnetic nanomaterials.

1. Size
Size is a significant property that can influence the toxicity of amaterial and its

distribution within the body and the cell (Nabiev et al. 2007). Numerous studies
have demonstrated size-dependent cell toxicity and organ biodistribution (Kim
et al. 2012; Vedantam et al. 2013; Feng et al. 2018a; Xie et al. 2016). In a recent
study, Xie et al. investigated the effect of iron oxide (Fe3O4) nanoparticle size
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onto cytotoxicity in twohumanhepatoma cell lines, SK-Hep-1 andHep3B.While
6-nm-size nanoparticles exhibited negligible cytotoxicity, 9-nm nanoparticles
affected cytotoxicity throughmitochondrial dysfunction andby inducingnecrosis
through mitochondria-dependent ROS generation. On the other hand, 14-nm
nanoparticles were found cytotoxic by impairing the integrity of the plasma
membrane and promoting massive lactate dehydrogenase leakage (Xie et al.
2016). In an in vivo trial with naked gold nanoparticles, those with sizes ranging
from 8 to 37 nm induced severe sickness in mice, such as fatigue, loss of appetite,
change of fur color, and weight loss. From day 14, mice in this group exhibited
a camel-like back and crooked spine, and the majority of mice in these groups
died within 21 days. However, researchers could not find sickness or lethality
in mice injected with gold nanoparticles of 5 and 3 nm (Chen et al. 2009b).
Iron oxide nanoparticles with a hydrodynamic diameter higher than 100 nm
quickly accumulate in the liver and spleen through macrophage phagocytosis
and entrapment in liver and spleen sinusoids, while nanoparticles below 10–
15 nm (SPIOs) are likely to be eliminated through the kidneys (Arami et al.
2015; Amstad et al. 2011). Importantly, nanoparticle size is a relevant factor to
promote the unspecific retention of nanoparticles in tumors through the enhanced
permeation and retention mechanism (Barry 2008).

2. Size uniformity, shape, composition, and surface charge
Size uniformity of nanoparticles is a prerequisite for the proper evaluation of

any type of nanomaterial to be employed in biological applications. Low poly-
dispersity index nanomaterials are desirable for repeatable performance. Consid-
ering the shape, generally, one-dimensional nanostructures, such as polymer fil-
aments, carbon nanotubes, and gold nanorods with a high length-to-width aspect
ratio, have shown longer blood circulation times over the spherical counterparts
(Arami et al. 2015). Short-rod mesoporous silica nanoparticles (MSNs) are eas-
ily trapped in the liver, while long-rod MSNs distribute in the spleen. MSNs are
mainly excreted by urine and feces, and the clearance rate of MSNs is primar-
ily dependent on the particle shape, where short-rod MSNs have a more rapid
clearance rate than long-rodMSNs in both excretion routes (Huang et al. 2011a).
Moreover, carbon nanotubes can interact directly with the cellular cytoskeleton,
including the microtubule system during the formation of the mitotic spindle
apparatus, leading to aberrant cell division (Sargent et al. 2009).

Composition is another factor that influences the toxicity of nanomaterials.
Quantum dots (QD), for instance, may create a health hazard due to the presence
of toxic heavymetal elements. Itmay, however, be possible to reduce the potential
toxicity of nanomaterials such as QDs by adding a coating or nanoshell: Core–
shell CdSe/CdS/ZnS QDs demonstrated acceptable cytotoxicity (as determined
with the MTT test) after 48-h incubation with HeLa cells (Tasso et al. 2015).
As stated in previous subsections, iron and iron oxide nanomaterials are, per se,
biocompatible, so toxicity related to composition is not a concern, unless toxicity
arises from the composition of surface functionalization.

Surface charge is another critical parameter that influences protein adsorption,
the formation of the protein corona, and the subsequent biological behavior of the
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nanoparticle. Positively charged SPIO nanoparticles interact with the negatively
charged cell membrane more than their negatively charged or neutral counter-
parts (Thorek and Tsourkas 2008). Increased in vitro cytotoxicity and in vivo
pulmonary toxicity have been observed for cationic polystyrene nanospheres
when compared with anionic or neutral polystyrene (Xia et al. 2008).

3. Surface functionalization and aging in biological media
Surface functionalization may contemplate both the addition of a shell around

the nanoparticle core and the surface binding of (bio)macromolecules, polymers,
short peptides or others, commonly referred to as ligands.

3.1 Shell: Since pure metals, such as Fe, Co, and Ni and their metal alloys, are
very sensitive to air, covering them with a shell could prevent oxidation
and hence the release of metal ions to the biological environment. Coatings
with inorganic components, like silica, carbon, precious metals (Au, Ag),
or oxides, have been reported (Lu et al. 2007). Noteworthy, the shell can
also serve the purpose of carrying a drug or a fluorescent label.

3.2 Ligand: Without a ligand, nanoparticles would rapidly aggregate through
interactions between themselves or with biological molecules and precipi-
tate out of solution. Commercially available superparamagnetic iron oxide
NPs are typically coated with sugars, such as dextran, or synthetic polymers
such as silicone. These ligands have high molecular weights (>10 kDa) and
poor affinity to the iron oxide core, which leads to the frequent binding of
several particles. When shorter (molecular weight <10 kDa) ligands with
a precise control over their structure are employed, higher reproducibil-
ity, nanoparticle stability, and narrower particle distributions are obtained.
Rational design of ligands include the presence of (a) anchoring groups,
(b) spacing groups, and (c) biofunctionalization groups (Amstad et al.
2011). Anchoring groups are especially relevant at ensuring a strong bind-
ing between the ligand and the nanoparticle surface, which in turns prevents
ligand desorption from the surface or even its displacement by competitive
species (e.g., proteins) present in biological media, as well as particle aggre-
gation. This is particularly important in conditions of high dilution, as those
employed in nanomedicine. Ligands that strongly bind to the nanoparticle
surface and have a good surface coverage can overcome the attractive van
der Waals and magnetic potentials imparting long-term colloidal stability
under dilute conditions, high salt concentrations, and elevated tempera-
tures (Amstad et al. 2011). Spacing groups are usually designed to contain
protein-repelling units, such as PEG or zwitterions, to render the nanopar-
ticle “stealth,” i.e., able to prevent protein/biomolecule adsorption. Stealth
nanoparticles are a sine qua non condition for in vivo applications and to
increase circulation time by preventing the binding of opsonin proteins and
therefore a prompt nanoparticle uptake by the RES system. Biofunction-
alization groups are added to enable bioconjugation of targeting species,
like folic acid to specifically direct nanoparticles to tumor tissue. Various
types of iron oxide nanoparticles conjugated to folic acid were recently



398 M. Tasso et al.

employed for imaging and therapy of different cancer types. (Bonvin et al.
2017; Huang et al. 2017; Li 2015).

A novel approach to nanoparticle coating relies on the use of the mem-
brane materials of the target cells, a strategy that could bypass immune
system recognition and rapid clearance, as well as homologous targeting
(Zhen et al. 2019). The red blood cell membrane-camouflaged nanoparti-
cles are the first reported cell-membrane biomimetic system, and currently
the most popular natural carriers in biomedical applications (Zhen et al.
2019).

3.3 Aging in biological media: Depending on the characteristics of the sur-
face ligands, nanoparticles in contact with biological media may suffer
from the unspecific adsorption of opsonins and other biomolecules that
will form a so-called protein corona. The formation of this protein corona
onto nanoparticles irremediably changes their innate physicochemical prop-
erties, such as size, surface charge, surface composition, biofunctionality
if target-recognition species were added, hence giving nanoparticles a new
biological identity (Corbo et al. 2016; Nguyen and Lee 2017; Lundqvist
2017; Yallapu et al. 2015). This nanoparticle–protein complex, not the bare
nanoparticle, determines various biological responses such as fibrillation,
cellular uptake, circulation time, bioavailability, and even toxicity (Nguyen
and Lee 2017). The major proteins that form the protein corona are albu-
min, fibrinogen, apolipoprotein, and immunoglobulin G, though their rel-
ative composition in the protein corona varies with the physicochemical
properties of the nanoparticles, as well as with the specific pool of pro-
teins present at a given place (Aggarwal et al. 2009). In other words, the
protein corona is dynamic. Nanoparticle hydrophobicity, size, and surface
charge determine the number and types of adsorbed proteins (Aggarwal et al.
2009). As previously explained, the formation of a protein corona is a pre-
lude for nanoparticle uptake by the RES system. Protein structural changes
upon binding may also be a cause for macrophage uptake. Nanoparticles
with bound albumin demonstrated increased circulation time and increased
tumor permeating rates (Aggarwal et al. 2009; Nguyen and Lee 2017).

Besides the almost immediate formation of a protein corona upon
nanoparticle interaction with biological fluids, long-term exposure can
result in nanoparticle partial degradation and continuous modifications of
its physicochemical properties, thereby altering the biological response. For
instance, silver nanodots encapsulated in silica demonstrated a survival half-
life of 2.6±0.3 h inDMEM, a typical cell culturemedium, prior degradation
of the silica outer layer. Though silica nanoparticles showed extraordinary
stability in PBS, a synergistic etching of silica by medium components,
particularly the amino-rich compounds in cell culture medium, as well
as blood, deteriorated the silica layers (Yang et al. 2018). Ligand desta-
bilization, nanoparticle aggregation and dissolution, dynamic exchange of
biomolecules onto the destabilized nanoparticle surface, catalytic processes,
among others, are all consequences of long-term nanomaterials aging in
biological conditions.
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Magnetic Nanomaterials and Their Applications
in Nanomedicine

1. Magnetic nanomaterials
There exist a wide range of magnetic nanomaterials that include oxides (γ-

Fe2O3, Fe3O4), pure metals (Fe, Co, Ni, etc.), ferromagnetic alloys (CoPt3, FePt,
FeNi, FeCo), or spinel-type ferromagnets (MgFe2O4, MnFe2O4, and CoFe2O4)
(Pankhurst et al. 2003;Wu et al. 2018; Lu et al. 2007; Biehl 2018). Although pure
metals are able to yield higher saturation magnetizations, they are not suitable
for clinical use due to their high toxicity and oxidative properties that result in
non-magnetic oxides (Wu et al. 2018; Biehl 2018). Similarly, since most of the
ferromagnetic alloys contain toxic components, like Co or Ni, they have been
excluded from biomedical applications.

The shape, size, and composition ofmagnetic nanoparticles depend on param-
eters such as the type and concentration of salts used like chlorides, sulfates, and
nitrates, ferrous and ferric ratio, pH and ionic strength of media, as well as on
the specific synthesis method (Banerjee et al. 2010; Lu et al. 2007; Biehl 2018).
For magnetic nanoparticles, nanoparticle stability and size have to be traded off
against high saturation magnetization (Ms) values, a key property in MRI appli-
cations (Jun et al. 2008). Ms is one essential parameter that describes magnetic
response: Higher MS enables easier magnetic separation and magnetic transport
to other locations, as well as induce highermagnetic field gradients if dispersed in
solutions and subjected to an external homogeneousmagnetic field (Amstad et al.
2011). Thesemagnetic field perturbations are responsible for changed relaxivities
r2 of water molecules measured in MRI. Thus, the higher the Ms of magnetic
nanoparticles with everything else being equal, the more effective they are as
MR contrast agents. Ms of magnetic nanoparticles is always below that of the
respective bulk materials and decreases with decreasing core size and with the
presence of surface ligands (Amstad et al. 2011; Jun et al. 2008). Properties such
as saturation magnetization, specific absorption rate (SAR), chemical stability,
scalability of the synthetic route, non-toxic composition, and narrow size distri-
bution are determinant of the potential for transfer of any of these materials to
the biomedical field.

2. Iron and iron oxide
Iron, one of the most abundant metallic elements in living organisms, is essen-

tial for various biological processes, such as oxygen transport by hemoglobin and
cellular respiration by redox enzymes. Iron oxide nanoparticles are one of the
few nanomaterials that can be injected into the body and incorporated into natural
metabolic pathways of the humans (Ling and Hyeon 2013). Fe3+ ions resulting
from iron oxide dissolution under acidic conditions can be fed into the natural iron
storage pathway. Compared with many other nanoparticles, iron oxide nanopar-
ticles are benign, non-toxic, and biologically tolerated. The most common bio-
compatible magnetic nanomaterials are pure iron oxides, such as maghemite
(γ-Fe2O3) and magnetite (Fe3O4). For in vivo use, iron-based magnetic particles
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have an attractive combination of high magnetization, well-described cellular
metabolism, and relatively low toxicity (Barry 2008). Also, iron oxide particles
under about 30 nm are superparamagnetic, with no magnetization in the absence
of an externally applied magnetic field that can lead to aggregation. Iron oxide
nanoparticles have been produced according to a variety of protocols resulting
in nano-objects of various sizes, shell types, ligands, and diverse interactions
with biological fluids, cells, and organs (Wu et al. 2018; Ling and Hyeon 2013;
Amstad et al. 2011; Lu et al. 2007).

Although iron oxide nanoparticles are relatively biocompatible, naked iron
oxide nanocrystals can contribute to in vitro cytotoxicity as a result of ROS
generation. Similarly, iron oxide nanoparticles doped with magnetically suscep-
tible elements (e.g.,MnFe2O4 and CoFe2O4), andmetal alloy nanoparticles (e.g.,
FeCo and FePt) are little employed in biomedical applications due to their poten-
tial toxicity and rapid oxidation, though their magnetism is stronger than for pure
iron oxide nanoparticles. In spite of its biocompatibility, iron oxide nanoparti-
cles are subjected to the release of iron from dissolved iron oxide nanoparticles:
When in the bloodstream, the amount of dissolved iron is negligible if iron
oxide nanoparticle concentrations in the μg kg−1 body weight range are injected
(Amstad et al. 2011); when accumulating locally, e.g., within the tumor tissue,
the amount of dissolved iron can prove toxic, though.

3. Applications of magnetic materials
Magnetic nanomaterials have practical applications in the biomedical field,

including magnetic cell labeling, separation, and tracking, for therapeutic pur-
poses in hyperthermia and drug delivery, and for diagnostic purposes, e.g., as
contrast agents for magnetic resonance imaging (MRI) or photodynamic therapy
(PDT) (Banerjee et al. 2010; Amstad et al. 2011; Paul and Sharma 2010). Mag-
netic nanoparticles are also being tested for tissue engineering applications, for
example, in the mechanical conditioning of cells growing in culture, and in mag-
netic biosensing, using, for instance, magnetic nanoparticles coupled to analyte-
specific molecules to detect target molecules via nanoparticle aggregation upon
target binding, and that monitored by changes in proton relaxation times on a
bench-top nuclear magnetic resonance system (Pankhurst et al. 2003; Banerjee
et al. 2010). For binding of nucleic acid molecules to nanomaterials and applying
a magnetic field to preferentially locate those nano-objects at the target site with
the posterior release of the genetic material, an application named gene therapy
has also been proposed (Dobson 2006). Alternatively named magnetofection,
this method has been used to site-specifically deliver SPIONs-PAA-PEI-pDNA
complexes to murine B16F1 melanoma cells, while SPIO nanoparticles bound to
siRNAs (targeting the HOTAIR sequence in human glioma) effectively mediated
low expression of HOTAIR and inhibited the proliferation, invasion, and in vivo
tumorigenicity of CD133+ human glioma stem cells (Fang et al. 2016; Prosen
et al. 2013).

For imaging, iron oxide nanomaterials are advantageous since they are bio-
compatible, biodegradable, and have deeper imaging penetration in tissues than,
for instance, fluorescent probes (quantum dots). Nevertheless, as previously
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explained, they can be uptaken, opsonized, and rapidly cleared from the body by
phagocytes. On the other hand, certain USPIO nanoparticles possess extended
residence time in the bloodstream that make them well suited for vasculature
imaging and also for imaging lesions where the particles can extravasate through
leaky vasculature, as occured in cancer tissue. For the latter, USPIOs can pro-
vide valuable information on cancer stage and potential for metastasis, increased
neovascularization, and vascular leakiness with tumor malignancy (Barry 2008).
Furthermore, USPIOs, such as ferumoxytol and ferumoxtran-10, have shown
excellent potential for brain tumor imaging because brain tumors often have an
impaired blood-brain barrier (Neuwelt et al. 2009). Finally, multimodal variants
of magnetic materials that include fluorescent nanoparticles for dual magnetic
and fluorescence imaging (Mulder et al. 2007; Kwon et al. 2018), magnetic
and photothermal (Nima et al. 2019), optoacoustic (Bell et al. 2019), or plas-
monic (Stafford et al. 2018) modalities are flourishing these days and show great
promise for enhanced diagnostics and therapy (Tomitaka et al. 2019). For further
examples about magnetic nanoparticle applications, the reader is conveyed to a
series of review articles (Pankhurst et al. 2003; Banerjee et al. 2010; Wu et al.
2018; Barry 2008; Lu et al. 2007; Huang et al. 2011b; Friedrich et al. 2007;
Singamaneni et al. 2011).

Further Considerations

Though in vitro and in vivo assays are a fundamental part of the toxicological eval-
uation of nanomaterials, they shall remain a first approximation to the problem in as
much as they do not consider aspects related to the long-term andwhole-body impact
of these nano-objects. Furthermore, in vitro assays should not only be restrained to
the cell type that is the expected target of that nanomaterial (e.g., cancer cells for
hyperthermia applications), but they should be widened to include all possible cell
types that will have potential interactions with that nanomaterial, such as blood cells
for systemic administration or the mucosa lining for inhalation of nanoparticles.
Macrophages in the different organs that compose the mononuclear phagocytic sys-
tem (MPS), as well as other cells representative of those organs, should also be
considered. In vivo experiments would substantially increase our understanding of
nanotoxicity if pharmacokinetic profiles and long-term toxicity of both, nanoparticles
and their degradation products, could be clearly and systematically addressed. Sys-
tematic preclinical and clinical studies in relevant animal or humanmodels should be
performed in order to elucidate clearance mechanisms and residual biodistribution
over several periods of time, e.g., from one day to months.

From the point of view of the nanomaterials, much is needed to foster mate-
rial characterization in physiologically relevant biological conditions. Colloidal and
chemical nanoparticle stability should be evaluated in blood serum and with suspen-
sions mimicking the mucous lining. A better approximation than phosphate buffer
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saline certainly consists in employing the serum-supplemented cell medium used for
culturing cells. Colloidal stability and its relationship to nanoparticle aggregation
and to potential toxicity or to an unintended nanoparticle removal from the body
due to its higher-than-expected size should be carefully considered prior incurring
in further in vivo tests. Similarly, chemical stability in different biologically rele-
vant media, specially at high and low pH, e.g., in the presence of enzymes, should
be systematically scrutinized to adopt strategies that limit nanoparticle degradation
and to be able to separate nanoparticle degradation products from the nanoparticle
characteristics themselves in toxicological examinations.

In Vitro Evaluation of Cytotoxicity

In vitro (toxicity) assays refer to experiments performed using subcellular systems
(e.g., organelles), cellular systems (e.g., cell cultures, barrier systems), tissues, or
whole organs.Within the context of nanomedicine, they are used to screen the adverse
effects of potentially therapeutic nanomaterials before their in vivo evaluation. The
toxicity ofmaterials is frequently assessed first in vitro in order to ascertain suitability
and dosage for further in vivo studies, thus reducing the use of research animals
(Sutariya 2015; Mitjans et al. 2018).

Cytotoxicity is a broad and ill-defined term that refers to the potential of a com-
pound (or treatment) to cause cell damage or death (Jain et al. 2018; Niles et al.
2008). Within this context, a material can be recognized as cytotoxic if alters cell
growth rate, attachment, or morphology, or causes cell death (Horváth 1980). Usu-
ally, the cytotoxicity of a test nanomaterial is determined by evaluating the number
of viable cells or some surrogate biomarker related to cell viability after a defined
incubation time (Riss et al. 2011). Alternatively, the number of damaged/dead cells
or parameters related to the degree of cell death, rather than cell viability, can be
determined. The former and latter strategies constitute the basis for the so-called cell
viability and cytotoxicity assays, respectively (Niles et al. 2008), though these terms
are frequently used interchangeably.

There are several methods described in the literature to assess cell viability and
cytotoxicity (Inglese 2010; Stoddart 2011; Gilbert and Friedrich 2017), ranging from
assays that measure dye inclusion (e.g., neutral red assay) or exclusion (e.g., Try-
pan blue assay), metabolic activity (e.g., MTT assay), activity of released enzymes
(e.g., LDH assay), apoptosis biomarkers (e.g., caspase 3/7 assay), the colony forma-
tion ability (i.e., clonogenic assay), among others. The instrumentation required for
these assays is very diverse, implying the use of optical, fluorescence or confocal
microscopy, flow cytometry, or microplate readers for absorbance, fluorescence, or
luminescence measurements, depending on the case.

