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Abstract

Magnetic nanoparticles are widely used for in-vivo applications such as in the disease
diagostics-magnetic resonance imaging, treatment-magnetoresponsive therapy, hyperther-
mia agents and in the delivery of drugs to the specific cells due to the unique physico-
chemical properties which materials posses at the nanoscale. Despite important therapeutic
implications of the magnetic nanoparticles, a major challenge for the new magnetic mate-
rials is to ensure compliance with the nano-safety regulatory framework for in-vivo usage.
Whilst a large number of in-vitro toxicity studies have been accomplished in the literature,
understanding the exact fate of the magnetic nanoparticles inside the human body still re-
mains evasive. In this review, the classification and properties of the magnetic nanoparticles
which facilitate their in-vivo applications are discussed, followed by description of the latest
toxicology advancements in the research of magnetic nanoparticles and detailed discussions
on the challenges associated with the safe removal/degradation of magnetic nanoparticles
inside the body. We also provide insights on how newly designed magnetic materials can be
tested prior to their in-vivo use with the aim to provide the reader with a comprehensive
understanding of the fate of magnetic nanoparticles inside the human blood vessels.

1. Introduction

The unique physicochemical properties of the nanomaterials have attracted a widespread
attention in diverse fields including electronics, energy, environment and bioengineer-
ing [1] [2] [3] [4]. The use of nanoparticles (NPs) in diagnostics, as targeted drug delivery
vehicles, and as scaffold materials in tissue engineering, has been the subject of exten-
sive research investigations in the field of biomedical engineering [5] [6] [7].Owing to their
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extremely small size (in 1-100 nm range), NPs exhibit unique size-dependent properties in-
cluding larger surface area-to-volume ratio, high surface energy, size dependent band-gap
and other quantum properties [8] [9] [10] [11]. The larger surface area-to-volume ratio upon
size reduction has implications in the field of catalysis and sensing as higher surface area
leads to enhanced material performance [12] [13]. For instance, magnetic and gold NPs show
excellent catalytic properties which have been exploited in the fields of organic synthesis,
electrochemical energy harvesting and environment remediation in stark contrast to their
bulk forms [14] [15] [16] . However, the higher surface energy of nanomaterials render them
thermodynamically less stable and can cause the NPs to aggregate and eventually precipi-
tate out in the solution. The coating with charged polymer or long-chain organic capping
agent can enhance the stability of colloidal solution [17] [18], [19]. Size dependent band-gap
properties of quantum dots have been exploited in nano-theranostics including sensing and
imaging [20] [21] .

Magnetic nanoparticles (MNPs) are of particular interest for the in-vivo applications
as they provide ease of detection due to enhanced contrast in imaging biological samples,
and ease of navigation and localization to the target tissue by the application of an external
electric field [22–25] . Apart from these merits, magnetic nanoparticles are easy to synthesize,
abundant and their magnetic properties, such as magnetic moment and anisotropy constant,
can be controlled by their size control [26–30] . Note that the magnetic moment is the
magnetic strength and orientation of the magnet which depends on the magnetization (M)
and magnetic core volume (Vm) [31] . It is a fundamental property of MNPs for defining
their specific applications in nanomedicine [32, 33]. We would also like to highlight that it is
due to many of the aforementioned unique properties of MNPs at nanoscale, that these NPs
are being investigated in magnetic data storage, catalysis, giant-magnetoresistance sensors
and nanomedicine field [34–37] . Despite a large number of applications, which depend on
the properties of NPs and the of choice of synthesis methods, the focus of this work is limited
to the use of MNPs for in-vivo applications.

Briefly, we start by describing the different types of the MNPs which is followed by
discussions on the properties, synthesis methods and in-vivo applications of MNPs. More
specifically, we discuss the use of MNPs in magnetic resonance imaging, magnetoresponsive
therapy and targeted drug delivery. We have also covered discussions on multifunctional
MNPs, their advantages and specific examples pertaining to their in-vivo usage. In order
to understand their fate inside human body, various metabolic paths of the MNPs inside
human body including the size effect, organs responsible for modification and capture of
MNPs and their clearance/excretion pathways have also been discussed. Furthermore, the
in-vivo toxicity of the MNPs and various techniques and methods used for the testing of the
MNPs prior to their in-vivo usage are discussed. In addition, we also provide comparison
and advantages of the MNPs over other NPs. In the last section, we discuss ethical issues
in using the MNPs in the human body, challenges and opportunities of MNPs in technology
transfer and conclude by providing a perspective /future directions for the in-vivo usage of
the MNPs.
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2. Classification of magnetic nanoparticles (MNPs)

MNPs broadly falls in the category of metals, multimetallics, metal oxides and fer-
rites [38–40]. Metallic MNPs are commonly composed of iron (Fe) nickel (Ni) and cobalt
(Co) elements due to the presence of inherent ferromagnetic properties. Although their size,
composition and shape can be easily controlled relative to their metal oxide counterparts,
metallic NPs are often limited by their poor chemical stability, low biocompatibility, ability
to get oxidized easily and high pyrophoricity (even at room temperature) [40]. These char-
acteristics make metal MNPs less suitable candidates for biomedical applications [41] [39]
. In an attempt to overcome these limitations, two metals have been combined to produce
bimetallic MNPs such as iron- platinum (Fe-Pt), iron-cobalt (Fe-Co), iron-nickel (Fe-Ni),
cobalt platinum (Co-Pt), cobalt- nickel (Co-Ni) and many others [40] . Studies have re-
ported resistance towards oxidation of some of these bimetallic NPs without affecting their
magnetic properties [39, 41] . Alloys containing dispersed NPs of two/more metals have also
been synthesized [40].

Metal oxide MNPs, as obvious from their name, consist of oxides of metal such as nickel
(Ni), lanthanum (La), manganese (Mn), strontium (Sr), cobalt (Co) and iron (Fe). Iron oxide
based NPs (IONPs), composed of Fe and oxygen (-O), further include three sub-categories:
oxides (Fe3O4, γ-Fe2O3, hematite and iron oxide beta phase), oxyhydroxides (feroxyhyte,
goethite, akaganeite, lepidocrocite) and hydroxides (iron(II) hydroxide and iron(III) hydrox-
ide). IONPs, when chemically combined with at least one other metal (Ni, Co, Mg, Al or
even Fe), result in ferrites [39] . Perhaps the most suitable metal oxide MNPs for biomedical
applications are Fe3O4, gamma-Fe2O3 and spinel ferrites, due to their biocompatibility, high
oxidative stability, high magnetic moments, [39] low toxicity and high chemical stability
under physiological conditions [42] . Moreover, cost-effective methods have been developed
for the synthesis of these IONPs [42]. Ferrites including magnesium ferrite (Fe-MgO), man-
ganese ferrite (Mn-Fe2O4), cobalt ferrite (Co-Fe2O4) and nickel ferrite (Ni- Co2O4) have
shown potential for use in hyperthermia treatments [40] . Figure 1 provides an overview of
the classification of MNPs.

Superparamagnetic iron oxide nanoparticles (SPIONs) with size greater than 50 nm (60-
250 nm) and ultra-small superparamagnetic iron oxide nanoparticles (USPIOs) with size less
than 50 nm (10-50 nm) are also important types of IONPs [[43, 44] ]. Both these IONPs
have high saturation magnetization and magnetic susceptibility, are chemically stable, bio-
compatible, biodegradable and are non- toxic in nature. Moreover, they can be synthesized
with ease and functionalised with biocompatible coatings such as polyethylene glycol (PEG),
chitosan, dextrans, silica and, even gold, which form a shell [45] . It is for these reasons that
SPIONs and ultrasmall superparamagnetic iron oxides (USPIOs) have been investigated for
their potential use as MRI contrast agents [40] . Although gadolinium (Gd) was initially
used as an MRI contrast agent, it has been reported to cause nephrogenic systemic fibrosis
in some patients [46] . On the other hand, only 0.5 mg/kg (approx.) of SPIONs are required
to act as contrast agents [47] . Since the daily iron requirement for the body is 20-25 mg,
biodegraded iron from SPIONs can enter the body’s iron pool and participate in physiolog-
ical iron homeostasis [48] . From the numerous properties described above, it is clear that
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Figure 1: Classification of MNPs. The scheme shows different types of MNPs ranging from mono metallic,
multi metallic to oxide based ferrites. Note that this classification is not a general classification of the MNPs
but a guide to categorize different types of MNPs according to their material types.

of IONPs are excellent candidates for in-vivo biomedical applications.

3. Synthesis methods suitable for in-vivo applications

There are two broad approaches to synthesize MNPs – the top-down approach and the
bottom-up approach. Figure 2 summarizes the two approaches. The top-down approach (or
the destructive method) simply refers to cutting down, breaking or moulding bulk material
into smaller and smaller pieces, until these pieces have nanoscale dimensions. A number of
techniques including ball milling, nanolithography, laser ablation, sputtering and thermal
decomposition are (examples of) the top-down approaches [19, 38, 49] . An important
advantage of using this approach is the inherent simplicity, control and ability to fabricate
NPs in large quantities within a short duration [50] . On the other hand, the bottom-up
approach (or the constructive method) involves the growth of NPs from atoms to clusters to
NPs [19, 49, 51] . Processes like sol-gel method, chemical reduction and biosynthesis enable
the synthesis of NPs through the bottom-up approach [19, 49, 50]. Bottom-up approach
is preferred due to the inexpensive equipment requirement, shorter duration and ability to
prepare relatively complex nanostructures.
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Figure 2: Top-down and bottom-up approaches to NP synthesis. These approaches common to all NP
synthesis including MNPs. Among the several types of top-down and botton-up approches, to date, the
bottom-up procedures are more common than the top-down preparation protocols to develop MNPs.

Along with this, the size and monodispersity of the resulting MNPs can be controlled
by changing the reaction conditions and precursor ratios, which are important factors while
synthesizing NPs for practical applications. Since MNPs are known to have high surface
energy, they can be coated with surfactants, electrostatic or steric stabilizer molecules. This
coating helps to stabilize them and prevent uncontrolled growth [19, 38] . The greatest
advantage of this approach over top-down, is the possibility to obtain MNPs with uniform
surfaces, crystallographic structures and desired surface properties [50] .

Most of the previous research on IONPs synthesis, has aimed at producing monodisperse
and biocompatible MNPs, having a specific shape and size [52] . IONPs have been synthe-
sized by several methods including co-precipitation, sol-gel, hydrothermal, microemulsion,
electrochemical, thermal decomposition, solvothermal, sonochemical, electrospray synthesis,
and bacterial and microorganism synthesis [52, 53] . Hydrothermal synthesis is performed
in Parr reactors or autoclaves at high temperature and pressure [54] [55] . The method can
be used for producing a variety of crystalline metal oxide nanomaterials including IONPs.