In this chapter section, we will focus on microplate-based cell viabil-
ity/cytotoxicity assays. Compared to othermethodologies, these cost-effective assays
offer the possibility of assessing a large number of samples using simple equipment
(frequently available in most laboratories) in short periods of time (Niles et al. 2008;



13 Toxicity Assessment of Nanomaterials 403

Fig. 2 Schematic representation of the general procedure followed in microplate-based cell
viability/cytotoxicity assays

Riss et al. 2010). The general procedure for the evaluation of candidate nanomaterial
toxicity using thesemethods is schematized in Fig. 2. Briefly, the cell line (or primary
cell) of interest is seeded in a microplate and allowed to grow during a determined
time (usually 24 h). After this, cells are exposed to varying concentrations of the
nanomaterial under study for a given incubation time (usually 24–72 h). Then, the
assay reagent, which measures a surrogate biomarker, is added to the microplates
and allowed to react until the “response” is developed (usually in 10 min to 4 h). The
response (absorbance, fluorescence, or luminescence) is measured in a microplate
reader, and it is (ideally) proportional to the number of viable or damaged cells.When
a clear dose–response curve is observed, quantitative parameters are derived, being
the most important the inhibitory concentration 50 (IC50) which, in cell viability
assays, is the concentration that causes 50% of the measured response compared to
control cells not exposed to the nanomaterial.

Table 1 summarizes the cell viability/cytotoxicity assays that will be explained in
the following sections. They are based on the determination of cellular metabolic
activity (tetrazolium-based, resazurin-based, and ATP–luciferase assays), dye-
binding ability (neutral red and sulforhodamine B assays), or activity of released
enzyme (LDH assay). In addition, Table 1 collects the main references that
have applied these methods to study the cytotoxicity produced by (mostly iron
oxide-based) magnetic nanomaterials.

Tetrazolium Salt-Based Assays

This group of colorimetric assays is based on the ability of metabolically viable cells
to reduce tetrazolium salts into formazan products (Berridge et al. 2005). The first
widely accepted assay to determine cell viability based on this kind of compounds
was introduced by Mosmann in 1983 using MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) (Mosmann 1983).

MTT is a yellow dye that upon (intracellular) reduction forms a purple formazan
product (see Fig. 3a). The reduction is mainly catalyzed by dehydrogenases and oxi-
doreductases that use NADH and NADPH as cofactors (electron donors) and can
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Table 1 Main cell viability/cytotoxicity assays used for the evaluation of magnetic nanomaterials

Assay Principle Response Referencesa

Tetrazolium salts Metabolic activity
(NADH dehydrogenase)

Absorbance Arbab et al. (2003),
Choi et al. (2009),
Oliveira et al. (2013),
Cai et al. (2013), Zhu
et al. (2011), Xuan et al.
(2011), Schleich et al.
(2013), Halamoda
Kenzaoui et al. (2012),
Aranda et al. (2013),
Kunzmann et al. (2011),
Könczöl et al. (2011),
Zou et al. (2010), Zhu
et al. (2013b), Liu et al.
(2011), Li et al. (2013),
Hanot et al. (2015),
Klein et al. (2012), Lee
et al. (2009a), Hsiao
et al. (2008), Mejías
et al. (2013), Müller
et al. (2007), Costa
(2015), Sadeghi et al.
(2015)

Resazurin Metabolic activity
(NADH dehydrogenase)

Fluorescence Costa (2015), Kievit
et al. (2011), Guarnieri
et al. (2014), Narayanan
et al. (2012), Boyer
et al. (2010), Mok et al.
(2010),
Fernández-Bertólez
et al. (2018a), Kiliç
(2015), Kievit et al.
(2009), Sun et al.
(2008), Tse et al.
(2015), Lartigue et al.
(2012)

ATP–luciferase Metabolic activity (ATP
content)

Luminescence Khandhar et al. (2012),
Chu et al. (2013), Luo
et al. (2015), Joris et al.
(2016), Huth et al.
(2004), Park (2014),
Sharkey et al. (2017)

(continued)
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Table 1 (continued)

Assay Principle Response Referencesa

Neutral red Dye binding
(lysosomes)

Absorbance
Fluorescence

Könczöl et al. (2011),
Müller et al. (2007),
Costa (2015),
Fernández-Bertólez
et al. (2018a), Kiliç
(2015), Granot and
Shapiro (2011)

Sulforhodamine B Dye binding (proteins) Absorbance
Fluorescence

Hanot et al. (2015),
Wang et al. (2014), Shi
et al. (2013), Zheng
et al. (2018), Barick
et al. (2009), Thu
(2009), Shanavas et al.
(2017), Fu et al. (2017),
Guo et al. (2015)

Lactate dehydrogenase Enzyme leakage (LDH
activity)

Absorbance Malvindi et al. (2014),
Gaharwar et al. (2017),
Ahamed et al. (2013),
Choi et al. (2009),
Sadeghi et al. (2015),
Park (2014), Sharkey
et al. (2017), Soenen
et al. (2010), Hirsch
et al. (2013), Alarifi
et al. (2014), Han et al.
(2011)

aSelected references accounting for the use of these cell viability/cytotoxicity assays to determine
cytotoxicity of magnetic (mostly iron oxide-based) nanoparticles

take place at mitochondria, cytoplasm, and the plasma membrane (Berridge et al.
2005; Präbst et al. 2017). Since the formazan crystals are insoluble and intracellu-
larly formed, cell lysis (detergent solutions) and solubilization (organic solvents like
DMSO or isopropanol) steps are required prior absorbance measurement.

MTT assay can be used to determine viability of adherent or suspended cells from
animal, plant, or fungal origin, offering good sensitivity and wide linear dynamic
range (from 200–1000 to 50,000–100,000 cells, depending on the cell) (Präbst et al.
2017; Kupcsik 2011). In contrast to other well-established methods such as Try-
pan blue counting, 3H-thymidine incorporation, fluorometric DNA assays, or flow
cytometry-based techniques, MTT assay does not produce toxic or radioactive dam-
age and is faster, relatively cheap, and easy to perform requiring only simple instru-
mentation (Sylvester 2011). Owing to these features, the assay has become popular
in the screening of new drugs (Kupcsik 2011; Sylvester 2011).

In addition to MTT, other tetrazolium salts that produce water-soluble formazan
products have been developed. Among them, MTS (Barltrop et al. 1991; Cory et al.
1991), XTT (Scudiero et al. 1988; Paull et al. 1988), WST-1 (Ishiyama et al. 1993),
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Fig. 3 Reagents and reactions involved in the cell viability/cytotoxicity assays explained in
this section. a–d depict the reactions used in MTT, resazurin-based, ATP–luciferase, and LDH
assays, respectively. e and f show the chemical structure of the dyes used in the neutral red and
sulforhodamine B assays, respectively
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and WST-8 (Tominaga et al. 1999) are the most widely used. In these compounds
(and their derived formazans), the solubility is increased by decorating their phenyl
moieties with sulfonates groups. Contrary to MTT, which is weakly cationic, these
derivates are neutral or negatively charged and, as consequence, their passage through
the cellular membrane is restricted. Therefore, the reduction of these molecules
is mainly performed extracellularly, and intermediate electron acceptors, such as
5-methyl-phenazinium methyl sulfate (PMS) or 1-methoxy-5-methyl-phenazinium
methyl sulfate (mPMS), are used to link the intracellular metabolism with the
extracellular reduction (Berridge et al. 2005; Präbst et al. 2017; Cory et al. 1991).

The assays that use water-soluble formazans require fewer experimental steps
(lysis and solubilization steps are no longer necessary) are more sensitive and present
less cytotoxicity than MTT assay (Kupcsik 2011; Berridge et al. 1996; Bernas and
Dobrucki 2002). Moreover, owing to the solubility of the reduced product and
the absence of lysis and solubilization steps, they can be used in real-time assays
(Berridge et al. 2005).

The practical procedure can be summarized as follows. For MTT assay, after
incubation of cells with the test nanomaterial, the culture medium is removed and
the cells washed with PBS. Then, the cells are incubated with MTT (dissolved in
culture medium) for 1–4 h. The incubation timewill depend on cell type, cell density,
and incubation conditions among other variables. After this step, the medium is
removed and the cells are incubated under shaking with the lysis solution (~10 min),
followed by incubation with the solubilization solvent (~10 min). Depending on
the commercial kit used, these steps may be combined into a unique one. Once
solubilization is achieved, the absorbance is read at 570–590 nm.

In the cases ofMTS,XTT,WST-1, andWST-8assays, after incubation (1–4h)with
the tetrazolium compound, the absorbance is directly measured without performing
any lysis or solubilization step. These soluble formazan products present maxima at
around 450–500 nm, depending on the dye used (Berridge et al. 2005; Barltrop et al.
1991; Cory et al. 1991; Scudiero et al. 1988; Paull et al. 1988; Ishiyama et al. 1993;
Tominaga et al. 1999).

Resazurin-Based Assay

Resazurin is a blue dye that upon reduction by metabolically active cells is converted
to resorufin, a pink-colored dye which exhibits red fluorescence (see Fig. 3b). Dis-
covered by Weselsky (Weselsky 1871) in the nineteenth century and used to assess
metabolic activity since the late 1920s (for the evaluation of microbial contamina-
tion in milk) (Palmer et al. 1930), this redox indicator has been applied to study the
growth/viability of different organisms, ranging from bacteria to mammalian cells
(O’Brien et al. 2000).

The reductionof resazurin has been attributed to the enzymatic activity of dehydro-
genases, oxidoreductases, and cytochromes that use NADH and NADPH as electron
sources, located in the mitochondria, cytosol, and microsomes (O’Brien et al. 2000;
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Gonzalez and Tarloff 2001; Candeias et al. 1998). Many of the enzymes that reduce
resazurin have shown to reduceMTT as well (Niles et al. 2008; Gonzalez and Tarloff
2001). Both resazurin and its reduced form resorufin are water-soluble and able to
diffuse through cell membrane. Resorufin can be further reduced to dihydroresorufin
if cells are incubated for too long with the redox indicator or high cell density is used
(Präbst et al. 2017; O’Brien et al. 2000; Twigg 1945; Nakayama et al. 1997). The
latter is not fluorescent and toxic to cells, and its presence may lead to inaccurate
results.

Considering that resazurin has an absorbance maximum at 605 nm (and is weakly
fluorescent) and resorufin presents an absorption peak at 573 nm and fluoresces with
excitation/emission maxima at 579/584 nm, the assay may be performed colorimet-
rically or fluorometrically, though the second option is preferred because it provides
greater sensitivity (Präbst et al. 2017; Czekanska 2011).

The assay is simple, relatively rapid, cost-effective, and safe. If executed by mea-
suring fluorescence, it is able to achieve remarkable sensitivity (better than tetra-
zolium assays) and linear dynamic range (200–50,000 cells, in 96-well plate, depend-
ing on cell type) (O’Brien et al. 2000; Czekanska 2011; Riss and Moravec 2006).
Moreover, resazurin assays can be multiplexed with other methods (e.g., caspase
assay, LDH assay, Hoechst stain) (Wu et al. 2009; Wȩsierska-Ga̧dek et al. 2005)
and, to a certain extent, used for high-throughput screening (Riss et al. 2010; Hamid
et al. 2004).

The practical procedure can be summarized as follows. After incubation of cells
with the test nanomaterial, the culture medium is removed and the cells washed.
Then, the cells are incubated with resazurin reagent (dissolved in culture medium)
for 1–4 h. As in the case of MTT, incubation time must be optimized for each
cell type and incubation conditions. After incubation, the assay is read in a fluores-
cence plate reader using 560 and 590 nm as excitation and emission wavelength,
respectively. Alternatively, absorbance can be measured (losing sensitive compared
to fluorescence). In this case, both resazurin and resorufin contributions to the total
absorbance should be considered.

ATP–Luciferase Assay

ATP (adenosine triphosphate) is the most important energy carrier molecule in cells,
used to drive a variety of biochemical processes. In living animal cells, ATP is mainly
produced bymitochondria, through the enzymes of the respiratory chain, and a lesser
amount is generated by glycolysis in the cytosol (Alberts 2015). Dead cells lose
the ability to synthesize new ATP, and the remaining ATP is rapidly depleted by
endogenous ATPases. Owing to this, ATP is considered a well-founded marker of
cell viability (Riss et al. 2006).

The assessment of cell viability using ATP quantification is performed by taking
advantage of the firefly luciferase enzyme (Lundin et al. 1986). The luciferase is
able to oxidize the pigment d-luciferin, in the presence of ATP (O2 and Mg2+ are
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also required), to oxyluciferin (see Fig. 3c). The reaction also produces ADP, PPi,
CO2, and the emission of light (luminescence). The emitted light is proportional to
ATP concentration, and this latter is proportional to the number of viable cells. Since
ATP is intracellularly located, a lysis step is performed before (or together with) the
enzymatic reaction.

In its current versions, the ATP–luciferase assay presents outstanding features
(Niles et al. 2008; Riss et al. 2011). The low background luminescence provides the
assay with a high signal-to-noise ratio that makes it extremely sensitive, being able
to detect even 4–5 cells in a well in 384-well plates. In addition, the assay possesses
a wide linear dynamic range, typically from 50 to 50,000 cells (in 96-well plates)
(Riss and Moravec 2006). On the other hand, it is really simple to perform, only
having a few steps, and it is fast (results can be obtained in less than 30 min).

The practical procedure can be summarized as follows. After incubation of cells
with the test nanomaterial, a reagent containing a detergent (to lyze cells), ATPase
inhibitors (to stabilize the released ATP), the substrate luciferin and the luciferase,
is added to cells and incubated for few minutes under shaking. Then the plates
are left stand for 5–10 min (for luminescence stabilization). After this period, the
luminescence is measured using a luminometer.

Neutral Red Uptake Assay (NRU Assay)

Neutral red (3-amino-7-dimethylamino-2-methylphenazine hydrochloride, see
Fig. 3d) is a weakly cationic dye that at physiological pH presents almost no net
charge, enabling it to penetrate the cell membrane by non-ionic diffusion. Inside
the cell, it accumulates in lysosomes owing to a proton gradient that maintains the
pH lower than that of the cytoplasm. In such condition, the dye becomes positively
charged and remains retained in the lysosomes.

The ability of cells to uptake neutral red relies on their capacity to maintain
pH gradients through the production of ATP. Dead cells, or those which cannot
maintain the correct pH gradient, are not able to retain the dye. As a consequence, the
amount of retained dye is proportional to the number of viable cells. Furthermore, the
incorporation, binding, and cell retention of neutral red can be affected by alterations
of lysosomal membrane or cell surface in viable cells.

The neutral red uptake assay presents many advantages. It is fast (3–4 h), cheap,
relatively simple to perform, and very sensitive, and it can be used to test viability on
most animal cells (primary cells and cell lines).Moreover, it is suitable for automation
and high-throughput screening of test compounds (Bouhifd et al. 2012; Rodrigues
et al. 2013). Compared to tetrazolium salt-based assays, the NRU assay is more
sensitive, presents fewer interferences, uses more stable reagents, and is cheaper
(Borenfreund et al. 1988), while it is simpler and cheaper than sulforhodamine B-
based assay (Vichai and Kirtikara 2006). Perhaps one of its main drawbacks is that
once started, it must be completed immediately without the possibility of pausing
the sequence by adding a stop reagent or freezing the cells (Repetto et al. 2008).
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The practical procedure can be summarized as follows. After incubation of cells
with the test nanomaterial, the culture medium is removed and the cells washed
with PBS. Then, the cells are incubated with neutral red containing culture medium
for 1–3 h. After this step, the medium is removed and the cells are washed with
PBS again. Thereafter, the incorporated neutral red is extracted from the cells using
a destaining solution (usually containing ethanol and acetic acid) that is applied
for 10–40 min under shaking until a homogeneous solution is formed. Finally, the
absorbance of the neutral red extract is read at 540 nm. Alternatively, it is possible
to use the fluorescence of neutral red to quantify the dye with higher sensitivity and
fewer interferences. In this case, the measurement is performed using excitation and
emission wavelengths of 530 nm and 645, respectively (Repetto et al. 2008).

Sulforhodamine B Assay (SRB Assay)

The SRB assay is based on the measurement of cellular protein content in order to
determine cell density/viability. The assay was developed by Skehan et al. (1990),
and since then it has become a popular method for cytotoxicity screening of test com-
pounds (Vichai and Kirtikara 2006; Woolston and Martin 2011). Sulforhodamine B
(SRB) is a bright pink aminoxanthene dye that possesses two sulfonic groups in
its structure (see Fig. 3e). Owing to these groups, the dye binds to basic amino
acid residues in proteins under mild acidic conditions and dissociates from them
under basic condition. In the assay, after the binding of SRB to proteins of cells
fixed with trichloroacetic acid (TCA), the dye is extracted and quantified spec-
trophotometrically. The amount of extracted dye is (ideally) proportional to cell
mass/number.

As a result of the strong absorbance presented by SRB, the assay is very sensitive,
showing higher sensitivity than other protein-staining colorimetric methods, such as
Lowry andBradford (Skehan et al. 1990), and comparable to fluorescent dye-staining
methods likeDAPI andHoechst 33342 (McCaffrey et al. 1988).Moreover, it presents
the advantage that TCA-fixed cells and SRB-stained cells can be stored indefinitely
at room temperature. On the other hand, the multiple washing and drying steps may
discourage some people from using the assay (Woolston and Martin 2011), which
also makes the method hard to automate (Vichai and Kirtikara 2006).

It is important to mention that unlike cell viability assays based on metabolic
activity (e.g., tetrazolium salt- or resazurin-based methods) that only detect viable
cells, SRB assay does not distinguish between viable and live cells. In spite of this
fact, the ability of SRB assay to evaluate cell viability and cytotoxic effects is not
compromised. For instance, as demonstrated in the works by Rubinstein et al. (1990),
Haselsberger et al. (1996), Perez et al. (1993), the results obtained with SRB assay
correlate fairly well with those derived from MTT assay, being the main difference
the slightly higher IC50 values estimated for the tested compound when SRB assay
was used.
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The practical procedure can be summarized as follows. After incubation of cells
with the test nanomaterial, the cells are fixed by the addition of a TCA aqueous solu-
tion and incubated at 4 °C for 1 h. If the tested material does not interfere with SRB,
the later step can be performed without changing the incubation media. Then, the
plates arewashedwithwater (several times) and dried. At this point, the SRB solution
(usually SRB in 1% v/v acetic acid) is added, the plates incubated for 10–30 min at
room temperature, and then rinsed with acetic acid solution, to remove unbound dye,
and dried thereafter. After this step, the solubilization of SRB is performed by adding
a base solution (usually Tris Base solution; pH ~10.5). Finally, the absorbance of the
SRB extract is measured at 564 nm. In the case of high absorbance values (above the
linear range of the instrument), readings at suboptimal wavelengths (490–530 nm)
are recommended. In addition, SRB amounts can be determined fluorometrically
using 488 nm and 585 nm as excitation and emission wavelengths, respectively.

Lactate Dehydrogenase Assay (LDH Assay)

Lactate dehydrogenase is a tetrameric enzyme present in the cytosol of almost all
living cells that catalyzes the conversion of pyruvate to lactate and, depending on
the conditions, is able to catalyze the reverse reaction. Owing to the intracellular
location of the enzyme, LDH assay has been considered a gold standard for assessing
membrane integrity and has a long tradition in the evaluation of cell or tissue damage
(Kroll et al. 2012; Koh and Choi 1987).

In order to measure LDH activity, the medium containing the enzyme is incubated
with lactate (substrate) and NAD+ (cofactor) which are converted to pyruvate and
NADH, respectively. The produced NADH is used by a diaphorase to reduce a tetra-
zolium salt (2-(4-iodophenyl)-3-(4-nitrophenyl)-5-phenyl-2H-tetrazolium; abbrevi-
ated as INT) yielding a cherry red formazan product that can be quantified by its
absorbance at 492 nmandwhich is proportional toLDHactivity (see Fig. 3f) (Nachlas
et al. 1960).