Thermal decomposition enables preparation of IONPs with controlled size, shape and
structure. Thermal decomposition uses high temperatures to decompose organometallic
precursors such as iron(III)acetylacetonate, iron fatty acid and iron pentacarbonyl [52, 53]
. In this method, temperature as high as 300 oC is employed to control the nucleation
and growth of NPs. This is perhaps one of the most widely used methods for synthesizing
crystalline and monodisperse IONPs [56] [53] . Moreover, high temperatures and pressures
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are known to increase the solubility of many ionic species, thus favouring the formation of
NPs having a narrow size distribution [52]. Solvothermal method uses organic solvents such
as ethylenediamine hydrazine, methanol, at temperatures and pressures which are in the
range of 100-1000 oC and 1-10,000 atm, respectively, to produce IONPs [[57] ]. A stabilizing
agent, such as oleic acid is commonly used to prevent the agglomeration of the NPs [18]
.On the other hand ferrites are also an important class of MNPs. Similar to IONPs, these
are also syntheseized using co-precipitation. The synthesis is simple using common metal
salts and standard procedures. Control over pH and temperature adjustment are important
to get the desired product [58] [59] . The particle size of the ferrites can be controlled by
changing the annealing temperature of obtained powders [60] .

Since only few types of MNPs, such as SPIONs, pure Fe NPs, Fe3O4 (magnetite) and
γ-Fe2O3 (maghemite) have been utilized for biomedical applications in recent studies, par-
ticular attention is paid to their synthesis. Co-precipitation has been reported to be one
of the most common method for SPIONs (composed of either Fe3O4 or gamma- Fe2O3)
synthesis. It involves the precipitation of an aqueous solution of Fe+2or Fe+3 ions, using
an alkaline solution in a non-oxidizing oxygen environment. In this technique, smaller size,
monodispersity, thermal stability and stable suspensions of NPs can be achieved with an
increase in the reaction temperature during synthesis [53] . However, agglomeration of NPs
and inability to ensure monodispersity are major disadvantages of this technique. The lat-
ter has been overcome by modification of surfaces of IONPs using surfactants or capping
agents [53] . Another synthesis method, the electrochemical method, involves reduction of
a metal cation species on the cathode or just off the cathode within an electrochemical cell.
It has been used to prepare various iron oxide nanoparticles including maghemite and mag-
netite NPs [53] . Polymer coated magnetic nanoparticles can be prepared by this method.
Karimzadeh et al. used FeCl2/FeCl3 (ratio 1:2) along with polyethyleneimine (PEI) and
polyethylene glycol (PEG) as electrolyte [61] . In the electrolyte, stainless steel cathode
and graphite anode were utilized in galvanostatic mode (constant current of 10 mA cm-2) to
obtain polymer coated Fe3O4 nanoparticles. Detailed discussion on the different synthesis or
fabrication methods is beyond the scope of this work. There are plenty of excellent reviews
on the preparation and characterization of magnetic nanoparticles [62] [63–66] .

Although bottom-up approaches such as the chemical precipitation method are consid-
ered more practical and economically viable for the preparation of magnetite nanoparticles,
top-down approaches also have several advantages. Preparation of MNPs through top-down
approaches are eco-friendly due to no (or low) organic solvents requirement, high yields and
provide MNPs with high saturation magnetization [67–69] . Top-down processes involve
physical methods to reduce bulk material into NPs [70]. MNPs have been produced using
several physical methods such as mechanical milling, electrical explosion of wires, and laser
target evaporation [67].

Recently, high energy ball milling for the synthesis of metal, metal oxide and metal
alloy-based NPs has been explored [68] . Priyadarshana et al. utilized this approach to
prepare a stable dispersion of oleic acid coated magnetite NPs. In this study, high purity
magnetite ore was wet-ground in the presence of oleic acid and in an inert atmosphere.
Characterization using particle size analysis, SEM, AFM and STEM imaging confirmed the
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synthesis of magnetite NPs having a uniform size distribution in the 20-50 nm range and a
zeta potential of +42 mV [68] .

Electric explosion of wire (EEW) method is another top-down technique that has been
used for the synthesis of spherical MNPs. It is highly productive (up to 200 g/h), has a low
energy consumption (25kWh/kg) and is capable of producing MNPs in the 20-100nm size
range [71, 72] . The laser target evaporation method (LTE) can also be used to synthesize
MNPs. Although it has a lower production rate (50 g/h) when compared to EEW, it can
be used for producing stable colloidal dispersions of de-aggregated magnetite or maghemite
particles (called ferrofluids). Such water-based ferrofluids do not require electrostatic sta-
bilizers for de-aggregating MNPs. Additionally, their fluidity and ability to interact with
external magnetic fields make them useful for biomedical applications [71] . Safronov et al.
reported the fabrication of such de-aggregated spherical maghemite MNPs (or a magnetic
nanofluid) with a narrow size distribution that remained stable in the absence of electrostatic
stabilizers [71].