The LDH assay can be used to assess membrane damage/cell lysis (as a cytotoxic-
ity assay) by measuring LDH activity on the culture supernatants after incubating the
cells with the test compound for a determined time. In this case, the higher the LDH
activity measured, the higher the number of damaged/dead cells. Alternatively, it can
be used to estimate the total cell number (viable and non-viable) by incorporating
a cell lysis step (to release LDH from non-damaged cells) prior determination of
enzymatic activity (Riss and Moravec 2006). An aqueous solution of Triton X-100
is frequently used to perform the lysis step. In this case, the higher the detected LDH
activity, the higher the cell number.

The practical procedure can be summarized as follows. For assessing membrane
damage (cytotoxicity), after incubation of cells with the test nanomaterial, aliquots
from culture supernatants are transferred to a new microplate and incubated with the
reagent used for measuring LDH activity (containing lactate, NAD+, diaphorase, and
INT) for around 30 min at room temperature. Then, absorbance is read at ~490 nm.
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On the other hand, to estimate total cell number, after incubation with the test nano-
material and prior LDH activity measurement, the samples are incubated with a lysis
solution (usually containing Triton X-100) for 45–60 min at 37 °C. Then, aliquots
are transferred to a new microplate, and the procedure retaken as explained before.

In Vitro Evaluation of Genotoxicity

The term genotoxicity refers to the ability of a compound (or treatment) to induce
damage in the genetic material (Doak et al. 2017; Kumar and Dhawan 2013). The
damage may involve small lesions at DNA level (e.g., strand breaks, adducts, abasic
sites, and point mutations) or abnormalities in chromosomes (e.g., alterations in
the number of chromosomes, termed aneuploidy, and chromosome fragmentation,
termed clastogenicity). The damage caused by genotoxic agents may or may not be
transmitted to the next generation of cells. On the other hand, when an agent causes
an alteration in the genetic material that is fixed and transmitted to daughter cells, it
is considered a mutagen (Benigni and Bossa 2011).

Among the differentmethodologies used for the evaluation of genotoxicity (Sierra
and Gaivão 2014; Dhawan and Bajpayee 2013; Graziano and Jacobson-Kram 2015),
the comet and the micronucleus assays are the most popular tools for the screening
of genotoxic potential of nanomaterials (Kumar et al. 2018; Azqueta et al. 2015;
Magdolenova 2014) and will be described in the following subsections. The former
is devoted to the detection of primary DNA damage, while the latter is performed to
ascertain chromosomal aberrations in proliferating cells. Lesions detected by comet
assay are potentially reversible, while those detected by micronucleus assay are
irreversible. Table 2 summarizes the main concepts behind these two assays and
collects the main references that applied them to study genotoxicity produced by
(iron oxide-based) magnetic nanomaterials.

Comet Assay

The comet assay, also known as single-cell gel electrophoresis assay, is a widespread
technique used to detect primary DNA damage at early stages, by measuring DNA
strand breaks in individual cells. It was first introduced by Ostling and Johanson
(neutral version of the assay) for the study of DNA damage induced by radiation
in single cells (Ostling and Johanson 1984). Later, Singh and coworkers developed
the alkaline version of the assay (Singh et al. 1988), which is more sensitive toward
smaller amounts ofDNAdamage, being able to detect single and doubleDNAbreaks,
alkali-labile sites, among other damages (Singh et al. 1988; McKelvey-Martin et al.
1993; Fairbairn et al. 1995). This version is the recommended andmostwidely spread
to identify agents with genotoxic activity (Tice et al. 2000), and in this subsection,
we will only refer to it.
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Table 2 Main assays used for the assessment of genotoxic potential of magnetic nanomaterials

Assay Damage detected Required equipment Referencesa

Comet assay DNA primary damage
(potentially
reversible)

Gel electrophoresis
equipment
Fluorescence
microscope

Malvindi et al. (2014),
Ahamed et al. (2013),
Könczöl et al. (2011),
Fernández-Bertólez
et al. (2018a), Kiliç
(2015), Han et al.
(2011), Karlsson et al.
(2009), Bhattacharya
et al. (2012), Kain
et al. (2012), de Lima
et al. (2013), Shaw
et al. (2014),
Gaharwar et al.
(2017),
Fernández-Bertólez
et al. (2018b), Mishra
et al. (2018),
Turiel-Fernández
et al. (2018),
Abakumov et al.
(2018), Sadiq et al.
(2015), Zhang et al.
(2012b), Buliaková
(2017), Seo et al.
(2017),
Fernández-Bertólez
et al. (2018c), Auffan
et al. (2006), Seabra
et al. (2014), Cowie
et al. (2015), Harris
et al. (2015),
Magdolenova et al.
(2015), Shydlovska
et al. (2017)

Micronucleus assay Chromosome
fragments
Lagging
chromosomes
(irreversible)

Optical or fluorescent
microscope

Könczöl et al. (2011),
Fernández-Bertólez
et al. (2018a), Kiliç
(2015), Sadiq et al.
(2015), Zhang et al.
(2012b), Buliaková
(2017), Seo et al.
(2017),
Fernández-Bertólez
et al. (2018c),
Magdolenova et al.
(2015), Evans et al.
(2019), Shah et al.
(2013), Pöttler et al.
(2015)

aSelected references accounting for the use of the comet or micronucleus assays to determine
genotoxic potential of magnetic (mostly iron oxide-based) nanoparticles
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In the assay, after exposure to the tested nanomaterial, cells are embedded in
agarose, placed in a microscope slide and lyzed by means of detergents and high
concentration of salts. Then, the slide is incubated in alkaline electrophoresis buffer
(pH >13), promoting the unwinding of the liberated DNA, and submitted to elec-
trophoresis. Under the applied electric field, the fragmented DNAmigrates out of the
nucleoid body, toward the anode. After neutralization, DNA is stained with a fluores-
cent dye (e.g., ethidium bromide) for visualization. Cells with higher DNA damage
display increased migration of chromosomal DNA and form an electrophoretic pat-
tern that, under observation with a fluorescent microscope, resembles the shape of
a comet where the nucleoid is the head and the migrated DNA the tail. Usually, the
damage is quantified by image analysis measuring the tail length or estimating other
metrics such as percentage of tail DNA and tail moment.

The procedure exhibits many advantages. Among them, it can be performed in
almost any eukaryotic cell (proliferating and non-proliferating) as long as a cell
suspension can be obtained, is very sensitive, requires low number of cells (<10,000
cells per slide), and is relatively fast and cost-effective.

Micronucleus Assay

The micronucleus assay is a popular method to detect chromosomal aberrations in
proliferating cells, used for the evaluation of compounds with clastogenic (potential
to break chromosomes) and aneuplodogenic activity (potential for lagging entire
chromosomes) (Countryman and Heddle 1976; Bolognesi and Fenech 2013; Wolff
andMüller 2006; Fenech andMorley 1985).Micronuclei are chromosome fragments
orwhole chromosomes that have failed to attach onto the spindle during anaphase and
are not included in the main nucleus. During subsequent interphase, they condense
to form characteristic small nuclei, much smaller than the principal nucleus (Zelazna
et al. 2011).

For micronuclei to be generated, the cells must be undergoing mitosis, and con-
sequently, they appear only in dividing cells. In order to improve the assay, many
methods have been proposed to identify cells that have completed cellular division
(Fenech and Morley 1985; Pincu et al. 1984; Fenech 2000). At present, the most
widespread in vitro method used for the evaluation of micronuclei is the cytokinesis-
block micronucleus (CBMN) assay, usually performed using (human) lymphocytes
(Bolognesi and Fenech 2013; Fenech 2000). In CBMN assay, the cytokinesis is
blocked using cytochalasin B, and cells that have completed one cell cycle appear
binucleated being easily distinguished from undivided cells. These micronuclei are
identified by microscopic observation of Giemsa-stained samples.

CBMN assay is sensitive, and its performance and result analysis is easier than the
classical chromosomal aberration analysis performed in metaphasic cells. Further-
more, combinedwith fluorescence in situ hybridization (FISH) technique (using cen-
tromeric probes), it is able to discriminate between clastogenic and aneuplodogenic
activity (Marshall et al. 1996; Eastmond and Pinkel 1990).
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It is important to mention that cytochalasin B also inhibits endocytosis and, as a
consequence, might interfere with the proper evaluation of nanoparticle genotoxicity
(Doak et al. 2009; Gonzalez et al. 2011). Owing to this, it is important to treat the cells
with nanoparticles and without cytochalasin B before the CBMN assay is performed.

The Use of 3D Cultures

Nanoparticle toxicity is initially evaluated in 2D cell culture as described in the
previous section. The usual next step is to contrast those results in an entire animal,
but oftentimes results obtained in cell culture do not translate in the same in vivo
outcome. The limitations of cell culture in a monolayer to recreate three-dimensional
morphologies of cells in tissues, as well as the dynamics and complex interactions of
cells with their supporting extracellular materials, could explain those differences.

As demonstrated in multiple in vivo delivery tests and also discussed in the intro-
ductory section, nanoparticles have to overcome numerous biological barriers in
order to reach target organs. In their review, Blanco et al. (2015) summarize those
obstacles and propose different strategies to succeed. Those impediments include
opsonization of nanoparticles with posterior sequestration by macrophages, what in
turn leads nanoparticles to organs with filtration capability where nanoparticles can
exert toxic effects.

In 2D cell culture, nanoparticles administrated in a bulk solution reach cell mem-
branes without impediments. In contrast, nanoparticles delivered in vivo face a hin-
drance, such as the extracellular matrix (ECM), in which nanoparticles could be
retained. Furthermore, depending on their surface properties, NP can interact with
charged ECM components (Goodman et al. 2007; Ruponen et al. 1999).

Another factor that can explain differences in toxicity observed between 2D cul-
ture and animal studies is that cell culture assays do not take into account the hydro-
static and osmotic pressures in tissues. In particular for tumors, poor lymphatic
drainage, extensive fibrosis, and a dense ECM result in particularly elevated inter-
stitial fluid pressures (Heldin et al. 2004). This high intratumoral pressure prevents
extravasation of nanoparticles to distal regions, resulting in lower toxicity compared
to a monolayer, where studies are performed under static conditions. Furthermore,
2D cell monolayer cultures are generally exposed to a uniform environment, whereas
cells in tissues such as solid tumors are exposed to pH and concentration gradients
that can affect nanoparticle internalization.

For the reasons mentioned above, there is an increasing interest in utilizing 3D
culture systems in order tomimicmore accurately the in vivo situation and ultimately
the human clinical setting (Kenny et al. 2007). Test toxicity of nanoparticles in vitro
3D systemswill allow obtainingmore predictable results, not replacing in vivo assays
but making it in a more efficient way and shortening the gap in translation from cell
culture to animal studies and clinical trials.
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3D Culture Systems to Test Magnetic Nanoparticle Toxicity

There are different types of 3D culture formats that can be used in order to answer
specific biological questions. In their reviews, Shamir et al. and Goodman et al.
make a comprehensive analysis of the different culture systems (Goodman et al.
2008; Shamir and Ewald 2014). Here, we are going to focus on the most relevant
toxicity studies for magnetic nanoparticle.

1. Hydrogels and 2.5D cultures
The use of hydrogels with no cells is the simplestmodel for assessing nanopar-

ticle interactionwithECMcomponents. In the case ofmagnetic nanoparticles, the
same biophysical characteristics that limit the application of traditional therapies
can be exploited to improve biodistribution. Magnetic NPs can be specifically
localized within a fluid-filled cavity to the site of a lesion or target tissue by an
external magnetic field. Kuhn et al. calculated the average velocity of different
size and surface coating superparamagnetic NP in hydrogels (Kuhn et al. 2006).
Although the usefulness of this systems is limited as it does not provide any
information of cell toxicity, it offers valuable information about the effect of
size, shape, and surface chemistry on the mobility of vectors through the ECM.

The addition of ECM proteins to the medium in 2D cultures is sufficient to
induce tissue-specific differentiation of diverse epithelial cells, including mam-
mary (Streuli et al. 1991), kidney (O’Brien et al. 2001), and lung (Yu et al. 2007).
This a very important feature since the expression of cell membrane receptors
can change in the presence of ECM proteins, thus affecting nanoparticle uptake.
This system is known as 2.5D culture. Even though this system does not perfectly
resemble the in vivo environment, as cells are still in contact with a large fluid
reservoir, it induces cells to form a more physiological tissue architecture than
2D assays and the cells remain accessible for molecular analysis (Debnath et al.
2003).

2. Multicellular spheroids
In this culture system, cells form spherical clusters. There are different ways

to form spheroids: culturing cells in spinner flasks, in agar-coated culture plates,
or the hanging drop method (Nederman and Twentyman 1984; Timmins and
Nielsen 2007). Under these conditions, spheroids can survive for weeks and can
reach sizes of up to several millimeters in diameter. Large spheroids are charac-
terized by an external proliferating zone, an internal quiescent zone caused by
the limited distribution of oxygen, nutrients, and metabolites, and a necrotic core
(Vinci et al. 2012) resembling the cellular heterogeneity of solid in vivo tumors
(Mueller-Klieser 1987, 2017). As spheroids are relatively easy to handle, they
are amenable to confocal analysis, cryosectioning, and commonly used fixing
methods. They can also be disaggregated by trypsin treatment and individual
cells collected for cytotoxic assays like LHD and MTT, or flow cytometry anal-
ysis. These properties make spheroids a very useful and widely used model for
investigating nanoparticle–tissue interactions. Although it is not the aim of this
section to make a detailed description of cell culture types, it is important to
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differentiate multicellular tumor spheroids from tumorospheres. Both are char-
acterized by their well-rounded shape, the presence of cancer cells, and their
capacity to be maintained as free-floating cultures, but tumorosphere is a type of
culture that allows the selection of cancer stem cell subpopulation.

3. Multilayer cell cultures
Multilayer cultures are most commonly formed by growing a monolayer cul-

ture beyond confluence in transwell cell culture dishes, composed by a micro-
porous filter membrane insert within a chamber. The transwell dishes produce
isolation between the apical and basal layer of the multilayer, so that any com-
pound delivered to one side must go through the cell layers to reach the opposing
side. This allows for easy assessment of transcellular nanoparticle delivery by
incubating drugs on one side of the growing culture and collecting media on the
opposite side to assess the amount of nanoparticles that passed through the cell
layer.

Transwell inserts are also commonly used to reproduce the blood-brain bar-
rier (BBB). This barrier is built up by the brain capillary endothelial cells con-
nected by tight junctions and supporting pericytes and astrocytic end-feet. Polar
molecules and small ions are almost totally excluded by the tightly closed inter-
cellular cleft. Although they are well suited for magnetic resonance imaging
(MRI), magnetic nanoparticles employed as contrast agents are not suited to
cross biological barriers like the BBB (Veiseh et al. 2009b). Thus, in vivo appli-
cation of magnetic nanoparticles as MRI contrast agents for brain imaging is still
limited. For these reasons, there are several research groups designing new strate-
gies to overcome this barrier, utilizing the multilayer cell culture in transwell to
perform in vitro assays (Qiao et al. 2012; Shi et al. 2016; Busquets et al. 2015b).
For example, Qiao et al. tested a brain delivery probe based on the PEG-coated
Fe3O4 nanoparticles in an in vitro BBB model based on primary porcine brain
capillary endothelial cells (PBCECs) cultured over transwells (Qiao et al. 2012).

4. Organ-on-a-chip
This system consists of a device for culturing living cells in continuously per-

fused, micrometer-sized chambers in order to model physiological functions of
tissues and organs. The goal is not to build a whole living organ but rather to
synthesize minimal functional units that recapitulate tissue and organ-level func-
tions. The simplest system is a single, perfused microfluidic chamber containing
one kind of cultured cell that exhibits functions of one tissue type. In more com-
plex designs, two or more microchannels are connected by porous membranes,
lined on opposite sides by different cell types, to recreate interfaces between dif-
ferent tissues (e.g., lung alveolar-capillary interface or BBB) (Bhatia and Ingber
2014). Similar analyses can be conducted with chips lined by cells from different
organs that are linked fluidically, to mimic physiological interactions between
different organs or to study drug distribution in vitro (Bhatia and Ingber 2014).

Differing form 3D static cultures, in this system, many cell parameters can be
controlled, such as tissue barrier integrity (Douville et al. 2010), cell migration
(Nguyen et al. 2013), and fluid pressure (Liu et al. 2013).
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Organ-on-a-chip platforms are of great relevance to evaluate the potential
hazards of nanoparticles for human health, as they have the advantage of using
human cell lines—amore similar context to an in vivo environment. For example,
there are several works testing the toxicity of nanoparticles in lung-on-a-chip.
Since inhalation is a potential route of administration, it is fundamental to have
a device that recreates the alveolar–blood barrier (Zhang et al. 2018).

In the same way, models to accurately predict transvascular permeation of
nanoparticles to the brain are highly valuable. Kim et al. have probed nanoparticle
translocation across the endothelium in a model that mimics the BBB (Kim et al.
2014).

Magnetic Nanoparticle Toxicity in 3D Culture

Asmentioned before, 3D culture is a useful tool for the study of nanoparticle toxicity
since it gives different information from monolayer cell culture. It has been reported
that nanoparticle uptake and cell viability are significantly lower when cells are
cultured in 3D.

In this subsection, we are going to describe methods found in the literature for
the study of cell toxicity in multicellular spheroids, the most widely used model to
asses nanotoxicity in 3D culture. Some of those methods will be briefly mentioned
as they were fully described in the previous subsection.

1. Nanoparticle uptake

1.1 Prussian blue: To verify whether magnetic nanoparticles are endocytosed,
the Prussian blue (PB) method (Perls’ acid ferrocyanide) can be employed
to detect iron within the cell cultures. The PB method reduces ferric iron to
the ferrous state with the formation of a blue precipitate (Neri et al. 2007).
This method can be utilized both in 2D and in 3D culture.Wang et al. (2012)
usedPB to detect PLL-modifiedγ-Fe2O3nanoparticleswithin glioblastoma
spheres, and observed that the staining is preserved even when the spheres
grow and cells become differentiated.

1.2 Confocalmicroscopy:Magnetic nanoparticles can also be labeledwith a dye
and be tracked inside the spheroid. To achieve it, different cell structures
(e.g., endosomes, nucleus) can be stained in order to study the subcellular
localization of the NPs. In their work, Theumer et al. (2015) measured NP
uptake in spheroids covering the magnetic core of coated SPION with a
green lipophilic dye. Taking images in confocal microscopy in several z-
stacks allowed them to calculate spatial location within the middle cross
section of the spheroid (see Fig. 4).

1.3 Transmission electron microscopy: Spheroids can be cryo-sectioned or
fixed, inserted in resin and cut into ultrathin sections to observe them with
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Fig. 4 Spatial nanoparticle distribution in human brain microvascular endothelial cell spheroids.
Spheroids were treated with NPs with a core made of iron oxide and a shell of differently charged
polymers (green) in a concentration of 25 mg/cm2 for 3 h. F-actin of fixed and permeabilized cells
was stained using Alexa Fluor 633 phalloidin (red). NP distribution was analyzed by confocal laser
scanning microscopy. a 3D overlays of spheroids’ z-stacks recorded at a magnification of 100.
Scale bars indicate 200 μm. b Relative fluorescence intensity of labeled NP was plotted according
to their spatial location within the middle cross section of the spheroid. Dark blue color indicates
no fluorescence; red color indicates high fluorescence. Figure taken from Theumer et al. (2015).
Reprinted with permission from Elsevier

TEM.Child et al. (2011) demonstrated byTEM thatmagneticNPs penetrate
spheroids following application of a magnetic field.

2. Cytotoxicity assays
Assessing NP toxicity on 3D-cultured cells is usually performed using com-

mon viability assays originally designed for drug studies in monolayers. Since
most of them are fully described in the previous section, here we are going to
make a brief account of the most utilized methods focusing on particularities of
their application to 3D cultures.

2.1 MTT and LDH: The MTT assay measures the amount of enzymatically
reduced MTT by viable cells. In the case of spheroids, due to their com-
position of proliferating, quiescent, and dead cells, a lower mitochondrial
activity is measured compared to 2D culture when a similar number of cells
are tested.