The size of NPs are in the same range as of various biological entities such as nucleic
acid, proteins, antibodies, cellular organelle and other biomolecules. The similar size makes
them promising candidates for the imaging, diagnosis and treatment [73] . The interac-
tion of the MNPs with the biomolecules can be enhanced or tailored to suit a particular
purpose by functionalizing them with a known analyte , refer toFigure 3 [74] . Several mul-
tifunctional NPs have been designed with two or more of the previously discussed in-vivo
applications [75–79] . The functionalization is usually done by one of the two strategies de-
scribed by Jinhao et al. [62] . In the first approach NPs are functionalised with biomolecules
such as antibodies/DNA (for specific binding, drug delivery), ligands/receptors (bacterial
detection, protein separation) and dyes (imaging) for enhanced affinity for specific applica-
tions. Second approach combines magnetic NPs with other functional nanostructures such
as nanoscale drugs, polymers, quantum dots and metals. Nanoscale drugs and polymers
are used for targeted controlled drug delivery. Quantum dots and metals are combined
for imaging, MRI and other applications. Nosrati et al. developed glutathione-conjugated
IONPs for the delivery of paclitaxel across the blood brain barrier [80]. Glutathione, a
blood–brain barrier (BBB) shuttle peptide, was reported to promote internalization of the
NPs to the brain in-vivo. Moreover, MRI visualization of the brain was possible due to the
IONPs. This system effectively combines targeted drug delivery with MR imaging [80] .
Ha et al. performed in-vivo studies in mice with lung-cancer to investigate the potential of
multifuctional MNPs in cancer treatment [76] . These MNPs were composed of alginate-
coated Fe3O4 NPs, loaded with Doxorubicin and attached to folate. Folate enabled NPs to
enter and remain within the cancer cells for longer durations. When NPs are exposed to an
alternating magnetic field (AMF), magnetic inductive heating heats them from the inside
decomposing the alginate shell by hydrolysis and releasing doxorubicin. Thus, this system
is effective for both hyperthermia as well as active drug release [76] .

Liu et al. developed superparamagnetic (gamma-Fe2O3) MNPs encapsulated within
the aqueous core of liposomes and anethole dithiolethione was doped in the hydrophobic
phospholipid shell [77] . These liposomes which were approximately 200 nm in diameter,
accumulated intratumourally in-vivo by extravasating from the leaky regions of tumour neo-
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vasculature (enhanced permeation and retention effect). Additionally, they could be guided
by an external magnetic field. The release of anethole dithiolethione in the presence of
cystathionine-beta synthase and cystathionine-gamma-lyase resulted in the formation of mi-
crosized hydrogen disulfide bubbles. In the presence of high acoustic intensity of ultrasound,
these bubbles exploded and ablated the tumour tissue. Location of these NPs was monitored
using MNPs (encapsulated within the liposomes) via MRI [77] .

Figure 3: Multifunctional magnetic nanoparticle. The nanoparticle shows various ligands which posses
properties to enable multiple functions on a single MNP. Reprinted with permission from Ref. [74]

As evident from the above discussion, the potential of MNPs for in-vivo applications
is immense. The intravenous delivery of these NPs have a variety of challenges associated
therein. One such challenge is a change in the characteristics of the original MNPs, due to
the formation of protein corona [81] [82] . Another challenge is the presence of phagocytic
immune cells and their ability to recognize the NPs in question, which in turn can hinder
their movement or induce an immune response. Thus, in order to overcome these shortfalls,
it is imperative to better understand the behaviour of MNPs within the body.

4. Testing new MNPs prior to in-vivo usage

Control over the various properties of the NPs is crucial for quality control during produc-
tion and getting the desired results for various applications. This is where the nanomaterial
testing for their physicochemical properties is so vital. NPs upon entering the body interact
with biological fluids and when it binds to the proteins within it, it forms nanoparticle-
protein complex commonly known as protein corona. The NPs-corona complex is vital for
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the desired function of the particles as NPs in-vivo interact via the corona, or in other
words corona will be the biological identity of the NPs. Therefore, the knowledge of the
corona composition, especially the specific proteins present in the NPs-corona complex and
their affinities are important for the functional role of the NPs in-vivo. Properties of corona
formed on NPs such as size, shape, morphology, surface charge and composition have been
characterized in several studies using a variety of techniques as shown in Figure 4 . Adsorp-
tion of proteins on surfaces of NPs and associated thermodynamic parameters have been
determined as well. Techniques such as gel electrophoresis and mass spectrometry have been
used to elucidate the composition of corona, while other techniques have been established to
detect conformational changes in these proteins [82] [83] . Figure 4 (b) provides an overview
of characterization methods to identify physicochemical and biological information of the
NPs and the associated corona complex.

4.1. Structural features of protein corona on MNPs
A number of characterization techniques can be used to determine size, shape, composi-