Lactate dehydrogenase (LDH) assay detects the amount of LDH that
leaks out through the plasmamembrane of damaged cells. This extracellular
protein assay protocol is carried out identically in both 2D and spheroid
cultures. In their work, Lee et al. (2009b) analyze nanoparticle cytotoxicity
in spheroids utilizing this assay for gold nanoparticles toxicity testing.
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2.2 Acid phosphatase assay: A modified acid phosphatase (APH) assay, which
is based on quantification of cytosolic acid phosphatase activity, was val-
idated for determining cell viability in spheroids. Intracellular acid phos-
phatases in viable cells hydrolyze p-nitrophenyl phosphate to p-nitrophenol.
Its absorption at 405 nm is directly proportional to the cell number in the
range of 103–105 monolayer cells. In the case of spheroids, they are cen-
trifuged, supernatant is discarded, and the pellet is washed with PBS. Then,
the assay performed similar to the one developed for monolayer cell cul-
ture. For a full description of the method adapted for spheroids, we refer
the readers to Friedrich et al. (2009)

2.3 Live/Dead staining: This assay is based in staining cellswith colored or fluo-
rescent dyes that differentially label live and dead cells. For example, Wang
et al. (2012) use PI and FDA double-staining protocol (Kristensen et al.
2003) to detect the cellular viability of the magnetically labeled glioblas-
toma spheres and their differentiated progenies, as well as to determine if
cell death occurred after magnetic labeling. PI is a DNA-binding fluorescent
dye that only enters dead or dying cells with damaged or leaky membranes.
On the other hand, FDA, which stains cells with intact membranes, pro-
duces a bright green fluorescence. Cells then can be seen in a microscope
or analyzed by flow cytometry.

Trypan blue stains dead cells since the colorant is not able to go through
the membrane in viable cells. However, it is able to penetrate dead cells,
in which the cell membrane is comprised. In their work, De Simone et al.
(2018) utilize Trypan blue to asses cell toxicity in spheroids treated with
iron oxide nanoparticles.

There are commercial kits used to test cell viability, as used by Theumer
et al. (2015) They determined the ratio of living to dead cells with a kit based
on two fluorescent dyes: calcein (excitation: 494 nm, emission: 517 nm) and
ethidium homodimer-1 (excitation: 528 nm, emission 617 nm) to establish
the effects of iron oxide NP onto the viability of spheroids. Stocke et al.
(2017) also used a commercial dye to evaluate the toxicity that magnetic
hyperthermia induced by magnetic NPs exerted in breast cancer spheroids.
This dye is a high-affinity nucleic acid stain that easily penetrates cells with
compromised plasma membranes and can be excited with argon 406 lasers,
making it a useful indicator of dead cells within a population.

Newer commercial kits specially designed for determining cell viability
in 3Dmicrotissue spheroids are also used. In their work, Zanoni et al. (2016)
compare two of these commercial kits to common cell viability staining
protocols. These kits allow the reagent to penetrate large spheroids and
have increased lytic capacity for more accurate determination of viability.

2.4 Spheroidmorphology: As spheroids can be cultured for long periods of time,
morphological parameters are important factors linked to cell viability. For
example, spheroid size is related to cell proliferation according to Gompertz
law:
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where V is a measure of spheroid size, V 0 the initial size, Vmax the final
size, and α is the cell proliferation rate (Helmlinger et al. 1997).

Variations in spheroid shape were also accompanied by changes in the
dimension of the inner core and in the thickness of the surrounding shell
that consists of proliferative, actively dividing cells. Zanoni et al. (2016)
demonstrated by a luminescence metabolic assay that spherical spheroids
showed a significantly reduced viability compared to irregular-shaped ones.
This correlates with Mina Bissell’s group work, in which an association
between distinct morphologies and tumor cell invasiveness is demonstrated
(Kenny et al. 2007).

To conclude, we consider of great importance taking into account the
cell environment in magnetic nanoparticles toxicity testing. This will lead
not only to produce more accurate results that can be more easily translated
to the clinic, but also to diminish the number of animals in high-throughput
screenings.

In Vivo Evaluation of Toxicity

Relevance of in Vivo Assays

In vitro assays for toxicity evaluation are limited due to incomplete consideration of
the number of actors involved and the interactions between them. Among leading
restrictions, we can highlight: (1) Only in limited cases, target cells are evaluated in
the presence of cells from other origins, such as immune system cells. For exam-
ple, nanoparticles (NP) uptake was found to be enhanced in cocultures of epithe-
lial, macrophages and dendritic cells compared to monocultures (Rivera Gil et al.
2010); (2) the relevance of biological fluid hydrodynamics (e.g., blood, biliary, and
lymphatic transport) is usually not contemplated. To overcome these limitations,
cocultures that take into account spatial organization of tissues and heterogeneity
of cell interactions (Costa et al. 2013; Müller et al. 2018), and microdevices that
mimic vascular networks (Rosano et al. 2009; Prabhakarpandian et al. 2008) have
been developed, but their degree of similarity to in vivo processes is controversial
(Sayes et al. 2007). In the same line, some reactions that alter the toxic properties of
NP can only occur inside a living organism. Metabolic processing of NP can alter
their shape, coating, composition, size, and rugosity, which are properties relevant to
their toxicity degree (Chouly et al. 1996). On the other hand, NP surfaces are subject
to catalytic and oxidation reactions that can also modify their cytotoxicity (Nel et al.
2006b). Currently, toxicokinetic studies and unequivocal identification of NP target
tissues can only be accomplished by using in vivomodels (Sahu and Casciano 2009).
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In this section,wedonot intend to present an exhaustive list of the strategies used to
perform toxicological short-term in vivo analysis but only to highlight contemporary
procedures prevailing in the literature.

Animal Models to Test in Vivo Magnetic NP Toxicity

NP attempting to enter the biomedical field will have to go through animal preclinical
trials almost exclusively, although a part of the scientific community is making big
efforts to find novel human-specific approaches which could model human diseases
with lower costs, higher predictive power, and absence of ethical concerns (Langley
et al. 2015). Particularly in themagneticNP (MNP) research area, rodentmodels such
as mice and rats have been the most frequently selected to test in vivo toxicology,
and therefore, methods to evaluate toxicity in them will be further detailed. Mice
and rats are representative of the two types of mammalian spleens (mice have non-
sinusoidal spleens, whereas rats, like humans, have sinusoidal spleens). Both have
different microcirculatory pathways and distinct mechanisms of blood clearance
(Adiseshaiah et al. 2010). Toxicity has been shown to be dependent on the species
tested. Studies with the dextran-coated USPIO Ferumoxtran-10, proposed for MRI
differentiation of metastatic lymph nodes and recently discontinued, demonstrated
a clear difference in the kinetics of blood clearance among different animal species
(Bourrinet et al. 2006). The plasma clearance was much faster in rats compared
to monkeys, a difference that is probably accountable to alterations in RES organ
distribution and activity across animal species.

In vivo toxicity of MNP has also been evaluated on zebrafish (Danio rerio), since
the community working with this organism has proposed its use as an intermediate
screening step between cell culture assays and studies in rodents (Caro et al. 2019).
To evaluate toxicity, authors usually quantify the proportion of alive or dead larvae
after a certain period of treatment, e.g., in a study where ferrite or manganese ferrite
oxide MNP was used, and survival rate was evaluated (Caro et al. 2019). Moreover,
the zebrafish’s pattern of development is similar to higher vertebrates (Grunwald and
Eisen 2002), making it a good model to study toxicity associated with alterations
in embryogenesis. For instance, in one study, uncoated, flavin mononucleotide or
guanosine monophosphate-coated USPIO was applied to fertilized eggs, and devel-
opment of the zebrafish embryos was evaluated by optical microscopy up to 168 h
post-fertilization (Rizzo et al. 2013).

With less frequency, other organisms like Caenorhabditis elegans (Gonzalez-
Moragas 2017) and Daphnia magna (Kumar et al. 2017) have also been used.
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Administration Routes and Fate of NP In Vivo

A comprehensive assessment of NP suitability for medical purposes should include
the evaluation of its pharmacokinetics (PK). PK research includes the examination
of absorption, distribution, metabolism, and excretion of a drug, which are charac-
teristics that determine the appropriate duration and concentration for drug admin-
istration. Regarding absorption, NP can enter the organism through six principal
routes: intravenous, dermal, subcutaneous, inhalation, intraperitoneal, and oral (Fis-
cher and Chan 2007). Other ways of administration for specific purposes have been
developed, like intratracheal instillation (NP administration via incision of trachea)
and pharyngeal/laryngeal aspiration for research on pulmonary toxicity due to envi-
ronmental hazards (Fadeel 2015). Depending on the administration route, different
organs could suffer cytotoxicity. In one study in rats, intratracheally instilled ferric
oxide NP produced acute lung injury due to accumulation in alveolar macrophages
and epithelial cells (Zhu et al. 2008). Concerning MNP, intravenous injection is cur-
rently among themost studied routes, due to their interest in nanomedicine (Choi and
Frangioni 2010); inhalation and intratracheal instillation have also been used (Sahu
and Casciano 2009).

Once NP comes into biological fluids, they will interact with proteins, such as
complement (Reddy et al. 2007) and immunoglobulins (Walkey and Chan 2012),
during a process called opsonization (Moghimi et al. 2011). This novel structure,
formedby the original nanoparticle covered byproteins termed corona,may influence
subsequent interactions of the particles with biological systems and consequently
affect their in vivo distribution and cytotoxicity (Liu et al. 2016; Lundqvist et al.
2008). It has been shown, for example, that bare or coated SPIONs can induce
irreversible conformational changes in iron-saturated human transferrin, producing
the release of iron (Mahmoudi et al. 2011). Although with limitations, among which
enzymatically plasma inactivation and depletion of coagulation factors from serum
outstand, different ex situ toxicity assays have been performed to emulate in vivo
conditions considering NP opsonization (Walkey and Chan 2012). Most of them are
based on isolated serum or plasma usage (Shi et al. 2012; Chonn et al. 1992).

In the distribution process, NPs can remain unaltered or suffer modifications
(Borm et al. 2006). Researchers must carefully select the administration procedure
to maximize targeting to selected organs since NP could encounter obstacles in
the form of body barriers (skin, placenta, gastrointestinal epithelial barrier, blood-
brain barrier), preventing them to freely distribute through all biological systems
(Pietroiusti et al. 2013). To track MNP inside an alive or dead organism, the most
frequent techniques are radiolabeling (Same et al. 2016), inductively coupled plasma
mass spectrometry (ICP-MS) (Al Faraj et al. 2014), and magnetic resonance imag-
ing (MRI) (Liu et al. 2010). Complementary, two other strategies have also been
proposed: conjugation of NP with NIR fluorophores to be measured by near-infrared
fluorescence (Lee 2010), though penetration depth is typically lower, and electron
spin resonance spectroscopy (Chertok et al. 2010). Most of existing reports, hetero-
geneous in administration doses and selected time points for observation, focused
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on describing the relationship between physicochemical properties of NP and their
distribution. Although targeting and circulation half-life are highly dependent on the
NP coating, size, and surface charge, the liver appears to be the major accumulation
site via uptake by liver-resident macrophages termed Kupffer cells, followed by the
spleen (Sahu and Casciano 2009). These two organs, together with lymph nodes
and bone marrow, form the reticuloendothelial system (RES), outstanding for its
large phagocytic monocytes and macrophages population. This is also the case for
MNP, where studies conducted in rats showed that after SPIO-alginate intravenous
injection, NP was eliminated rapidly from serum with a half-life of 0.27 h and accu-
mulated dominantly in liver and spleen with a total percentage of more than 90% of
dose (Ma et al. 2008). It has been suggested for iron oxide MNP (IONPs) that larger
ones are more quickly taken up by the liver and spleen and have shorter circulation
time in blood, whereas smaller have increased access to organs such as the lymph
nodes and longer circulation time (Almeida et al. 2011). However, both are usually
cleared from blood circulation relatively fast compared to other NP, normally within
36 h post-administration.

According to their properties and target tissues, NP could be metabolized in dif-
ferent ways, or not metabolized at all. In the case of superparamagnetic iron oxide
nanostructures (SPIONs) forMRI contrast agents, they are shown to degrade (Briley-
Saebo et al. 2004). Lysosomal degradation within Kupffer cells and transference to
the spleen has been described as the metabolic pathway chosen by IONPs for their
final breakdown (Levy et al. 2011).

Lastly, excretion routes also depend on the type and size of theNP.Among existing
mechanism, elimination through exhalation, urination (via the kidneys), defecation
(via the biliary duct), perspiration, salivation; and mammary and seminal fluids can
be named (Sutariya and Pathak 2014). For MNP, renal (Bourrinet et al. 2006) and
hepatobiliary system (Pham 2018) have been described as two important clearance
pathways. Depending on their characteristics, excretion time can be quite long, a
property not usually considered in the short-termed studies prevailing in the literature.
This was the case of silica-coated magnetic nanoparticles containing rhodamine B
isothiocyanate, which were still found in several organs of mice such as liver, lungs,
kidney, and spleen 4weeks after injection (Kim et al. 2006). It has been proposed that
excretion time is particularly slow for IONPs because iron would be incorporated to
the body’s iron pool upon degradation of the iron oxide core, the reason for which
MNPs are classified as biocompatibles (Almeida et al. 2011).

Methods for In Vivo Toxicity Evaluation

There are at least four parameters that need to be measured to determine biocom-
patibility of NP: cytotoxicity, hemocompatibility, immune response, and acute tox-
icity (Sutariya and Pathak 2014). Cytotoxicity and hemocompatibility (induction
of red blood cells lysis and coagulation studies) are usually assessed in vitro or
ex vivo. Host’s immune response may be evaluated through immunohistochemistry
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or enzyme-linked immunosorbent assay (ELISA). Acute toxicity can be determined
by histological evaluation, protein tissue extraction, gene expression, and measure-
ment of damage markers in plasma (see Fig. 5). It should be noticed that compared
to the in vitro research area, there is a clear lack of in vivo studies characterizing NP
genotoxic effects, and they aremainly restricted to rodents. Among themost frequent
methods used are comet assay in liver, lung, colon, bone marrow; and micronucleus
test in blood or bone marrow (Bourrinet et al. 2006). The protocols to perform these
techniques do not substantially differ when in vivo or in vitro models are used and
therefore will not be further described. Readers are referred to the previous section.

1. Blood analysis
Blood is often used to determine the presence of markers related to damage.

Depending on the organs expected to be affected, a wide variety of molecules can
be analyzed. Jia and colleagues injected neuropilin-1-targeted exosomes contain-
ing SPIONs and curcumin in BALB/c nude mice carrying gliomas (Jia 2018).
Toxicity was evaluated by measuring the level of markers of cardiac (creatine
kinase MB isoenzyme), hepatic (aspartate aminotransferase), and renal (serum
creatinine) damage in serum 15 days after the treatment. In another study, IONPs
coated with PEG or PEI were injected intravenously, and aspartate aminotrans-
ferase, alanine aminotransferase, blood urea nitrogen, total bilirubin, and cre-
atinine levels were quantified in blood 7 days post-administration to evaluate
hepatic and renal function (Feng et al. 2018b). Most values were in the normal
range except for alanine aminotransferase, which returned to normality 14 days
post-injection.

Fig. 5 Frequent assays and parameters evaluated when in vivo toxicity studies of nanoparticles are
performed



426 M. Tasso et al.

Excessive tissue accumulation of free iron is known to cause toxicity (Weir
et al. 1984; Barnham and Bush 2008). Quantification of iron in blood can be
performed using ICP-MS. In one of these studies, iron concentration was mea-
sured 24 and 48 h following intravenous injection of citrate-stabilized IONPs
in male athymic nude mice (Sharma et al. 2018). In this case, authors wanted
to evaluate the effect of negatively (carboxymethyl dextran) or positively (PEG-
PEI) coatings on biodistribution and concluded that nanoparticle clearance from
blood circulation occurred within 24 h. On the contrary, in the study from Jain
and colleagues, rats needed more than 3 weeks to recover normal content of
iron in serum after oleic acid-Pluronic-coated IONP intravenous injection (Jain
et al. 2008). In this case, a colorimetric method based on Fe(III) to Fe(II) reduc-
tion to measure iron content in serum was used. Once again, results appear to
be highly dependent on NP physicochemical properties, biological model, and
experimental design.

Plasma can also be separated fromblood by centrifugation at 1500 g for 10min
to determine if coagulation parameters, typically prothrombin time, activated
partial thromboplastin time, and fibrinogen, are affected (Zhu et al. 2008).

2. Tissue analysis through histology and immunohistochemistry
Histopathological examination has been used in tissue exposed to NP, such as

lung, eyes, brain, liver, kidneys, heart, and spleen (Kumar et al. 2017). To per-
form this method, the animals are sacrificed after NP administration and organs
are removed and fixed using 4% paraformaldehyde solution or 10% formalin.
After dehydration by increasing alcohol concentration immersion, they are paraf-
fin embedded and 4 μm thickness sectioned for hematoxylin and eosin (H&E)
staining (Fischer et al. 2008) to visualize cellular morphology (see Fig. 6) or
Prussian blue staining to detect ferric iron ions (Liu et al. 2010).

To perform H&E staining, the sections must be deparaffinized on a heating
block followed by washing of xylene and rehydrated by immersing them suc-
cessively for 5 min with agitation in xylene, 100% ethanol, and 70% ethanol,
followed by 1min in an appropriate buffer orwater. Samples are then stainedwith
a solution containing one or more cationic aluminum–hematein metal complex,
subsequently termed hemalum. Hematein is generated by oxidation from hema-
toxylin, a colorless compound, and binds to chromatin conferring the character-
istic blue color to cell nuclei. The nuclear staining is followed by counterstaining
with an anionic solution of eosin Y dye, which colors eosinophilic structures in
various shades of red, pink, and orange. Finally, samples are washed and dehy-
drated in 95 and 100% alcohol. Before visualization, alcohol can be extracted
with xylene, and samples can be mounted. H&E staining is probably the most
popular stainingmethod used by pathologist in their dailywork. However, impor-
tant drawbacks of this technique include insufficient cytoplasmic differentiation
and poor contrast between cytoplasmic and extracellular structures (Wittekind
2003).

Immunohistochemistry analysis can be also conducted to analyze colocaliza-
tion of NP with immune system cells. If necessary, tissue must be deparaffinized.
Positively charged slides must then be dehydrated in 100, 95, and 70% ethanol
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Fig. 6 Representative histological photomicrographs showing the untreated group of animals
depicting normal liver (a), spleen (b), kidney (c), and lung (d). The pathology of the group of
animals treated with PEGylated SPIONs at a dose of 500 mg/kg showing e section of the liver
showing granular pigmentation in the kupffer cells (black arrow); f megakaryocyte hyperplasia in
spleen (black arrow) and increased cellularity; g section of the kidney showing congestion in the
glomerulus (black arrow); and h section of lung showing pigmentation in the alveolar sacks and
widening of the interstitial walls (black arrow). Figure taken from Prabhu et al. (2015). Reprinted
with permission of Springer Nature
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followed by water. Then, heat-induced antigen retrieval must be performed, and
samplesmust be incubatedwith an antibody targetingmacrophages ormonocytes
(e.g., IBA-1, CD68, or F4/80 antibody). Finally, after incubation with secondary
antibody, the slidesmust be developed with a peroxidase substrate, typically 3,3′-
Diaminobenzidine (DAB). A counterstain with hematoxylin can also be carried
out. Samples are visualized and photographed with bright-field microscopy.

Limitations of staining methods are associated with variation in results
depending on fixatives, fixation temperature, and fixation time.

3. Analysis of immune response through ELISA
It is well established that organisms facing allergens may develop an ana-

phylactic reaction. Depending on the chemical nature of the molecule, hosts
will produce antibodies or inflammatory responses. Studies in animals showed
that immune responses can have phenotypical and behavioral manifestations,
such as a hunched position, piloerection, slowing of movement, bronchospasm,
respiratory arrest, and anaphylaxis (Gamboa and Leong 2013). Several parame-
ters, like antibody titers and cytokine release, can also be measured in blood by
ELISA (Chen et al. 2010). There are multiple ways to perform ELISA assays but
all are based on the use of an enzyme bound to an immune reactant to specif-
ically recognize a desired molecule (Schuurs and Van Weemen 1980). In the
simplest strategy, named direct ELISA, the protein sample binds to the plate
through absorption and an enzyme-conjugated antibody is added to detect the
expected antigen by spectrophotometry. Another way to perform this method,
termed sandwich ELISA, involves coating the plates with the antibodies to mea-
sure the amount of a specific antigen in the plasma (Wottrich et al. 2004). After
sample addition, a secondary antibody is used to detect the captured molecule,
and then a third enzyme-conjugated immunoglobulin is used to perform quantifi-
cation. This is the case when cytokines, proteins that regulate function of immune
cells and increase in response to inflammation, are measured. Typically detected
proteins include IL1β, IL-8, tumor necrosis factor-a (TNF-a), and IL-6 (Wang
et al. 2015).

Among common difficulties outstand false positives by inefficient blocking
and inhibition of detection by non-specific serum factors.

4. Detection of upregulation of stress-related molecules through microarrays
Analysis of gene expression inside a tissue is one of themost sensitivemethods

for detecting molecules associated with cellular damage. This is done by lysing
tissue samples, obtaining and purifying RNA, and performing PCR or microar-
rays. Microarrays consist of an arranged series of thousands of microscopic spots
of oligonucleotides, each containing picomoles of a specific sequence used as
a probe to assay. Through hybridization under high-stringency conditions, the
presence of a complementary sequence in the sample can be measured (Sahu and
Casciano2009).Hybridization is usually detected andquantifiedbyfluorescence-
based detection of a fluorophore-labeled target to determine the relative abun-
dance of each sequence in the sample. In one of these studies, Teeguarden and
colleagues used a microarray to evaluate transcriptional regulation of inflamma-
tion markers in BALB/c mice exposed to SPIO by inhalation (Teeguarden et al.
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2014). They found that NP led to an inflammatory response in the alveolar region
characterized by interstitial inflammation, macrophage infiltration, and increased
expression of CXCL2 and CCL3.

Microarrays have proven especially useful when expression of large number
of genes needs to be analyzed at the same time, but results of special interest must
be validated by real-time PCR. It should also be taken into consideration that vari-
ation in transcripts abundance will not necessarily have a direct translation into
protein levels due to diverse mechanisms of regulation. Therefore, microarrays
must be complemented with techniques measuring toxicity at protein level.

5. Measurement of protein related to damage in target tissues
Oxidative stress caused byMNP is considered to be one of the most important

mechanisms of toxicity. This could be due to induction of reactive oxygen species
and reactive nitrogen species, which react with biological molecules causing
DNA damage, protein oxidation, lipids peroxidation, and impairing redox inter-
nal balance (Khanna et al. 2015). If repair mechanism cannot compensate, the
final outcome for the cell will be necrosis or apoptosis. ROS-associated damage
protein analysis can be done by sacrificing the animal, removing the organ of
interest, and homogenizing the tissue to obtain proteins whose concentration or
activity could be determined by different techniques. The classical procedure to
identify and determine relative amounts of proteins, Western blotting, is not the
first choice when tissue extracts must be analyzed, probably due to difficulties
that antibody recognition has in complex samples. Rather, enzymatic reactions,
usually coupled to colorimetric assays, are selected. This is the case for total
glutathione, reduced glutathione, and oxidized disulfide, as well for activity of
glutathione peroxidase, superoxide dismutase, and nitric oxide synthase (Zhu
et al. 2008; Wang et al. 2009).

Conclusion and Future Perspectives

Research area on MNP has spread due to their attractiveness as theragnostic agents.
They are generally associated with low toxicity and present high potential use for
biomedical applications.

Although many reports evaluating in vivo toxicity of MNP can be found, there is
still much to be standardized regarding proper routes and doses of administration,
methodologies to follow, and relevant tissues to analyzed. Also, the temporal window
in which toxicity should be examined in each metabolic step has not been clearly
established, and a systematic approach to address these issues is missing. One of the
reasons that interfere with reaching a common criterion regarding lines of action is
that NPs are usually tailor-made. Consequently, studies differ in NP composition,
chemical properties and biological models assayed, hindering comparisons. Another
factor obscuring the possibility of drawing firm conclusions is that not all MNPs
under the same name are identical; formulations can vary in purity, reactivity, surface
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chemistry, and porosity. In this context, a common agreement regarding essential
techniques for MNP characterization is urgently needed.
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Chapter 14
Persistence, Toxicity, and Biodegradation
of Gold- and Iron Oxide-Based
Nanoparticles in the Living Systems

Kanwal Akhtar, Yasir Javed, Naveed A. Shad, Navadeep Shrivastava
and S. K. Sharma

Abstract Inorganic nanomaterials have been extensively investigated for several
biological applications ranging from targeted drug delivery to cancer treatment and
tissue engineering to in vivo imaging. Gold and iron oxide nanoparticles (IONPs) are
important candidate of inorganic nanomaterials considering their non-toxic nature
and relevant magnetic and optical properties. Most of the biomedical applications
involve detailed tuning of surface charge and physiochemical properties. Under-
standing of pharmacokinetics of these nanoparticles is very important to elaborate
on the distribution and fate in the living organism. Many factors including size dis-
tribution, charge, and plasma protein adsorption; coating molecules can tune effec-
tively to monitor the biodistribution and pharmacokinetics of the gold- and iron
oxide-based nanoparticles. This chapter reviews the crucial parameters that affect
the biodistribution, fate, and toxicity of the inorganic nanoparticles in the biological
systems.

Keywords Inorganic nanomaterials · Biomedical applications ·
Pharmacokinetics · Bio-distribution · Bio-degradation

Introduction

Nanomaterials are not only part of technical products but also play a major role in
biomedicine and biotechnology branch. Combination of these two branches defines
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most promising cross-disciplinary research developments. Nanomaterials especially
inorganic nanoparticles have emerged as novel tools with enhanced pharmacokinet-
ics, therapeutic efficacy, and biodistribution (Docter et al. 2015a; Setyawati et al.
2015; Webster 2013). These nanomaterials have applications in vascular imaging,
drug delivery, gene delivery, cancer therapies, and contrast agents in bio-imaging
purposes (Javed et al. 2017) because of low toxicity, biocompatibility, and high
biodegradability (Docter et al. 2015b; Pautler and Brenner 2010; Riehemann et al.
2009). Recent advancement for enhancing their abilities to rationally manipulate the
nanomaterials such as chemical, biological, and physical properties, open many pos-
sibilities in synthesizing new generation of nanomaterial-based probes. Development
of IONPs shows considerable progress in clinical applications including hyperther-
mia, drug delivery, and in vitro low-cost diagnostics (Rizzo et al. 2013; Seeney et al.
2012; Wahajuddin 2012). Plasmonic properties of gold nanoparticles are extensively
employed in photodynamic therapy, drug delivery, photothermal therapy, photoa-
coustic imaging, photodynamic therapy, and plasmonic sensing (Ferrari et al. 2009;
Murday et al. 2009; Prabhu and Patravale 2012).

Despite the large-scale production of multifunctional nanomaterials, few of them
have been accepted for the clinical use. Yet, many of iron oxide- and gold-based
formulations have been under clinical trials of phase 3. Use of these nanoparticles in
biomedical applications requires elaborative tuning for enhancement of their surface
and physiochemical properties at the same time minimizing the toxicity effects (del
Pino 2014; Ferrari et al. 2009; Luo et al. 2012). To address the biocompatibility and
safety issues, potential toxicity of nanomaterials is a major concern for in vitro and
in vivo biomedical applications (Fig. 14.1). Different parameters including coatings,
diameter, shape, dose, and route of administration play crucial role in absorption,
distribution, accumulations, biotransformation, and elimination of these nanoparti-
cles (Colombo et al. 2012; Ding and Ma 2014; Helou et al. 2013). This chapter will
review all possible crucial parameters, considering latest design strategies and bio-
logical barriers used to overcome them. A careful overview of persistence, toxicity,
and biodegradation of gold- and iron oxide-based nanoparticles in relation to their
designs are discussed.

Fig. 14.1 Schematic anatomy of Spleen (left) and liver (right). Reprinted with permission from
Pillai and Cariappa (2009) and Adams and Eksteen (2006)
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In Vivo Fate and Distribution of Gold- and Iron
Oxide-Based Nanomaterials as Tunable Tools Toward
Biomedical Applications

In vivo biodistribution of inorganic nanoparticles (IONPs) is mainly concerned with
the corematerial. Organic coatings are necessary tomake theseNPsmore biocompat-
ible and stable.Without organic coatings, these nanoparticles show accumulation and
form complexes within biological environments (Wan et al. 2015). These complexes
are composed of engineered surface coatings, compounds absorbed from biological
environment and inorganic material. Conceptually, nanoparticles core is the basic
functional physical property being used for specific applications such as fluorescent,
plasmonic, and superparamagnetic. In biological environment, persistence of these
physical properties is critical for theranostic efficiency of inorganic nanoparticles
(Urban et al. 2018).

Primary Interaction of NPs with Biological Medium

Biotransformation of gold and IONPs (dissolution, aggregation, and degradation)
might change their properties depending on the environment over time. Coatings on
nanoparticles determine their physiochemical properties including biological iden-
tity, circulation, etc. Typical functionalization on inorganic nanoparticles includes
ligand molecules such as peptides (Clarke et al. 2010), silica shells (Selvan et al.
2007), lipid micelles (Klapper et al. 2015), and lipoic acids (Clarke et al. 2010).
Resulting properties such as hydrophobicity/hydrophilicity and charge are impor-
tant for colloidal stability of prepared nanoparticles (NPs) (Parak et al. 2003; Pelaz
et al. 2013; Rivera-Gil et al. 2012). Appropriate coatings of NPs not only prevent
from accumulation but ensure the proper dispersion and interaction in the com-
plex biological environment. Distinct surface coatings have intense impact on fate
and biocompatibility of NPs including cellular uptake, cell adhesion, cell viability,
lifetime, and biopersistence of mononuclear phagocyte system usually referred as
reticuloendothelial system (Clarke et al. 2010; Fadeel et al. 2013). These coatings
also help in functionalization through conjugation with the specific bioactive and
targeting ligands for obtaining multifunctional NPs in the active targeting schemes
(Lin et al. 2009; Shang et al. 2011).

Upon intravenous (IV) injection, NPs immediately expose to a complex environ-
ment, consequently, large number of ions and biomolecules including metabolites,
sugars, lipids, and proteins start adsorbing on the surface of NPs by hydrogen bond-
ing, electrostatic, van derWall and/or hydrophilic/hydrophobic interactions.All these
adsorption processes grow biomolecule corona on the surface of the nanoparticles
(Kolosnjaj-Tabi et al. 2015; Zhang et al. 2010). This biomolecule/protein corona
formation affects the physiochemical, physiological, and biological characteristics.
This corona formation can be distinguished into hard and soft corona; hard corona
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Fig. 14.2 Different possible processing routes that can metabolize the nanoparticles. Adapted with
permission from Drakesmith and Prentice (2008)

is referred as long-lived protein signature on NPs (e.g., protein plasma signature on
nanoparticles in blood), and soft corona can form on the hard corona because of rapid
formation of transient layers of biomolecule through loose association (Carrillo-
Carrión et al. 2014; Cedervall et al. 2007). Soft corona desorbs during biological
purification processes. Protein corona is not related to interfaces between biological
environment and NPs but it triggers initially the transformations of nanoparticles
by altering their colloidal stability (Monopoli et al. 2012; Walkey and Chan 2012).
Stabilizing effect of corona formation can be achieved through great control over
charge, composition, steric stabilization, charge inhomogeneity, and destabilizing
the impact produced by protein mediated bridging. Considering as colloids, physi-
cal properties of the synthesized nanoparticles need to be characterized for defining
their hydrophobicity/hydrophilicity, aggregation, and surface charge (Tenzer et al.
2013; Xia et al. 2010). So, some biological identities involve molecules of the bio-
logical medium to adsorb at the surface of nanoparticles (Fig. 14.2). So, complete
characterization of these nanoparticles dispersed in vivo is needed objectively.

In Vivo Exposure of Gold- and Iron Oxide-Based
Nanomaterials

Accidental or intended in vivo exposure of NPs takes complex path in the body. NPs
can face hostile conditions (i.e., local protein-based compositions and pH) in complex
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biological environment (Di Corato et al. 2014; Kolosnjaj-Tabi et al. 2017; Lévy et al.
2012). At cell organelle level, tumor, stomach, or lysosomes/endosomes provide
acidic environment. NPs are agglomerated inside these intracellular compartments
where protein adsorption and pH affect aggregation-basedmodifications (i.e., optical
and magnetic properties) and colloidal stability. Acidic behavior actively facilitates
the corrosion of NPs core (i.e., superparamagnetic iron oxide and gold) which can be
dissolved completely/partially by different mechanisms, i.e., dissolution, hydrolysis,
degradation, etc. (Lévy et al. 2010; Soenen et al. 2015; Yang et al. 2012; Zeng
et al. 2014). These enzymes can digest organic coatings around NPs as reported in
the literature. Certain enzymes and proteins can adsorb on the surface of NPs and
dynamically evolve the protein corona (Fig. 14.4). In vivo integrity, internalization,
degradation, and clearance of these NPs are still challenging and need extensive
investigation (Branca et al. 2015; Montenegro et al. 2013; Wang and Gu 2015).

In vivo fate of gold nanoparticles (AuNPs) and IONPs depends on different fac-
tors such as administered route, formation of protein corona, distribution inside the
cardiovascular system, uptake by different cells, intracellular release, process and
degradation (Fig. 14.3) (Levy et al. 2011). Zhang et al. investigated pharmacokinet-
ics and biodistribution of polyethylene glycol-coated gold NPs. They injected these
particles in mice suffering with A431 squamous tumors to evaluate the effects of
anchoring ligand, colloidal stability, PEG (molecular weight), and particle size of
NPs. Au NPs with mean size of 20 nm showed lowest uptake by reticuloendothelial
system with slowest clearance rate (Zhang et al. 2009). Hillyer et al. studied the gas-
trointestinal uptake with distribution of colloidal gold NPs with mean diameter of 4,
10, 28, 58 nm through oral route of administration inmice. Small-sized colloidal gold

Fig. 14.3 Nanomaterials–cell interactions. a Factors affecting the interactions at the nanoparticles
surface and b ligand functionalized nanoparticles interactionswith cells. Reproduced fromSaptarshi
et al. (2013)
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Fig. 14.4 Formation of protein corona on the nanoparticles’ surface can change the biological
identity and exchange of different proteins can happen. Inorganic core of the nanoparticles can
metabolize in the microenvironment at later stages (Feliu et al. 2016)—Published by The Royal
Society of Chemistry

NPs showed rapid uptake in gastrointestinal tract (Hillyer and Albrecht 2001). Hirn
et al. studied the biodistribution of gold nanoparticles with opposite surface charges
and different size ranges (1.4, 5, 18, 80 and 200 nm) through intravenous injection.
Surface charge and size were the major contributor to determine the distribution of
these particles. They observed higher accumulation rate with increased Au NPs size,
50% for 1.4 nm to >99% for 200 nm (Hirn et al. 2011) (Fig. 14.4).

Pharmacokinetics of Gold- and Iron Oxide-Based
Nanomaterials

Gold and iron oxide NPs can be administrated in the body depending on the require-
ment of application through oral, intravenous, or inhalation pathways. Immune sys-
tem of the body quickly responds to these NPs presence and tried to eliminate them
effectively through metabolic, phagocytic, and degradation regardless of any biolog-
ical barrier (including stability and gastric acidic pH) (Weissleder et al. 1990b). For
elimination of these particles from the body, macrophages of spleen and liver play a
critical role. In this section, we will focus on pharmacokinetic performance of gold
and IONPs through different routes of administration (Arami et al. 2015).

Biodistribution of Nanomaterials Administered Through
Different Routes of Administration

Cell culture investigations revealed that NPs can incorporate into all types of mam-
malian cells to some extent because of the non-specific uptake mechanisms. Behav-
ior of NPs can affect the cellular uptake efficiency and their intracellular processing
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because of partial/complete degradation or complete persistent in unaltered form
(Hillaireau and Couvreur 2009). It is believed that mammalian cells can metabo-
lize these NPs but this is not necessarily the case for all cells. Culture cells are
either divided very fast or limited in their interactions and metabolisms. Interaction
between in vivo tissues such as macrophages of mononuclear phagocyte system is
much important in processing and clearance of NPs from the blood flow (Hillaireau
and Couvreur 2009; Moore et al. 2000). However, other cells have limited capacity
to uptake or process those nanoparticles. The clearance processes of nanoparticles
depend on the immune system of any individual. Therefore, in vivo intracellular
transfer, biodistribution, and degradation of gold and IONPs strongly depend on cell
type and physiochemical properties of materials (Freund et al. 2012; Jones et al.
2013).

In peripheral vein, bolus injection seems the most promising and easy route for
many biomedical applications. Through IV route of administration, NPs spread into
right heart followed by lung capillaries to the left heart and finally to the arterial sys-
temwhich transferNPs to thevarious parts of body.Under prevailing conditions,main
fraction of the blood enters into spleen and liver, which possesses the great capacity
to remove the xenobiotics from the bloodstream (Bargheer et al. 2015a; Carambia
et al. 2015). Many studies have revealed the distribution of gold and IONPs; Bala-
subramanian et al. reported distribution and accumulation of gold NPs after 2months
of IV administration in spleen (8.4 ± 5.0–9.5 ± 6.4 ng/g) and liver (49.4 ± 50.4–
72.2 ± 40.5 ng/g). In kidney and testis, significant accumulation of AuNPs was
(up to 5.5 ± 2.5 ng/g) and (0.6 ± 0.1 ng/g), respectively (Balasubramanian et al.
2010). Weissleder et al. compared the hydrodynamic size of ultra-small superpara-
magnetic IONPs (20–30 nm) with first-generation IONPs (150 nm) and observed
longer circulation time in rats of approximately 4 h 30 min (Weissleder et al. 1989).
Dipolar/zwitterionic materials including poly (amino acids) and dopamine sulfonate,
vinyl polymers (poly-vinylpyrrolidone) and polymers having heteroatoms (polyglyc-
erol) are referred as best alternatives for polyethylene glycol. Results confirmed that
NPs functionalized with such novel polymers have longer circulation time. Cross-
linked IONPs were synthesized to prevent the weak bonding of hydroxyl groups
with dextran coatings (Parween et al. 2013; Weissleder et al. 1989). Morais et al.
reported gold NPs distribution with different coatings i.e. 3 pentapeptides and citrate
after IV administration (0.6–1 mg Au/Kg) in rats. They reported that citrate coatings
were removed up to 60% and deposited in the liver. In lungs, after 30 min of injec-
tion, 6% injected dose with decreased levels up to 0.7% within 24 h was reported.
In spleen, gold level was 2.6%. However, after 24 h, the highest level of gold was
reported in liver followed by blood and spleen (Morais et al. 2012). Bargheer et al.
designed superparamagnetic IONPs-modified PEGylation with bi/mono-functional
olyethylene amines oxide. They carried the in vitro model by albumin and transferrin
(125I-labeled) labeled proteins to study the exchange and bindings of corona proteins.
Incubation of transferrin showed increased PEGylation grade, binding was dimin-
ished substantially without any difference between covalently bounded and adsorbed
proteins. Particles labeled with 59Fe/125I were cleared within 30 min from the blood
and appeared in large extent up to >90% in spleen and liver, whereas same results for
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in vitro study revealed stability issues of hard corona formationwith covalently bound
or free proteins (Bargheer et al. 2015b). Wei et al. investigated the non-specific inter-
actions of superparamagnetic IONPs coated with zwitterionic dopamine sulfonate
ligand (ZDS) in HeLa cells and mice. ZDS-coated SPIONs retained their saturation
magnetization value (Ms = 74 emu/g). They confirmed small non-specific in vitro
uptake of ZDS-coated SPIONs in HeLa cancer cells and low serum proteins binding
in mice (Wei et al. 2013).

Efficient uptake of gold and IONPs are usually done by endothelial cells like
arteries, veins, and capillaries through different parts of body. Studies indicate the
difference between peripheral endothelial cells and endothelial cells. Both showed
different uptake of NPs due to their charge such as cationic NPs bind with peripheral
endothelial cells while anionic NPs usually taken up by liver cells (Mahon et al.
2012). When injected through peritoneal cavity, they faced different situations. After
passing from the visceral peritoneum, NPs move to the interstitium through blood
vessels or lymph. Limited quantitative information is reported on cell processing
efficacy through different in vivo administration routes (dermal, pulmonary, inhala-
tion, and oral route) (Lunov et al. 2010; Sée et al. 2009). Sadauskas et al., studied
the biodistribution of intratracheally administrated gold nanoparticles with size 2,
40, and 100 nm in female adult mice. Reported distribution in mice after repeated
dose of 2 nm gold NPs were 1.4–1.9% in liver, 40 nm gold NPs 0.1%, whereas
100 nm gold NPs were not detected (Sadauskas et al. 2009). Bargheer et al. reported
the distribution of 51Cr and 59Fe labeled FeOx NPs through intestinal absorption in
mice. 59Fe showed significant absorption, whereas no absorption in case of 51Cr
was observed. No degradation after 24 h was reported, and however, no fluorescent
NPs were detected after 12 weeks which confirmed the substantial degradation of
injected NPs (Bargheer et al. 2015a, b). Table 14.1 is showing different parameters
of iron oxide-derived formulations.