tion and the chemical nature of NPs. The morphology can be investigated using scanning
electron microscopy (SEM) and transmission electron microscopy (TEM). For instance, Fig-
ure 5 shows the TEM images of magnetic iron oxide nanoparticles (MIONPs) without (figure
5a) and with (figure 5b and 5c) bovine serum albumin (BSA) protein corona [85] . Dynamic
light scattering (DLS) is used to determine the hydrodynamic size distribution of the NPs
before and after adsorption of corona [82] [86] . Corona formation increases the diameter
of NPs, which can be used to confirm adsorption of corona on NPs. As DLS measurements
can be taken for liquid samples, in comparison to electron microscopy, the NPs size can be
determined in the native environment, However, the particle size measured by DLS could be
due to the agglomerates and provides average size only. Therefore, from the point of view of
the morphological characterisation, SEM and TEM provide more accurate results. TEM and
AFM can also provide information about aggregation of NPs, prior to DLS measurements
for obtaining accurate results. All the above three techniques are used to determine the size
of NPs before and after incubation with proteins. Scanning probe microscopy (SPM) can be
used to determine the size and characterize the protein corona by the change in atomic force
and/or tunneling current [87] . X-ray diffraction can be used to determine the crystalline
structure and crystalline particle size [88] . NPs tracking analysis is another technique that
can determine both the particle size and concentration [82] , whereas the Bicinchoninic Acid
(BCA) assay can be used to determine the concentration of proteins bound to NPs [89] .
Zeta potential measurement can determine the net charge on the surface of NPs in a given
sample. Adsorption of corona (under physiological pH conditions) on most NPs makes them
negatively charged, since serum proteins are negatively charged at pH7 [82, 90–92] . Tun-
able resistive pulse sensing (TRPS) is another method to determine both charge and size of
NPs [83] .

4.2. Binding of protein corona to MNPs
UV-Vis spectroscopy [82] , fluorescence correlation spectroscopy [93] , quartz crystal mi-

crobalance, isothermal titration calorimetry and nuclear magnetic resonance (NMR) [94] [95]
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Figure 4: Different (a) direct and (b) indirect techniques for characterization of NPs and corona formation
on NPs. All these methods can be applied to the fabircation of the MNPs. Both (a) and (b) images are
reprinted with permission from Ref [84] .
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can provide information about the binding of corona to the surface of NPs. UV-Vis spec-
troscopy is highly sensitive technique that provides accurately detects changes in the envi-
ronment of NPs at the molecular level. Metallic NPs exhibit a characteristic absorbance
peak in the visible range, called the surface plasmon resonance (SPR) band. Adsorption of
proteins on NPs alters this characteristic peak causing a red shift [96]. Isothermal titration
calorimetry (ITC) provides thermodynamic information including the enthalpy and entropy
of binding between NPs and

Figure 5: TEM image of (a) MIONPs and (b-c) MIONPs-BSA corona, adopted with permission from
Ref. [85] . These images clearly show that the MIONPs are inlaying with protein matrix around them. The
TEM image of native BSA without MIONPs shows there is no protein aggregation around.

proteins [82] [97]. The forces responsible for binding of NPs and proteins can be obtained
from the thermodynamic parameters. Positive enthalpy and positive entropy refer to a
hydrophobic interaction; negative enthalpy and negative entropy refer to van der Waals
force or hydrogen bonding; negative enthalpy and positive entropy represent electrostatic
force [89] . More details on ITC are provided in Table 1 .

Table 1: Isothermal titration calorimetry (ITC) : Enthalpy and entropy change can provide information on
the driving forces responsible for binding of proteins and NPs [89] (OH − enthalpy change; OS − entropy
change)

Thermodynamic parameter Driving force

OH > 0, OS > 0 Hydrophobic interaction
OH < 0, OS < 0 van der Waal’s force or hydrogen bonding
OH < 0, OS > 0 Electrostatic force

4.3. Composition and conformation of protein corona on MNPs
For identifying the composition of corona, gel electrophoresis, gel filtration chromatog-

raphy and mass spectrometry can be used. Sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) separate proteins on the basis of molecular weight, by sub-
jecting protein samples to an electric field as shown in Figure 6. It is a cost effective and
a rapid method for separation and identification of corona. However, it cannot effectively
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Figure 6: SDS-PAGE to detect composition of corona on NPs. Plasmaproteins recovered from the surfaceof
differently functionalized Hydroxyethyl starchnanocapsules. Pure plasma (right-most lane). The image is
reprinted with permission from Ref. [98]

separate proteins having similar sizes as they may co-migrate within the polyacrylamide
gel. While SDS-PAGE is a one-dimensional gel electrophoresis technique, 2-dimensional gel
electrophoresis can separate proteins on the basis of their isoelectric points and molecular
weights. Gel electrophoresis analysis can be coupled with mass spectrometry analysis, to
determine the specific proteins present in corona [82, 99–101]. Fourier-transform infrared
spectroscopy (FTIR), Circular dichroism (CD) and surface enhanced Raman spectroscopy
(SERS) can be used to determine conformational changes in corona. Circular dichroism
is used to investigate changes in secondary structures of corona. Secondary structures of
proteins (α-helices, β-sheets, and random coils) provides characteristic CD spectral features.
Upon binding to NPs, the secondary structures may be altered. This conformational change
can be investigated by comparing CD spectral features of proteins before and after binding
to NPs. FTIR provides information on the conformational changes of proteins resulting
from NP binding. When a molecule is excited from the ground vibrational energy level to
a higher energy level, it absorbs infrared light, which can be used to obtain information on
molecular structures and interaction. In this manner, FTIR can be used to investigate the
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adsorption of proteins on NPs and their secondary structures [82] [102–104] .
Size exclusion chromatography (or gel filteration chromatography) is used to separate

molecules based on their size and sometimes molecular weight [105], Another technique
called variable angle spectroscopic ellipsometry can be used to distinguish NPs from protein
adsorbed sample [106] [107]. In addition to the above-mentioned techniques, computational
simulation can provide information on the driving forces, sites of interaction and any confor-
mational changes of corona proteins adsorbed on the NPs. Moreover, this method is useful
when experimental limitations are encountered at the nanoscale level [83, 93, 108]. Table 2
summarizes characterization techniques for corona on MNPs reported in recent studies.
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Table 2: Techniques available for characterization of corona on MNPs [82]

Characteristics
of MNPs coated with
protein corona

Technique Recent studies that have used these MNPs

size and shape Dynamic light scattering (DLS)
Transmission electron microscopy (TEM)
Atomic force microscopy (AFM)
Nanoparticle tracking analysis (NTA)

Martens et al (2019) [109] , Schroffenegger et
al (2020) [107] , Gräfe et al (2019) [110]
Schroffenegger et al (2020) [107] , Gräfe et al
(2019) [110]
Schroffenegger et al (2020) [107]
Peigneux et al (2020) [81]

Surface charge Zeta potential Martens et al (2019) [109] , Gräfe et al
(2016) [90] , Baimanov et al (2020) [89]
,Gräfe et al (2019) [110] , Peigneux et al
(2020) [81]

Binding of corona to NPs UV-Visible spectroscopy
Fluorescence correlation scpectroscopy (FCS)

Isothermal titration calorimetry (ITC)
Nuclear magnetic resonance (NMR)

Casals et al (2010) for AuNPs [111]
Shang et al (2017) [112]
Schroffenegger et al (2020) [107] Schroffeneg-
ger et al (2020) [107]

Corona composition SDS-PAGE (SDS-polyacrylamide gel elec-
trophoresis)
Mass spectrometry (MALDI-TOF- MS)
Western blot (for protein detec- tion)

Winzen et al (2015) [98], Martens et al
(2019) [109] , Gräfe et al (2016) [90] , Gräfe
et al (2019) [110] ,
Peigneux et al (2020) [81]
Peigneux et al (2020) [81]
Gräfe et al (2019) [110]

Continued on next page
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Table 2 continued
Conformational changes
of corona

Circular dichroism (CD)
Fourier-transform infrared spec- troscopy
(FTIR)
Thermogravimetric analyses (TGA)

Martens et al (2019) [109]
Wang et al(2017) [113]
Gräfe et al (2019) [110] , Schroffenegger et al
(2020) [107]
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5. Properties of MNPs for in-vivo applications

The field of nanobiotechnology provides exciting opportunity to explore the applications
of the NPs for various health aspects from imaging and diagnosis to drug livery and treatment
[[62] ]. The MNPs have several advantages for various in-vivo applications. Due to the
simplicity in the synthesis of the NPs, the morphology control is relatively easy to suit a
wide variety of applications. Also, MNPs can be controlled both in terms of migration
and localized effects such as localized heating by the flipping of the magnetic field, which
has obvious advantages. Additionally, MNPs can work as MRI contrast agents and provide
better imaging. More advantages of MNPs for in-vivo use is discussed in slight detail in the
proceeding paragraphs.

We would like to highlight that the size and monodispersity of MNPs is crucial for its
function in-vivo, particularly for targeted drug delivery applications [40] [114] . Monodisper-
sity means that all the particles, in an ideal case, have uniform shape and size, or practically
have a narrow shape and size distribution [115] . The control over size in the nano-domain
is important for several reasons. Firstly, a decrease in the size of MNPs increases surface
area available for coating with polymers, biomolecules, drugs, etc. Secondly, when injected
into the bloodstream, MNPs must be small enough to move freely through blood vessels and
capillaries, thus avoiding blood embolism. Thirdly, studies have demonstrated that MNPs
with a diameter ranging from 10 – 100 nm have maximum blood circulation times — they
are not rapidly removed by renal clearance mechanisms [114] . Finally, MNPs must be small
enough to avoid sedimentation quickly, and should remain suspended as a colloid [116].
Moreover, ensuring colloidal stability of MNPs and preventing aggregate formation, also
depend on the surface chemistry of MNPs and the surface charge. While surface chemistry
determines the nature of interaction between MNPs and other components in-vivo, charge
on MNPs determines their stability in physiological pH. Since charges on the molecules tend
to be pH sensitive, MNPs designed for in-vivo applications must remain stable in aqueous
body fluids, at physiological pH [116] . Figure 7 depicts characteristics of NPs which are
also desired for the use of MNPs for in-vivo applications.

In all the in-vivo applications of MNPs discussed further in this review, magnetic proper-
ties play a key role. In targeted drug delivery systems, MNPs (once injected intravenously),
they are guided using an external magnetic field and eventually directed to the target tis-
sue. In order to achieve such magnetic targeting, the MNPs in question must possess high
magnetization. Those MNPs exhibiting superparamagnetic behaviour at room temperature
have been preferred for biomedical applications [116] . Similarly, MNPs used in hyperther-
mia therapy [116] [114] or as MRI contrast agents can be guided to their target site using
magnetic targeting [40], [114, 116, 118]. Moreover, magnetization of MNPs forms the crux of
hyperthermia therapy. When the magnetization direction is repeatedly flipped from parallel
to antiparallel orientations (and vice versa), magnetic energy is converted to heat energy
that can kill tumor cells [114, 116].