Clearance Routes

Major clearance route for administrated NPs is mononuclear phagocytic system.
Most of the NPs are taken up selectively by spleen and live (Xu et al. 2011). How-
ever, some reports confirmed the presence of administrated NPs in the lungs and
other parts. Major clearance pathways for gold and IONPs are spleen and liver (Cui
et al. 2013). These organs form monocyte macrophage and mononuclear phago-
cytic system (MPS) called reticuloendothelial system.MPS consists of macrophages
(present in various organs, i.e., brain, bonemarrow, liver, lymph nodes, and lung) and
monocytes (circulate in blood).Mostly, hematopoietic stem cells consist of precursor
macrophages cells in the bonemarrow and released asmonocytes in blood circulation
(Peer et al. 2007). Through endothelium, circulating monocytes migrate to differ-
ent tissues through differentiation based on their function phenotype and anatomical
locations in large-sized subsets of macrophages. Major macrophages in lung, liver,
interstitial tissues, and bones are alveolar macrophages, Kupffer cell, histiocytes,
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Table 14.1 Blood half-life, charge and dose of different IONPs after injected in human/animal
model

Name Coating
molecule

Model Charge Half-life Dose
(mg
Fe/Kg)

References

SPIO (AMI25) Dextran Rats NA 6 min 0.224 Weissleder
et al.
(1990a, b)

Amino-dextran
SPIO-micromod

Dextran (20
KDa)

Mice −4.95
to −
0.77

5–60 min 4 Simberg
et al.
(2009)

Resovist (SHU
555 C)

Carboxy
dextran

Rats Anionic 56 ± 17 5.6 Frericks
et al.
(2009)

Ocean nanotech Dextran +
antibody

Mice NA 7.5 h NR Tomanek
et al.
(2011)

Nanoworms Cross-linked
dextran (20
KDa)

Mice NA 10 h 5 Wang et al.
(2014)

Clariscan
(NC100150)

PEG +
starch

Humans Anionic 3-4 h 3-4 Bachmann
et al.
(2002),
Weishaupt
et al.
(1999)

VSOP-C184 Citrate
coating

Rats NA 21 ± 5 min 2.52 Wagner
et al.
(2002)

and osteoclasts, respectively (Melancon et al. 2009). All these macrophages clear
the blood circulation from foreign bodies (i.e., viruses, gold/IONPS, old/abnormal
cells, and bacteria) or pathogens through additional macrophages and phagocytosis
(i.e., engulfing by followingmetabolism and degradation). Spleen and liver are blood
filters that play a major role in the clearance process of gold and IONPs from blood
circulation. These organs can eliminate only a fraction of NPs from bloodstream.
However, excess of these NPs can accumulate in the macrophages of other rich tis-
sues including adipose tissues and lung (Beckmann et al. 2009). Uptake mechanisms
of IONPs through macrophages of spleen and liver are proceeded by phagocytosis,
opsonization and recognition from macrophages. Accurate distribution of gold and
IONPs demands detailed experimental studies (Weissleder et al. 1995). Van Beer
et al. used different techniques to study the accurate liver distribution of dextran-
coated ultra-small IONPs with core size (dH = 30–35 nm, dc = 5 nm) on rats. They
reported maximum uptake of ferric ions (dose range = 15 mol Fe/Kg) by Kupffer
cells after 1–4 h of administration.With the increased dosage rate (150 mmol Fe/kg),
peak was observed after 8–24 h which revealed significantly changed liver contrast.



456 K. Akhtar et al.

IONPs were distributed in interstitum and extracellular blood in spite of hepatocytes
and Kupffer cells (Van Beers et al. 2001). Heinfield et al. injected the AuNPs through
IV administration in mice and measured the biodistribution with atomic absorption.
They reported low retention time in spleen and liver with high spatial resolution and
unusual clarity from kidney. After 11–30 h post-injection of 10 mg Au/ml in blood,
no sign of toxicity was observed (Hainfeld et al. 2006). Jong et al. injected gold NPs
with mean diameter (10, 20, 100, and 250 nm) in rats intravenously. They sacrificed
the rats after 24 h and determined the distribution of gold NPs in different organs.
Clear difference in distribution based on particles size was observed. Small-sized
gold NPs (10 nm) were detected in spleen, lung, kidney, brain, and liver. However,
large particles were detected in spleen, liver, and blood (De Jong et al. 2008). Tate
et al. reported the biodistribution of IONPs in different organs of mice after 14 and
580 days of post-injection. They confirmed the complete clearance after 580 days.
This report only revealed the results after 14 and 580 days without any other time
intervals, and that is why exact clearance time cannot be established (Tate et al.
2011).

Renal clearance is a non-phagocytizing pathway. If renal clearance is considered
as appropriate clearance path, then through urine, large dosage of gold, and IONPs
would be excreted. However, few reports on degraded gold and IONPs due to size
constraints are present. Small coated molecules might be excreted through the renal
pathway due to small biodegradation by-products and weak bonding (Alexis et al.
2008; Almeida et al. 2011). Liu et al. reported the renal clearance and physiological
stability of glutathione-coated gold NPs with mean diameter of (∼2.5 nm). They
revealed the longer retention time (43.4± 6.6 min) in tumors with faster tissue clear-
ance, which indicates enhanced retention and permeability effects. They reported
half-lives for distribution and elimination as (5.4 ± 1.2 min) and (8.5 ± 2.1 min),
respectively (Fig. 14.5) (Liu et al. 2013).

Parameters Affecting the Blood Clearance Pharmacokinetics

Hydrodynamic size: Biodistribution kinetics of IONPs can be determined by their
hydrodynamic size. Effect of hydrodynamic size on the pharmacokinetics of gold
and IONPs have been reported in the literature (Alexis et al. 2008; Almeida et al.
2011). Roohi et al. studied the decreased blood half-life from 50 to 3 min by increase
of hydrodynamic size of IONPs from 20 to 85 nm, respectively (Roohi et al. 2012).
Saebo and Wang confirmed that IONPs with hydrodynamic size of 4–100 nm accu-
mulated quickly in spleen and live by macrophage phagocytosis and finally confined
into spleen and liver (Briley-Saebo et al. 2011; Wang et al. 2001). Gupta et al.
reported higher uptake rates of IONPs with hydrodynamic size ranges from 4 to
200 nm in spleen due to mechanical filtration through macrophage phagocytosis as
compared to liver (Gupta and Wells 2004; Lan et al. 2012). Kunzmann and Fleige
reported pinocytosis as major internalization path for dextran-coated IONPs with
20 nm hydrodynamic size. Internalization of larger IONPs was reported through
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Fig. 14.5 Biodistribution of glutathione-coated goldNPs, IRdye 800CWandbovine serumalbumin
coated gold NPs after 1 and 12 h (a–c). d Comparison of three probe concentrations in tumor and
liver after 1 and 12 h. Reprinted with permission from Liu et al. (2013). Copyright (2013) American
Chemical Society

endocytosis. Internalized NPs transferred to lysosomes and finally eliminated from
the body with hydrodynamic size of 10–15 nm through kidney (Kunzmann et al.
2011). Cho et al. reported higher concentration of PEG-coated gold NPs (4–13 nm)
in blood for 24 h and clearance time was 7 days. However, large gold NPs showed
less elimination phase and rapid take-up by spleen, mesenteric lymph, and liver
within 30 min (Cho et al. 2010). (Chithrani, Lu and Jin) reported the endocytosis
rate of 10−6 min−1 of spherical-shaped gold NPs with 50 nm hydrodynamic size
(Albanese and Chan 2011). Sonavane et al. studied the effect of particle size (15, 50,
100 and 200 nm) on biodistribution of prepared colloidal gold nanoparticles through
IV administration (1 g/kg) to mice. Higher distribution of small gold NPs (15 nm) in
kidney, lung, and spleen was observed. However, gold NPs (15 and 50 nm) crossed
the blood-brain barrier and it was evident from the presence of gold NPs in the brain
(Sonavane et al. 2008).
Core size: Core size (dc) plays the major role to determine the saturation magnetiza-
tion andmonitor the relaxation times (T 1,T 2, andT 2*) of contrast agents formagnetic
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resonance imaging. Tong et al. reported three times increase in relaxation rate (r2)
by increasing the core size of IONPs from 5 to 14 nm (Ferguson et al. 2015; Tong
et al. 2010). Gu et al. demonstrated fast biodegradation rates of IONPs with core size
(15–30 nm) in spleen and liver but also reported higher toxicity issues. Large crystal
size has stronger dipole and magnetostatic interactions with each other which result
in cluster core formation with large hydrodynamic sizes (Roca et al. 2009). Lou et al.
reported shorter half-life due to splenic and hepatic filtration for nanoparticles with
large hydrodynamic sizes (4–200 nm). Large Au and IONPs have low surface vol-
ume, which presented low physically and chemically available sites for conjugation
of desired therapeutic biomolecules and polymer coatings (Lou et al. 2012). Fer-
reira et al. reported the functionalized gold nanoparticles with Gd3+ chelates which
showed enhanced relaxivity (29 mM−1 s−1, 30 MHz, 25 °C) (Ferreira et al. 2012).
Yang et al. investigated different size gold nanoparticles for their pharmacokinetics
in mice and observed longer accumulation time for larger particle sizes (Fig. 14.6)
(Yang et al. 2016). Table 14.2 describes the effect of different gold formulations on
toxicity and subcellular localization.
Zeta potential and surface charge: Charge on gold and IONPs surface depends
directly on molecular structure of the coated materials. Positive charge leads toward

Fig. 14.6 Size-dependent studies of gold nanoparticles:a examination scheme;b absorption spectra
of 19, 30, and 50 nm gold nanoparticles; and c suspension and images of different size gold
nanoparticles. Reprinted from Yang et al. (2016)
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Table 14.2 Subcellular localization of differed core-sized gold NPs modified from the literature
(Levy et al. 2010)

Capping Method Core size of
gold
nanoparticles
(nm)

Toxicity Subcellular
localization

References

DDPE Ultrasound 100 Non-toxic Endosomal Soman et al.
(2008)

2% Tat, 2%
penetratin,
94% PEG,
2% NLS

CPP 16 Not
reported

Nuclear and
cytoplasmic

Nativo et al.
(2008)

Sweet arrow
peptide

CPP 12 Not
reported

Endosomal Pujals et al.
(2009)

Tat peptide CPP 2.8 Not
reported

In nucleus and
cytosolic
around
mitochondria

Berry
(2008)

PEI PEI 4 20-30%
deaths

Some
localized in
nucleus and
mainly in
endosomal

Thomas and
Klibanov
(2003)

Phospholipids Liposomes 1.4 Not
reported

Lysosomes
present near
nuclear
membranes

Chithrani
et al. (2010)

attachment of large number of amine groups. However, carboxyl, sulfate, and
hydroxyl groups contribute toward the negative charge. Functional groups at the
NPs surfaces determine blood circulation time. Protein adsorption is also affected by
the charge at the surface of nanoparticles (Mahmoudi et al. 2015). However, limited
information is available regarding the role of functional groups on biodistribution
and pharmacokinetics of gold- and iron-based NPs (Cole et al. 2011a). Huang et al.
compared the zeta potential (+2 to 14 mV) of polyvinylpyrrolidone-coated IONPs
accumulated in liver with Feridex (25 mV). They revealed the small liver uptake
with large accumulation of positively charged IONPs (dH = 118 nm) as compared
to Feridex (dH = 118 nm) (Huang et al. 2010).

Methods Used for Determining the Biodistribution
and Pharmacokinetics of Iron- and Gold-Based Nanomaterials

Various methods are being used for the detection of low iron oxide and gold NPs con-
centrations (i.e., nanomoles per gram) in tissues of different organs and blood. These
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methods can be classified roughly into magnetometry, imaging, and spectroscopy
(Chertok et al. 2010). Imaging techniques, such as optical microscopy, transmission
electron microscopy (TEM), magnetic particle imaging, and magnetic resonance
imaging, are widely used for characterization of biodistribution of iron oxide- and
gold-based nanomaterials. High-resolution TEM is useful technique to observe the
distribution of IONPs and AuNPs in extracellular and intracellular regions of thin tis-
sue slices (Giustini et al. 2011). TEM offers elemental and electron beam diffraction
analysis, which can differentiate the encapsulated iron oxide in ferritins from crys-
talline superparamagnetic IONPs present. Consequently, TEM can provide detailed
analysis of pharmacokinetics of gold and IONPs and recycle mechanisms (Torres
Martin de Rosales et al. 2011). TEM requires electron transparent samples (thick-
ness ~ 100 nm) and elaborative preparation methods. However, TEM can provide
limited details of the specified region from the sample due to small field view. Many
advanced techniques are being utilized for the quantification of nanomaterials (Hua
et al. 2011; Levy et al. 2011). Recently, Abe et al. reported a non-destructive tech-
nique, X-ray scanning microscopy (XSAM), for elemental mapping of iron in mice,
based on energy-dispersed fluorescent X-rays analysis in air, even when sample
contains water (Abe et al. 2009). Histology is another cost-effective tissue analy-
sis method which can provide the detailed information about the storage of these
nanoparticles in larger tissue areas. Tissue sections are sometimes stained chemi-
cally with some suitable chemical agents such as Prussian blue for identification of
gold and IONPs. Histopathological analysis through Prussian blue staining has some
limitations, i.e., it can be beneficial for visualization of iron and gold ions but cannot
detect nanoparticles before the degradation (Cole et al. 2011b). It cannot differenti-
ate the endogenous iron oxide in different tissues from the one which administrated.
For quantitative analysis, tissue sections (~100 to 200 mg) first dissolve in an acidic
solution (1 mL, Aqua Regia). Then Prussian blue is added for absorbance measure-
ments to quantify material in different organs (Maurizi et al. 2014). To study the
peroxidase-mimicking activity of IONPs, another method is used in which perox-
idase substrates are catalyzed, followed by oxidation to produce the color foci at
the point of NPs accumulation in respective tissues. Zhuang et al. used this method
for more accurate and highly sensitive quantification purposes and compared with
Prussian blue staining method. They concluded higher sensitivity through magnetic
NPs-peroxidase approach. They determined the distribution of magnetic NPs and
clearance rata in different organs by quantifying those localized NPs in different
organs. Higher sensitivity through magnetic NPs-peroxidase approach was reported
(Zhuang et al. 2012). In addition to the traditionally used ex vivo imaging methods,
in vivo imaging with MPI and MRI can also be used to study the biodistribution of
these NPs. MRI is considered as non-destructive method for biodistribution of gold-
and iron-based nanoparticles in the living organisms. In vivo tracking of IONPs
through MRI with T 2 contrast has been used extensively but it is not suitable for
higher concentrations of IONPs when localized in liver and spleen because T 2 signal
saturates and produce the dark images, consequently, does not provide required infor-
mation. Hoopes et al. used ultrashort T 2 MRI to produce the positive contrast with
IONPs and cover the sensitivity issues of conventional MRI (Hoopes et al. 2012).
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Real-time positive contrast micrographs can be obtained through MPI with iron and
gold NPs. MPI shows the nonlinear magnetic response to AC applied magnetic field
which induces the strong magnetic DC field gradient. MPI and MRI techniques can
detect small concentration of gold and iron NPs up to nanograms per liter (Goodwill
et al. 2012). Inductively coupled plasma atomic emission spectroscopy (ICP-AES)
can also be used for chemical elemental analysis. In acid-digested tissues, ICP-AES
can quantify the elemental ironwith the concentration down to nanomoles per grams.
However, the major limitation is its non-differentiating ability between endogenous
and exogenous iron oxide nanomaterials (Gleich andWeizenecker 2005). Song et al.
studied the gold contents from the enrichedGd (III)-polyvalvent Cy3-DNA-goldNPs
in HeLa and NIH/3T3 cells through ICP-AES. They determined inductively coupled
plasma mass spectroscopic ratio after cell internalization which remains constant
for 24 h. It indicates no enzyme digestion activity of DNA-GdIII @AuNP over long
period of time (Song et al. 2009, 2012).

Fate and Biodegradation of Gold- and Iron Oxide-Based
Nanoparticles

Degradation of Surface Coatings

Coating at the surface of nanoparticles provides them synthetic identity. However,
in vivo stability of surface coatings is still challenging and need extensive studies. In
vitro studies performed inside lysosomes/endosomes indicated release of polymer
coatings from the NPs surface (Fadeel et al. 2013). The lysosomal/endo-cathepsin
L enzyme separates one third part of the human protein and peptides conjugated
with iron and gold NPs that show significant degradation in endosomal compart-
ments (Sée et al. 2009). Lunov et al. reported degradation of carboxydextran shell
formed at the superparamagnetic NPs core through a-glucosidase enzyme. Quan-
titative degradation through double labeling technique is reported in the literature
(Lunov et al. 2010).Bargheer et al. studied the 125I-labeled and 14C-labeled covalently
bounded peptide with the iron oxide 59Fe-labeled core. They carried in vivo study by
IV administration of ferucarbotran in mice which leads toward fast accumulation of
iron in kidney and liver. They incorporated the ferucarbotran inside lysosomal vesi-
cles contained α-glucosidase and confirmed the carboxydextran shell degradation
from ferucarbotran particles (Bargheer et al. 2015b; Soenen et al. 2015). Distribu-
tion of radiolabeled NPs provides reliable and sensitive quantification in different
parts of body. However, appropriate selection of isotopes is very critical. Many issues
including role of enzymatic degradation in protein corona compositional exchange is
still need to be unraveled (Bargheer et al. 2015a; Kreyling et al. 2015). Many in vitro
studies suggested that lysosomal enzymes might digest original protein corona (PC)
after intracellular incorporation. To detect such in situ modifications, many advanced
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techniques such as fluorescence correlation spectroscopy and dynamic light scatter-
ing are applied for PC characterization of many biological liquid samples (Carambia
et al. 2015; Lunov et al. 2010).