Perhaps the most important properties for in-vivo applications of MNPs are biocompat-
ibility, biodegradability [119] and non-toxicity [116] . To ensure biocompatibility, surfaces
of MNPs can be coated with biocompatible materials [116] . MNPs can be designed with a
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Figure 7: Characteristics of MNPs reproduced with permission from Ref. [117] . The image higlights the
significance of nanoparticle size, shape and surface properties which allow interaction of various biomocelues
with MNPs

core (usually metallic) and a shell (inorganic or polymeric coating). Such a design confers
both stability and biocompatibility. Moreover, for targeted drug delivery applications, the
desired drug can be either conjugated on the surface or encapsulated within the shell of NPs.
Such drug delivery systems have been designed for targeting tumors, wherein chemothera-
peutic drugs (doxorubicin, paclitaxel, etc.) are either adsorbed or covalently linked to the
shell of MNPs. The chemical composition of MNPs also determine their biocompatibility.
As discussed earlier, magnetite (Fe3O4) and maghemite (γ-Fe2O3) are biocompatible unlike
nickel and cobalt. This is due to the susceptibility of nickel and cobalt to oxidation, which
can prove to be toxic during in-vivo and in-vitro usage [116] [120] [121] . MNPs must also be
capable of biodegradation or excretion from the body, else their accumulation within tissues
and organs may cause adverse effects [116, 119] . It is worth noting that both magnetite and
maghemite IONPs are biodegradable. They are metabolized within the body resulting in
the production of IONs, which are eventually incorporated as hemoglobin into erythroctyes.
Thus, they can be safely used for in-vivo applications [122] [123] .

Since MNPs introduced into the blood stream are very likely to encounter phagocytic
cells of the immune system (such as macrophages or dendritic cells), they must not illicit
an immune response [116, 119]. Phagocytosis of the NPs is dependant on their physico-
chemical properties, as well as the cell type due to presence of unique set of receptors [119]
. Physicochemical properties, such as surface charge, can influence phagocytosis. Cationic
NPs are electrostatically attracted to the negatively charged cell membranes of macrophages
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and dendritic cells, thus leading to an increased uptake via endocytosis or phagocytosis.
Thus, positively charged NPs are rapidly cleared from the blood by macrophages when
compared to neutral NPs [124] [125] . (see Figure 8 ). Similarly, uptake of polymer NPs
is also enhanced with an increase in hydrophobicity [124]. Within the blood, NPs are
most likely to encounter phagocytic cells of the immune system, such as dendritic cells,
macrophages and neutrophils. Receptors on these cells are capable of recognizing patterns
or repeating chemical arrangements, which is also characteristic of engineered surfaces of
MNPs. For instance, the collagen-like domain of the scavenger receptor SR-A1 can recognize
the crystalline surface of SPIONs [125, 126] .

Figure 8: Physicochemical properties such as surface charge, can influence the interaction of NPs with
macrophages. Cationic NPs are phagocytized rapidly when compared to neutral NPs. The image is reprinted
with permission from Ref. [127]

Although it is possible to control most physicochemical characteristics of NPs, the for-
mation of blood protein corona is an exception. Upon introduction into the blood stream,
plasma proteins tend to adsorb on the surfaces of NPs, forming a layer known as blood
protein corona (or corona) [119] . Corona is composed of hard and soft corona. Although
there is no certain criteria to differentiate between the two layers, the protein layer that
remains after washing protein-coated NPs in a protein-free buffer, is termed as hard corona.
This layer consists of strongly bound proteins, whereas, the more dynamic layer that con-
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Figure 9: Schematic representation of hard and soft corona formed on NPs. Proteins that have been proven
to have a high binding affinity with the surfaces of NPs belong to hard coronas . In contrast, the association
of proteins constituting soft coronas with NPs is less stable. This image is reprinted with permission from
Ref. [82]

sists of loosely bound proteins is termed soft corona [128] . The interaction of MNPs with
soluble proteins varies with their physicochemical properties (such as size, shape, charge,
hydrophobicity and stiffness) [125] . Proteins of the complement system, coagulation fac-
tors and apolipoprotein family of proteins are among those which can be adsorbed on the
surfaces of NPs [124] . Since this layer masks the original surface design of NPs, subse-
quent recognition by target cellular receptors and uptake by target cells is altered [119]
(see Figure 9 ). For instance, adsorption of the above-mentioned proteins can enhance up-
take of NPs by macrophages [124] . This poses a challenge to the effective functioning of
MNPs for their intended biomedical applications. In order to overcome this, MNPs are
often coated with polyethylene glycol (PEG) to reduce opsonization and corona formation,
thus avoiding recognition by immune cells. Moreover, such a design avoids clearance by the
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reticulo-endothelial system and ensures longer blood circulation times [125, 126] .

6. In-vivo applications of MNPs

MNPs have been employed in a wide array of in-vitro and in-vivo applications. The
magnetic properties of the NPs have been exploited to design a variety of in-vitro separation
and detection methods [129–133] . These NPs, coated with a layer of organic adsorbents,
have been used to detect minute concentrations of pollutants in environmental samples using
magnetic solid-phase extraction (MSPE) technique [134] . When the organic adsorbents are
replaced by antibodies, one can detect proteins and other antigens of interest [135] . The
giant magnetoresistance property of the magnetic nanoparticles have been exploited towards
biosensors to detect specific antigen-antibody and SNA interactions [34] . MNPs can be
designed to exhibit multiple properties as well. For instance, silica NPs embedded with iron
oxide and QDs exhibit magnetic and fluorescent properties alike. The significance of such
systems have been realized for in-vitro cellular imaging [116] . Along with a variety of in-
vitro applications, MNPs have been explored for a range of in-vivo investigations discussed
below and summarized in Table ?? .