Degradation of Core
Ultimately, inorganic core of the NPs can be degraded. Recycling of inorganic part
is important for the complete fate of the NMs in the body otherwise persistence
can create different problems. Degradation of inorganic core highly depends on the
composition of the material. FeOX-based NPs are known as corrode and release
metal ions (Soenen et al. 2015). However, AuNPs are considered more inert and
stable against degradation. NPs can undergo structural alterations, and ligands (thi-
ols) bind strongly with the gold surface and may pull out the gold atoms through
ligand from the surface. Thiols are present in cells, such as glutathione, and so gold
NPs dissolve slowly (Krüger et al. 2003; Paulsson et al. 2008). Nanocubes offered
higher area (6d2) and volume (d3) for NPs having unit volume in contrast with the
spherical NPs with area (A = 4π (d/2)2) and volume (V = (4π /3)(d/2)3), which
lead toward the surface area equal to unity. Hence, cube NPs possess higher surface
area as compared to spherical geometries for the same volume (Mejías et al. 2013).
Lartigue and co-workers studied the degradation of amphiphilic coated iron oxide
nanocubes and observed preferential degradation from the corner of the nanocubes
due to inhomogeneous polymer functionalization (Fig. 14.7). They also observed
the transfer of degraded iron species into ferritin proteins during in vivo studies. In
another study, in our group based on iron oxide–gold hybrid nanostructures shows
that iron oxide and gold have distinct degradation mechanisms and gold degraded
at a longer time due to its inert nature in the biological environment (Fig. 14.8).
Shape transitions are governed by thermodynamics of interaction of internalized
NPs. Crystalline re-organization or degradation of inert NPs such as gold occurred
to some extent. Superparamagnetic iron oxide (FeOx)-based NPs are discussed here.
Inductively coupled plasmamass spectroscopy is used for quantification of inorganic
NPs cores and degradation residues in the body. In normal human, iron is present in
hemoglobin, myoglobin, transferrin, and ferritin up to 65%, 4%, 0.1%, and 15–30%,
respectively. Ferritins are present mainly in liver hepatocytes (Lévy et al. 2010).
Mechanism of intracellular degradation of IONPs is much similar to ferritin. Protein
shells dissolved first through lysosomal proteases and finally internalized IONPs
released in acidic environment followed by rapid dissolution in lysosomes. Excess
iron in the body can be stored in these apoferritins (empty ferritins) and/or can elim-
inate from the body through different releasing mechanisms. Functionalization and
radiolabeling are commonmethods for tracking IONPsmovements through different
excretion routes (Lartigue et al. 2013). Bourrinet et al. labeled the dextran coating
with 14C tag and core of iron oxide with 56Fe, which showed faster clearance kinetics
of dextran molecule as compared with core of iron (Bourrinet et al. 2006). Lamanna
et al. reported the degradation and clearance rate of injected coated molecules after
56 days on a rat model up to 12.9% and 88.6% through feces and urine, respectively,
whereas the administrated iron was excreted through urine and feces up to 21.8%
and 16.8%, respectively (Arami et al. 2015; Feliu et al. 2016).
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Fig. 14.7 Degradationof amphiphilic polymer-coated IONPs.aThin layer of polymer at the corners
make themmore prone to degradation as compare to facets. b Residual nanoparticles maintain their
original crystal structure. c From series of images at different time intervals (0–60min) indicates the
stochastic process of degradation. Reprinted with permission from Lartigue et al. (2013). Copyright
(2013) American chemical society

Toxicity of Gold- and Iron Oxide-Based Nanoparticles

Toxicity of IONPs: IONPs are considered more safe, non-toxic, and biocompati-
ble inorganic material. Reported lethal dose (LD-50) for uncoated IONPs is 300–
600 mg Fe/Kg of the total body weight. However, this dose in case of dextran-coated
IONPs, dextran used as biocompatible and stabilizing agent, can increase up to 2000–
6000 mg Fe/Kg (Bourrinet et al. 2006; Tate et al. 2011). For carboxy dextran-coated
IONPs, reported value of LD-50 was 30 mmol (Wada et al. 2001). However, more
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Fig. 14.8 Fate of gold–iron oxide dimers in vivo (Day 7 and Day 14 spleen). Distinct kinetics of
gold moiety was observed (low biodegradability of gold) when compared with iron oxide. There
was also the tendency of chain formation of gold nanoparticles after the corrosion of iron oxide part.
Reprinted with permission from Kolosnjaj-Tabi et al. (2015). Copyright (2015) American chemical
society
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studies on the toxicity evaluation are needed for different types of fluorophores,
polymers, radioactive tags, different synthetic capping agents (oleyl amine and oleic
acid), and incorporated therapeutic molecules in different coating layers of the pre-
pared IONPs. Long-term monitoring even for months or up to years are needed for
in vivo evaluation of IONPS toxicities because degraded IONPs can circulate in the
body for a longer duration (Gu et al. 2012). However, some ethical issues raised for
carrying LD-50 measurements on animals. Traditional testing through LD-50 is not
recommended by Food and Drug Administration, USA. Different pharmacokinetics
and degradation rates of IONPs coatings and cores make studies more complicated.
For example, Dextran-coated IONPs cleared from the body of rat after 56 days of
administration, circulation of 80% injected IONPs were still reported as protein–iron
complexes even after 84 days (Bourrinet et al. 2006; Yang et al. 2015). Jain et al. eval-
uated the toxicity followed by alkaline phosphatase, alanine aminotransferase, and
aspartate aminotransferase tests on pluronic-coated IONPs with the hydrodynamic
size (186–206 nm) in rats. They also reported the concentration of lipid hydroper-
oxide to evaluate the oxidative stress after IONPs administration. Minor transient
changes of enzyme level in liver were reported for a period up to (6–24 h). Reduced
oxidative stress in different types of tissues was also reported after 3 days (Jain et al.
2008). This was also confirmed by histological analysis, where no apparent abnor-
mal changes were observed. Yang et al. analyzed changes in the gene expression
inside liver of a mice after injected IONPs (hydrodynamic size = 14, 25, 34, 43 nm
and core size = 10, 20, 30, 40 nm). After 1 and 7 days of injection, results showed
that IONPs with small size (10 and 20 nm) might induce some changes in the sus-
ceptible genes (heme oxygenase 1, proprotein convertase subtilisin/kexin type 9)
indicated some changes in the metabolic process and induce oxidative stress (Yang
et al. 2015). Gu et al. evaluated in vivo toxicity of oleic acid capped monodispersed
IONPs with hydrodynamic size of 5, 15, and 30 nm, which coated further with phos-
pholipid PEG layer. Their hematology study revealed increased neutrophils after
24 h of administration that come back to normal level in next 30 days. Increased
level of alkaline phosphatase and aspartate aminotransferase was observed due to
shift of oleic acid molecules toward hepatocytes from liver macrophages (Fig. 14.9)
(Gu et al. 2012). Monge-Fuentes et al. evaluated the toxicity of dimercaptosuccinic
acid (DMSA)-coated IONPs in a group of monkeys (Monge-Fuentes et al. 2011).
Previous studies on DMSA-coated IONPs preferentially confirmed the accumula-
tion inside brain and lungs because of unknown mechanisms. No significant toxicity
was observed in primate non-human models carried out for the period of 120 days
(Mejías et al. 2011).
Clinical safety for human: Extensive clinical and preclinical research from the
last two decades has been done for evaluation of possible side effects of admin-
istrated IONPS to humans. However, only formulation, silica-coated IONPs (i.e.,
Ferumoxsil) through oral route of administration and dextran-coated IONPs (i.e.,
Feridex or Ferumoxide, Feraheme or Fermoxytol, Resovist or Feraheme) through
IV administration have been reached at clinical and preclinical trials. Toxicological
profiles of IONPs with no side effects have been reported as clinically significant for
standard pharmacological testing followed by oral or IV administration (McCormack
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Fig. 14.9 In vivopharmacokinetics of IONPs inmice a excess iron accumulation in different organs,
liver, and spleen store more amount of iron as compare to other organs, b–d iron quantification by
ICP-OES in liver, spleen, and blood, respectively, till one-month accumulation, e–f quantification
of superparamagnetic/ferromagnetic ratio in liver and spleen as function of time, g quantification
of superparamagnetic/ferromagnetic ratio in liver for different functionalization, PEG-lipid, and
DMSA. Reprinted with permission from Gu et al. (2012). Copyright (2012) American Chemical
Society

2012). Recently, Motoyama et al. studied the map of lymph node metastasis with fer-
ucarbotran (Resovist) in 22 patients suffering from esophageal cancer and reported
no side effects (Masselli and Gualdi 2012; Motoyama et al. 2012). In another study,
Howarth et al. used dextran-coated IONPs for diagnosis of carotid inflammation in
20 patients and observed no toxicity (Howarth et al. 2009). For safety evaluation of
Ferumoxtran-10, it was tested on group of 1777 adults, where they reported adverse
effects such as pruritus, urticarial, headache, and back pain in 23.7% patients. Severe
side effects (e.g., 2 cases of hypotension, skin rash, anaphylactic shock, decreased
oxygen saturation, and chest pain)were detected in 0.42%patients (Bernd et al. 2009;
Schiller et al. 2014). Due to undiluted IONPs, they reported one death by the bolus
injection. Bolus IV administration is not recommended for IONPs. This results in
the development of dextran-coated IONPs (Fereageme or Ferumoxytol) with lower
molecular weight. The most recent clinical application of IONPs for the treatment
of iron deficient chronic diseases is the approval of Ferahem or Ferumoxytol by US
Food andDrugAdministration (FDA) in June 2009. In 2012, IONPswith the name of
Rienso gained European authorization (McCormack 2012). High-dose (510 mg one
injection) tolerability and increased hemoglobin level in patients with the use of these
products were reported (Lu et al. 2010). Most recent study performed on 396 patients
inUSA followed by 570, IV injections of IONPs revealed no severe side effects. In 22
patients, minor side effects (nasal congestion, headache, pruritus, chest discomfort,
nausea, flushing, and myalgia) were reported (Lu et al. 2010). Hasan et al., reported
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cerebral aneurysm due to early uptake of IONPs. In retrospective one-year study
realized on 8666 US patients revealed some side effects [hypersensitivity (0.06%),
loss of consciousness (0.03%), hypotension (0.12%), dyspnoea (0.05%), syncope
(0.02%), anaphylactoid reaction (0.02%), unresponsive to stimuli (0.02%), and loss
of consciousness (0.03%)] treated with IONPS (Hasan et al. 2012). Gastrointesti-
nal effects (i.e., vomiting, diarrhea, nausea, abdominal pain, and constipation) were
reported in 1562 US patients and some adverse effects in 7.9% patients during clin-
ical study. However, long-term safety evaluation of IONPS is ambiguous and still
under discussion (Hasan et al. 2012).
Toxicity of the gold nanoparticles: Particle size, shape and surface modifications of
gold nanoparticles play a major role in controlling cellular localization, endocytosis
effectiveness, and in vivo accumulation sites which is responsible for the cytotoxicity
of gold nanoparticles.Ma et al. prepared gold nanoparticleswith the diameter (10, 25,
50 nm). Large-sized gold nanoparticles (50 nm) were easily and efficiently taken up
due to heavy dependence on the particle size (Schrand et al. 2010). Pan et al. reported
the toxicity of gold nanoparticles (0.8–15 nm) with cell lines J774A1, L929, SKMel-
28, and HeLa. Gold NPs with size (1.4 nm) showed more cytotoxicity with half-
maximal inhibitory concentration (IC50) values which range from (30 to 46mmol/L).
Lower IC50 values (250, 140, and 230 mmol/L) for the gold NPs with size of 0.8,
1.2 and 1.8 nm, respectively, were reported as compared to AuNP with 1.4 nm
(Pan et al. 2007, 2009). Li et al. revealed faster internalization rate of spherical-
shaped gold NPs followed by cube- and rod-like particles. Nangia et al. observed
the damage by the translocation mechanism of functionalized gold NPs through
cell membranes (Li and Rothberg 2004). They investigated the effect of different
shapes by comparing high-index faceted shapes (pyramid and rice) with less faceted
(cone and rod) shaped counterparts (Nangia and Sureshkumar 2012). Wang et al.
investigated the toxicity of AuNPs of different shapes including sphere, polyhedron.
and rod on zebrafish. They reported the higher toxicity effects of spherical AuNPs
as compared to polyhedron- and rod-shaped particles. Polyhedron AuNPs elicited
more lethality after storage as compared to other shaped NPs (Wang et al. 2016).
Lipka et al. studied the kinetics after intratracheal and intravenous application of the
modified gold nanoparticles with and without PEG coatings. Various gold contents
in different organs and tissues were determined quantitively after 1 and 24 h. After
vein tail injection of coated and naked AuNPs, accumulated contents were reported
in the spleen and liver but after intratracheal administration majority of AuNPs were
reported in the lungs. No change in translocation after intravenous administration
toward circulation was observed after PEGylation of Au NPs. PEGylation of Au NPs
(5 nm) greatly influenced the kinetics and uptake mechanism especially in spleen
and liver. They also determined the prolonged time for blood circulation with PEG
chains (Lipka et al. 2010).
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Future Outcomes and Conclusion

Gold and IONPs possess safety factor with excellent biocompatibility due to their
unique properties that can be optimized easily by tuning their distribution and size.
Therefore, these NMs are usually considered as the most reliable candidates toward
many biomedical applications such as cancer therapies (by separating stem cells
labeling and malignant cells) and imaging purposes. Clinical success of gold- and
iron oxide-based NPs mainly depends on short- and long-term tolerance ability in
body, pharmacokinetics, and diagnostic or therapeutic functionality in the desired
organs. Despite the comprehensive research done for the development of advanced
instruments and characterization techniques from the last six decades, many ques-
tions are still unanswered regarding the effective and safe use of these prepared
particles in different therapeutic and diagnostic applications. Various types of gold
and IONPs have been prepared and functionalized by different types of coatings.
However, only a few families of synthesized NPs have reached on clinical trials
(Martin et al. 1955). In vivo performance of gold- and iron oxide-based nanopar-
ticles significantly affected by hydrodynamic size, surface charge, core size, types
of coatings, and polydispersity factors. However, experimental variations including
human/animal models, route of administration, and characterization techniques for
evaluation purposes are considered as influential factors. Establishment of the stan-
dard database is required for categorizing biodistribution, pharmacokinetics, and
toxicity results to evaluate the required information in cost-effective and faster way.
Same approach is needed for categorizing physical, chemical, and mechanical prop-
erties of a wide range of compounds and metallic alloys based on the parameters
of complex processing and elemental compositions (Arami et al. 2015; Jia et al.
2017). Materials databases can be used as a key tool to address efficiently the clini-
cal trials by providing valuable results. Effect of the additional parameters including
rigidity, density, weight, mechanical flexibility, consistency, administrated dose, and
molecular structure of gold/IONPs require to be studied.
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Chapter 15
Multiple Myeloma: Role of Magnetic
Nanoparticles

Raghvendra A. Bohara and Priyanaka Singh

Abstract With rapid progress in nanomedicine, magnetic nanoparticles (MNPs)
have been proved as a promising theranostics tool in biomedical applications includ-
ing diagnostic imaging, drug delivery, and novel therapeutics. Multiple myeloma is
a hematological malignancy with relapse rate greater than 90%. Limitations in the
treatment of MM are the serious side effects caused by drugs used in chemotherapy.
The emphasis in cancer treatment has shifted fromcytotoxic, non-specific chemother-
apies to molecularly targeted and rationally designed therapies showing greater effi-
cacy with fewer side effects. Nanomedicine may help to address these issues and a
revolutionary treatment. Here, we explained brief insights of MM, the key pathways
that play a vital role in the development of the disease and the role of magnetic
nanoparticles in the diagnosis and treatment of the MM.

Keywords Magnetic nanoparticles ·Multiple myeloma · Targeted drug delivery ·
Novel therapy

Introduction

Multiple myeloma (MM) is an abnormal malignancy of plasma cell, characterized by
diminished immune surveillance mechanism, such as altered antibody production,
crookedness of T cell and natural killer cell proliferation and activation, disorder-
ing of antigen presentation processes, and upregulation of cell cycle checkpoints
and immunosuppressive mediators. MM is also signified by increased production
of abnormal immunoglobulins which require tertiary folding in the endoplasmic
reticulum (Ghobrial et al. 2019; Saunders 2005; Usmani and Chiosis 2011). MM
cells activate varieties of signaling cascades by reacting with the microenvironment
of different cells like endothelial cells, bone marrow stromal cells (BMSCs) and
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by secretion of different cytokines like autocrine, interleukin 6 (IL 6), insulin-like
growth factor (IGF), vascular endothelial growth factor (VEGF) or paracrine cytokine
secretions. These activated signaling cascades result into uncontrolled growth, prolif-
eration and develop resistance to apoptosis (Ramakrishnan and D’Souza 2016; Gertz
and Vincent Rajkumar 2014). The symptoms with multiple myeloma are generally
non-specific and last for an extended period of time. These include fatigue, bone
pain, anemia, renal diseases, hypercalcemia, lytic bone lesions, thrombocytopenia,
and hypogammaglobulinemia. Components related to a poorer prognosis include:
Age (normally strikes people with older age), people with prior family history, over-
weight, gender (male is more receptive to this disease than female) and race (African
American are more susceptible to this disease when compared to white Americans)
(Fairfield et al. 2016; Morgan et al. 2012; Siegel et al. 2019). MM is an incurable
cancer that strikes over 24,000 people every year in USA and is the second most
common hematologic malignancy there and responsible for nearly 11,000 deaths per
year. It accounts for nearly 1% of all malignant tumor and represents about 10% of
hematologic malignancies (Musto and Montefusco 2016; Ghosh et al. 2018). It has
double probability of affecting blacks thanwhite for which the reasons are not known
properly. It is primarily said to be a disease of older people affecting individuals of
age of 50 and above (Huang et al. 1999). Regardless of various advances in the past
two decades, MM is supposed to be fatal disease as it is developing resistance to new
drugs within a short period of time during therapy. This highlights the importance of
the recognition of new targets and understanding of clonal heterogeneity as there is
advancement in new treatment strategies that will help to patient in better treatment
(Wong and Comenzo 2015).

Difficulties Associated with Proper Diagnosis of MM

To support MM patients, there are clinical practices which are used such as bone
marrow biopsies, blood biological markers, and various imaging modalities.

(a) Bone marrow biopsies:

Diagnosis by bone marrow analysis is one of the standard methods. It detects mor-
phologies and involvement of bone marrow by plasma cells. Bone marrow aspirate
(BMA) observation evaluates plasma cells that can be differentiated into mature,
immature and plasmablastic (Štifter et al. 2010). It is a painful technique often used
to detect stages of diseases. Bonemarrow samples can be tested for further character-
ization of status of disease that include immunohostochemistry and flow cytometry
which identify monoclonal plasma cells that represent CD38, CD138, and CD56
antigens and cytoplasmic kappa or lambda light chain. Chromosomal abnormality
can be detected by using fluorescence in situ hybridization (FISH). Previously men-
tioned techniques have limitations that occur by the sampling from a single focus of
bony pelvis that can give rise to false negative results.
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(b) Blood sampling:

As compared with bone marrow biopsy, blood sampling technique is less-invasive
method that can provide equivalent information as bone marrow biopsy technique.
Circulating tumor cells (CTCs) and circulating cell-free DNA (cfDNA) in blood
samples are detected as they can provide genetic profile of MM and can detect
treatment responseswith cancer relapses. In serological diagnosis and to detect stages
ofMMmeasurements of M-protein, albumin, and beta-2 microglobulin are detected.
Serum free light chain (SFLC) test measures the amount of FLCs in blood. Unstable
amount and ratio of kappa or lambda light chains confirms the MM. Higher level of
kappa or lambda is related to higher amount of active myeloma cells in the body.

(c) Imaging Biomarkers:

The extent of bone disease can be assessed accurately by PET/CT or MRI scans.
MRI scans are useful in suspected MM to detect focal bone marrow lesions. These
methods lack specificity because of intrinsic limitations of existing contrast agents.
These agents are not specifically targeted to tumor cells (Detappe et al. 2018).

In MM therapy, novel agents like bortezomib, thalidomide, and lenalidomide
have been used. It was reported that their activity enhanced survival rate from 2 to
3 years to an average of 7 years in the USA by changing treatment patterns when
these drugs were combined with older drugs (dexamethasone, cyclophosphamide,
and alkylating agents). Newly diagnosed MM patients, with the availability of bet-
ter drugs on an average, have a survival hope of more than 10 years according to
accessible population registries (Kyle and Rajkumar 2011; Richardson et al. 2011;
Bensinger et al. 2010; Larocca et al. 2017; Pantani et al. 2016; Alexanian et al. 2013).
In the last few years, combination therapy was extensively used and proved to be
quite successful. This therapy uses multiple techniques that improve anti-cancerous
activity and reduces dose and minimizes side effect. It is widely reported that MM
patients as well as monoclonal gammopathy of undetermined significance (MGUS)
suffer from cytogenetic abnormalities. Hence, such alterations are not supposed to
confirm disease progression. But, secondary alterations such as Ras/Raf mutations,
NF-κB mutations, and c-Myc alterations occur in progression of MM disease not
in MGUS patients. Moreover, MM cells interact with cells in the microenvironment
such as marrow stromal cells (BMSCs) or endothelial cells and activate different sig-
naling cascades through autocrine or paracrine secretion that result into uncontrolled
growth, proliferation, and resistance to apoptosis. Hence, it is crucial to study such
signaling pathways that can give better understanding of pathophysiology of MM
and can help to develop targeted therapies that in turn will increase the efficiency
of existing therapeutic perspectives. Here, we are explaining these signaling routes
in MM and emerging therapies targeting these irregulars signaling incidents that
initialize in MM patients (Fig. 15.1).

(A) NF-kB Pathway

In unstimulated cells, the NF-kB proteins are continuing to cling in the cytoplasm by
proteins called inhibitory kB (IkB), while in case of MM, after proper stimuli, such
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Fig. 15.1 Interaction between bone cells and bone marrow microenvironment cells in promoting
both malignant plasma cell survival and bone lesions in MM patients. Myeloma cells can directly
support osteoclast formation and activity as well as inhibit osteoblast differentiation by releasing
numerous cytokines. Moreover, other molecules can be secreted by bone cells and other cells
interacting with each other in the bone microenvironment, thus supporting both the progression of
MM tumor burden and the development of MM bone disease. Figure taken from Oranger (2013)
from Hindawi Publication

as secretion of BAFF, APRIL by BMSCs, or TNF—α secretion by MM cells, the
expression ofBAFFR,TNFR,BCMA, andTAKI on theMMcell surface proliferated,
that results into activation of the canonical and non-canonical NF-kB pathways. NF-
kB is a crucial and prominent signaling pathway that nurtures MM cell survival and
resistance to apoptosis.

(B) The Ras/Raf/Mek/Erk Pathway

The Ras/Raf/Mek/Erk pathways get triggered in MM through the process that
includes activating mutations and elevated levels of cytokines such as vascular
endothelial growth factor (VEGF) and insulin-like growth factor (IGF) in the tumor
microenvironment. It is well known that Ras mutations are a negative factor in MM.

(C) P13K/Akt/mTOR Pathway

The P13K/Akt/mTOR pathway is leading signaling cascade that encourages the
development and viability of various cancers including MM. This route is a typical
signal transduction pathway which commences through the association of cytokines
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with cell surface receptors. There are few cytokines (IGF, IL6, VEGF, IL-1β, SDF1)
that can activate the P13K/Akt/mTOR pathway (30).

(D) Other Signaling Pathways in MM

It is widely known that Jak2/Stat3 signaling cascade stimulates the proliferations
and survival of MM cells. IL 6 also stimulates the Jak2/Stat3 pathway, which then
resulted into increased levels of anti-apoptotic Bcl-XI and McII, thereby promoting
MM cells persistence and resistance to dexamethasone (Ramakrishnan and D’Souza
2016). The role of Dickkopf-related protein 1 (DKK1) in the Wnt signaling path-
ways is also noticeable success. Lenalidomide targets MMmaturation by prompting
apoptosis through G1 growth arrest as well as interrupting the adhesion of tumor
cells to adherent stroma, preventing the release of growth-promoting cytokines and
obstructing angiogenesis. In a similar manner, the first in class proteasome inhibitor
bortezomib targets MM in the context of both the cortical bone and bone marrow
(Richardson et al. 2011). Explaining most appropriate combination strategies and
correlating companion diagnostics that will conduct clinical decisions are needed
to target relapsed or refractory MM in order to enhance disease growth, survival
and quality of life for patients. Elotuzumab is a sophisticated monoclonal antibody
that targets signaling lymphocytic activation molecule (SALMF7), approved by the
US Food and Drug Administration (FDA) in 2015 and the European Medicines
Agency in 2016 for the treatment of MM. SLAMF7 shows its expression in normal
and malignant plasma cells and has limited expression on natural killer (NK) cells.
Experimental authentication indicates that elotuzumab shows anti-myeloma activity
through antibody-dependent cell mediated cytotoxicity, boosting NK cells cytotoxi-
city and disturbing adhesion ofMM cells to bone marrow stem cells (BMSCs) (Chen
et al. 2017; Larocca et al. 2017; Agarwal and Mahadevan 2013).

Lenalidomide with dexamethasone is also used for patients with RRMM. Despite
the fact that this combination exhibits very high level of efficacy, it further wors-
ens the hypercoagulable state that coexists within myeloma. Thromboprophylactic
regimen requires careful selection and if warfarin is chosen, assiduous monitoring
is required to ensure it will be clinically effective (Rushworth et al. 2012). Support-
ing these exceptional advances in therapeutics and their impact on prognosis are
important laboratory discoveries, which depicted the key role of the bone marrow
microenvironment in relation to the growth, survival and resistance of MM. New
chemical agents are also in development on the basis of understanding other signal-
ing pathways and molecular mechanisms like tumor necrosis factor-α, proteasome
and MARKs. It has been found that post all the above-mentioned drug therapies,
there are some side effect been seen in some of the patients from some selective
drugs. Some of the problems associated with these therapies are cardiovascular dis-
ease, thrombotic risk, Stevens-Johnson syndrome, tumor lysis syndrome (Rushworth
et al. 2012; Alexanian et al. 2013; Li et al. 2017; Kenealy et al. 2006).
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Nanomedicine and Magnetic Nanoparticles

Nanomedicine term is used when nanotechnology is applied in medicine.
Nanomedicine can overcome limitations of previously mentioned criteria used for
MM diagnosis and therapy. The advancement in novel nanomedicine has increased
over past decade that have wide range of applications as molecular diagnostic agents,
drug delivery agents and in vivo gene editing tools (Lammers et al. 2012). It is widely
reported that as compared with small molecules or antibody conjugates nanoparti-
cles possess unique properties such as high surface area to volume ratio, varieties in
size and shape that enhances drug and imaging agent’s incorporation, tissue specific
delivery and controlled release of drugs (Fig. 15.2).

Nanoparticles used for in vivo applications range from 5 to 200 nm in size and
can be categorized into two groups: (i) Organic-based nanoparticles (e.g., carbon
nanotubes, dendrimers, micelles), (ii) Inorganic-based nanoparticles (e.g., quantum
dots, NPs with other metallic components). The selection of nanoparticles depends
upon the desired application. For example, inorganic nanoparticles which incorpo-
rate metals such as supra-paramagnetic iron oxide are used for magnetic resonance
imaging (MRI) of biomolecular targets that gives high resolution and translational
in vivo imaging for single cell tracking (Detappe et al. 2018).

Nowadays, application of nanotechnology in cancer treatment has attracted much
attention that leads into emergence of cancer nanotechnology which is a field of
interdisciplinary research. This field has received a great interest in USA as sev-
eral centers for cancer nanotechnology have launched since 2004. In Europe also
number of groups is active in research of cancer nanotechnology. Nowadays, it has
become possible to tackle cancer and to specify therapies by designing personal-
ized treatments. Clinical labs extensively use nanotechnology-based assays and also
detect tumor markers of individual patient. Simultaneously, scientists formulate the
nanoparticles by using same biomarkers that found in patients tumor that carry spe-
cific genetic drug designed for interaction with biomarker protein related to tumor
(Shamsi et al. 2018; Zhou et al. 2016; Firer and Gellerman 2012). Cancer biomark-
ers include mutant genes, RNAs, proteins, lipids, and carbohydrates. They alter their
expression as per biological change and clinical outcome. Most of the nanoparticles
get deposited in tumor cells due to high permeation of blood vessels and defected
angiogenesis. Tumor cells are characterized by dysfunctional lymphatic drainage
that retain nanoparticles in tumor for a long time enough to allow release of drug
(Kemp et al. 2016).

The major challenge to use of nanoparticles inMM is the development of material
that has specific biological affinity for them and should interact with them in their
natural in vivo microenvironment (Tzakos et al. 2013).

The use of magnetic microparticles andMNPs for the delivery of chemotherapeu-
tics started in 1976 when Zimmermann and Pilwat employed magnetic erythrocytes
for the delivery of cytotoxic drugs. However, MNPs were used for the initial time
in animal models by Lubbe et al. who tested epirubicin-loaded MNPs targeting pan-
creatic cancer. To elevate the targeting efficiency further and to increase the specific



15 Multiple Myeloma: Role of Magnetic Nanoparticles 485

(a)

(b)

(c)



486 R. A. Bohara and P. Singh

�Fig. 15.2 aMultiple nanoparticle-based constructs have been generated fromvarious startingmate-
rials, yielding agents with unique architectures and differential capabilities for molecular detection,
in vivo imaging, and/or drug complexation and delivery. b Upon intravenous (IV) or intraperi-
toneal (IP) injection, which are the most common modes of systemic administration, nanoparticles
carrying drugs and/or imaging agents will circulate in the blood stream and accumulate in tumor
sites, predominantly via a passive targeting mechanism. There, they may interact with multiple
cell types, be internalized via different processes, and encounter intracellular resistant mechanisms.
c Differences between the vasculature of healthy tissues and tumors are predominantly due to
active angiogenesis by the latter, which helps to address the increased nutritional and metabolic
demands of rapidly dividing and malignant cells and which may enable enhanced accumulation of
nanoparticles. Once in the perivascular spaces of tumors, nanoparticles may nonspecifically inter-
act with tumor cells and be taken up by (i) endocytosis. Intracellularly, nanoparticles may achieve
(ii) endosomal escape or experience (iii) fusion with endolysosomes that can lead to their degra-
dation, to damage of their payloads, and/or to their retrafficking to outside the cell. In actively
targeted nanoparticles, specific biomolecular features may enable preferential interactions with a
cellular components and/or specific binding to various cell types within the tumor microenviron-
ment. In this schematic, molecularly oriented targeting moieties (depicted in red on the surfaces of
the nanoparticles) can be engineered to bind (iv) antigens on the surfaces of cells in order to affect
their intratumoral cellular tropism. These actively targeted nanoparticles may then be internalized
through receptor-mediated endocytosis or via other cellular uptake pathways utilized by passively
targeted nanoparticles. (Abbreviations:MDR,multidrug resistant; NP, nanoparticle; RBC, red blood
cell from Trends in Molecular Medicine, June 2018, Vol. 24, No. 6). Figure taken from Detappe
et al. (2018). Reprinted with permission (Permission applied) from Cell Press

assembly ofMNPs at the target site, several efforts have beenmade to attach targeting
ligands (Shamsi et al. 2018; Zhou et al. 2016; Firer and Gellerman 2012). Materials
normally used formagnetic drug delivery containmetal or metal oxide nanoparticles,
such as superparamagnetic iron oxide nanoparticles (SPIONs). SPIONs contains an
iron oxide core, commonly coated with organic material like fatty acids, polysaccha-
rides or polymers to enhance colloidal stability and to avert separation into particles
and carrier medium (Fig. 15.3). The magnetic properties of SPIONs let the remote
control of their accumulation by means of an outer magnetic field. Association of
SPIONs with drugs, in conjugation with an external magnetic field (designated as
“magnetic drug targeting”), has additionally emerged as a propitious strategy of drug
delivery (Tietze et al. 2015; Huang et al. 2016).

Magnetic Nanoparticles (MNPs): Biodistribution,
Pharmacokinetics, and Toxicity

Magnetic nanoparticles have gained much more attention worldwide for their
biomedical applications such as magnetic resonance imaging (MRI), cell separation,
cellular labeling, tissue repair, and disease therapeutic agents. In vivo application of
magnetic nanoparticles mainly depends upon their passive transport to desired target
via blood stream (Tzakos et al. 2013; Kemp et al. 2016). The pharmacokinetics of
MNPs depends mainly on hydrodynamic size, charge and surface chemistry. MNPs
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Fig. 15.3 a Schematic representation of the “core–shell” structure of MNPs and multi-functional
surface decoration.MNPs consist of amagnetic iron oxide core coatedwith a biocompatiblematerial
(e.g., polysaccharide, lipid, protein, small silane linkers, etc.). Functional groups on the surface of
coatings are often used to link ligands for molecular targeting, cellular internalization, optical
imaging, enhanced plasma residence and/or therapy. The variety of moieties that decorate the MNP
surface imparts the nanoparticle with its multi-functional, theranostic character. b Illustration of
superparamagnetic MNP response to applied magnetic fields. MNPs comprise rotating crystals
that align with the direction of an applied magnetic field. Crystal reorientation provides the high
magnetic susceptibility and saturationmagnetization observed for this material. The circular dashed
lines around the superparamagnetic nanoparticles on the left illustrate the randomization of their
orientation, due to temperature effects, in the absence of a magnetic field. Figure taken from Cole
et al. (2011). Reprinted with permission (Permission applied) from Elsevier

of 10–100 nm are assumed to be suitable for intravenous (IV) administration, because
nanoparticles >200 nm acquired to be filter mechanically and by phagocytosis in the
spleen, and nanoparticles <10 nm are quickly cleared by renal filtration.

Furthermore, opsonization and dispersion of nanoparticles by the reticuloendothe-
lial system (RES) can be circumvented by providing a layering of cationic polymers
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or hydrophilic polymers such as PEG. Particle size, surface charge, and coating
are important factors that affect the biodistribution, pharmacokinetics, and toxicity
of MNPs. The coating to MNPs reduces their uptake in reticuloendothelial system
(RES) organs and allows long time blood circulation which is an important factor in
biomedical application like drug delivery, therapy, and imaging.

Additionally, the toxicity of MNPs linked with the oxidation state because mag-
netite effortlessly undergoes oxidation to form maghemite. Although the toxicity
of MNPs can be declined by coating MNPs, veiling the oxidative sites therefore,
making the reduced activity of MNPs and so ultimately reducing the risk of DNA
damage (Zhou et al. 2016).

Targeting MNPs to Tumors

Careful targeting of MNPs to the required site is an important criteria for effective
therapeutic application and to diminish toxic effect on tissue. MNPs can be targeted
to the tumor site by two ways (Fig. 15.4).

Fig. 15.4 Illustration of the mechanism of MNP-based drug delivery systems. Taking tumor as
an example, MNP-based drug carriers may reach the tumor tissue via the EPR effect due to leaky
vasculature, and facilitate active targeting to tumor cells through the conjugated targeting ligands
interacting with cellular receptors. Figure taken from Varshosaz and Farzan (2015). Published by
Baishideng Publishing
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Passive Targeting

In the cancer treatment, the delivery of MNPs to affected tissues take place by
enhanced permeability and retention (EPR) effect. EPR effect describes enhanced
permeability of tumor vasculature that allows macromolecules, lipids and NPs cir-
culating in blood to forcely pass out through the leaky tumor blood vessel and then
enters in interstitial spaces of tumor cells. Lack of lymphatic drainage in tumor retains
MNPs within tumor by preventing NPs to get back into circulation. So, administered
nanoparticles get accumulated in the tumor tissues that result in passive targeting of
tumor without targeting ligands.

Active Targeting

Magnetic nanoparticles targets tumor site actively by using some ligands that are
particular for the surface receptors present on the tumor cells that helps in enhance-
ment of tumor residence time of the MNPs, which is expanded by the EPR effect.
There are different types of targeting ligands which includes peptides, proteins or
antibodies, small molecules like folate, etc. (Cole et al. 2011).

Magnetic Triggered Drug Release in MNPs

The magnetic property of iron containing nanoparticles gets influenced by the nature
of the iron oxide core (e.g., magnetite) and the size (Huang et al. 2016). A ferromag-
netic material like iron oxide contains atoms with strong magnetic dipoles, where
the individual magnetic moments prone to be coupled leading to sub domain struc-
tures with a single magnetic moment (weiss domain). When there is the absence of
an external field, the individual weiss domains of material are ordered randomly,
leading to zero net magnetization. When an outer magnetic field is utilized, the
magnetic moments of the weiss domain will moderately align along with this field,
guiding to a single large magnetic domain with a very high net magnetization. These
kinds of particles are designated as superparamagnetic and are extensively applied
in biomedical research. Generally, the difference between two groups of these parti-
cles are made according to their diameter: ultrasmall superparamagnetic iron oxide
particles (USPIOs) are smaller than 50 nm, while superparamagnetic iron oxide par-
ticles (SPIOs) are larger than 50 nm (Soenen and De Cuyper 2010; Cole et al. 2011).
Table 15.1 discusses the key nanomedicine in MM.

In MM, the combination of magnetic hyperthermia treatment by using MNPs and
controlled drug release from MNPs by heat to trigger drug release are used. Mag-
netic hyperthermia treatment mainly depends upon the heat produced by magnetic
nanoparticles under changing magnetic field (ACMF). MNPs must heat the tumor
to a temperature which is necessary to destroy the tumor cells (above 42.5 °C). The
ACMF of amplitude (H) and frequency (f) of the field, less than 5 × 109 A/m/s is
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Table 15.1 Preclinical FDA approved nanomedicines in MM (Copied from Trends in Molecular
Medicine, June 2018, Vol. 24, No. 6)

Nanotechnology
platform

Active
pharmaceutical
ingredient(s)

Injection
method

In vivo
tumor
model

Tumor site
implantation

References

Albumin NP Rapamycin
and perifosine

IV MM.1S Subcutaneous
xenograft

[126]

VLA4-micelle
NP

Doxorubicin IV NCI-H929 Subcutaneous
xenograft

[146]

PEI NP pExp5A
plasmid

IV KAS-6/1;
RPMI-8226

Subcutaneous
xenograft

[147]

PEI NP elF5 siRNA IV KAS-6/1;
RPMI-8226

Subcutaneous
xenograft

[147]

Silica NP Snake venom i.t./IV OPM2;
U266

Subcutaneous
xenograft

[148–150]

Oleic acid-coated
iron oxide NP

Paclitaxel IV U266;
MMJN3

Subcutaneous
xenograft

[151]

VL4-liposome Carfilzomib IV NCI-H929 Subcutaneous
xenograft

[120]

PEG-liposome Bortezomib IV NCI-H929 Subcutaneous
xenograft

[120]

PEG-PCL NP Carfilzomib IV NCI-H929 Subcutaneous
xenograft

[127]

PEG-liposome Doxorubicin
and
carfilzomib

IV NCI-H929 Subcutaneous
xenograft

[127]

DMSA-Fe304
NP

Bortezomib IV RPMI-8226 Subcutaneous
xenograft

[152]

DMSA-Fe304
NP

Paclitaxel IV RPMI-8226 Subcutaneous
xenograft

[153]

PEG-liposome RU 58668 IV RPMI-8226 Subcutaneous
xenograft

[154]

Nanocolloid Camptothecin IV MPC-11 Subcutaneous
xenograft

[155]

αvβ-PEG-
liposome

MYC prodrug
inhibitor

IV 5TGM1 Orthotopic
xenograft

[123]

Alendronate-PEG
PLGA NP

Bortezomib IV MM.1S Orthotopic
xenograft

[121]

Chitosane NP Bortezomib IV MM.1S Orthotopic
xenograft

[125]

Micelle NP Titanocene IV MM.1S Orthotopic
xenograft

[124]

Table taken from Detappe et al. (2018). Reprinted with permission (Permission applied) from Cell
Press
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considered harmless. In clinical applications, MNPs are designed with high ACMF-
to-heat conversion which is followed by specific absorption rate (SAR). To increase
SAR, the composition of MNPs should be controlled. Magnetite (Fe3O4) is more
promising material because of its low toxicity and high saturation magnetization.
Clustering of MNPs increase magnetic moment and possess high SAR and Ms than
single MNP. Hence, clusters of MNPs provide enhanced SAR without release of
harmful elements. According to several studies, MHT can hamper the growth of
tumor, but it cannot cure completely. This concludes that MHT cannot kill the can-
cer cells. Chemotherapy also cannot kill cancer cells and shows serious side effects.
So combination of MHT and chemotherapy may minimize the problem in treatment
that produce the synergistic effects as: (i) MHT increases the space between the cells
by shrinkage of the cells that allow anticancer drug to disperse throughout the tumor
and destroy cancer cell, (ii) heat released by MNPs under ACMF triggers the drug
release from NPs that prevents anticancer drug to leave tumor and minimizes side
effects and (iii) MHT increases the effect of anticancer drug that destroy cancer cells.
When heat is used as a trigger for drug release, the drug carriers should retain their
load at body temperature (~37 °C) and drug release in heated tumor at therapeu-
tic temperature for hyperthermia (42.5–45 °C). ACMF heating has advantages over
conventional heating methods: (i) ACMF gets penetrated deeply in tissues and heat
tumors without affecting normal hypodermal tissues; (ii) easy regulation of tumor
temperature by adjusting H and f. So, ACMF is a favorable trigger for drug release
(Hayashi et al. 2014).

Other Nanoparticles

Based on the preparation method, nanocapsules, nanospheres and nanoparticles can
be designed with controlled properties to enhance encapsulation and delivery and
also to reduce cytotoxicity. Among the various types of nanoparticles utilized iron
oxide, nanoparticles (IONPs), quantum dots (QDs), carbon nanotubes (CNT), gold
nanoparticles are extensively studied.

Quantum Dots (QDs)
QDs are practically spherical semiconductor nanocrystals which contain elements
from periodic groups ll–Vl or lll–V ranging of size in the middle of 2 and 10 nm. In
recent years, unique properties of QDs attracted much more attention in the biomed-
ical field for the application in real-time tissue imaging (bioimaging), diagnostics,
single molecule probes, and drug delivery. However, there is challenge of low bio-
logical specificity and poorly controlled biodistribution to target tissues. The biodis-
tribution of QD shows inadequate clearance from real-time in vivo (Wagner et al.
2019).

Carbon Nanotubes
Carbon nanotubes are a new form of carbon that can be seen as a single or multiple
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graphene sheets (single vs multiwalled CNTs) rolled into a tube with a diameter
of several nanometers, but up to one mm in length. For medical purposes, the key
benefits of CNTs are their potential to efficiently cross biological barriers according
to nanosyringemodel and their extremely good conductivity which enables electrical
stimulation to neuronal pathways.

Nanometer-Sized Gold Nanoparticles
These are small as compared to the wavelength of visible light and when the light
has a frequency close to that of the surface plasmon (the natural oscillation of an
electron gas inside a given nanosphere) then the surface plasmon absorbs energy.
These particles can be utilized for biomedical purposes, mainly in the field of cancer
research for tumor detection and laser induces therapy (Wang et al. 2010).

Key Learning
Development of more personalized therapy in MM could be one of the safest and
most prominent options in the treatment. The key pathways that play a vital role give
clear understanding to target them so as to have better control on the disease’s pro-
gression. The formulations of advanced nanomedicine that achieve these objectives
are critically reliant on the development of methods to actively target MM cells.
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