6.1. Imaging applications
MRI is a non-invasive imaging technique that produces images that represent the

anatomy and physiological processes in the body. It works on the principle of nuclear
magnetic resonance (NMR) [40, 114, 116] . When the body is placed in a static magnetic
field, hydrogen atoms or protons (in water molecules present within the body) align along
the direction of the magnetic field, and resonate at the resonance frequency. A radio fre-
quency pulse is then applied (which causes a net magnetization) and the magnetic field is
stopped, thus causing the protons to return to their original state. The water molecules
then emit electromagnetic radiation during this relaxation process which is detected and
sent to a computer where with the help of softwares the MR image is generated [40] .
Although MRI provides anatomically detailed images of healthy and diseased soft tissues,
MRI contrasting agents can be employed to further enhance the images, allowing for better
interpretation [40, 114, 116] .
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Table 3: Recent studies of in-vivo applications of MNPs

In-vivo appli-
cation

Type
of MNPs
(size/dimensions)

Size of
MNPs

Surface modi-
fier/coating/matrix

Protein
corona

Targeted tis-
sue or ani-
mal

Comments
(additional
appli-
cations,
conditions)

Reference

MRI Fe2O3@
SiO2

MNPs

11.6 ±
0.6 nm

SR-FLIVO caspases Rat Targeted
enzyme
delivery

Saito et al.
2020 [136]

MRI Fe3O4@OA
SPIONPs

5-6 nm PLA-PEG-
DG

- mouse Targeted
tumor
delivery

Xiong et al.
2017 [137]

MRI Fe3O4

MNPs
10, 15,
19 and
25 nm

phospholipid-
PEG
copolymers-
DiI-cRGD

Serum pro-
teins

mouse Fluorescence
Imaging
was also
carried out

Zhang et al.
2020
[138]

MRI magnetite
(Fe3O4)
SPIONPs

13,14
and 17
nm

PS-PEG HSA Mouse Targeted
drug deliv-
ery

Ostroverkhov et
al. 2019 [139]

Continued on next page
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Table 3 continued
MRI Zinc

doped
IONPs
(Zn0.4Fe2.6O4)9.9
± 1.3 nm

9.9 ±
1.3 nm

- A number
of proteins
origina-
tion from
pancreas,
stomach,
oral cav-
ity were
found in
the corona
(details
in table
1 of the
reference)

mouse Oral ad-
minis-
tration
followed by
collection
of MNPs
from gas-
tric fluid,
SDS-PAGE
to iden-
tify the
proteins

Wang et al.
2020 [140]

MRI Gd(H2O)4[Fe(CN)6]
MNRs

100 nm SiO2@PEG serum pro-
teins

Rat High
biosafety

Cabrera-García
et al. 2018 [141]

MRI Magnetic
PANI
nanohy-
brids

71.3 ±
5.6 nm

MPNHm MT1-
MMP

Mouse Redox
sensing
was also
performed

Hong et al.
2015 [142]

MRI MagNP-
OH (com-
mercial
NPs)

70±18
nm

fibrin-agarose Rat Campos et al.
2021 [143]

Continued on next page
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Table 3 continued
MRI/MPI Fe3O4/γ-

Fe2O3

(mag-
netite/maghemite)
mixed-
phase
(multicore
NPs)

size: 32-
35 nm

carboxymethyl
dextran
(CMD)

Rat Blood-half
life of 17.4
min

Kratz et al.
2018 [144]

MPI Cubic
IONPs

22.4 ±
1.3 nm

Mouse Stem cell
tracking

Wang et al.
2020 [145]

Magnetic Hy-
perthermia

Iron NPs
(FeNPs)

25 nm
FeNPS
core
(30-50
nm FeO-
PEG)

dopamine-
PAA-PEG/
cografted
polymer

Mouse Hyperthermia
combined
with im-
munother-
apy could
be used
for long-
lasting
therapeu-
tics

Chao et al.
2019 [146]

Continued on next page
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Table 3 continued
Magnetic Hy-
perthermia

SPIONs 10 nm
(size of
MNPs
core)

meso- porous
silica matrix-
thermore-
sponsive
polymer

Mouse Localised
injection of
the MNPs,
effective
in tumour
inhibition
at low con-
centrations

Guisasola et al.
2018 [147]

Magnetic Hy-
perthermia

Fe@Fe3O4
NPs

13 nm PEG-RGD Mouse Photoacoustic
imaging
used for
guiding
NPs

Zhou et al.
2018 [148]

Magnetic Hy-
perthermia

Fe3O4

multi-
granule
nanoclus-
ters

22.9 nm PEG-
dopamine

Mouse in-vivo
imaging

Jeon et al.
2020 [149]

Magnetic Hy-
perthermia

IONCs 20-25
nm

silk fibroin hy-
drogel

Rabbits Ultrasound-
guided
interven-
tional
injection
of the
hydrogels

Qian et al.
2020 [150]

Continued on next page
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Table 3 continued
Magnetic Hy-
perthermia

Ga-Sr-
substituted
Mn fer-
rites

12-35
nm

Effect of
different
Ga and Sr
contents on
the heating
efficiency

Prado et al.
2020 [151]

Magnetic Hy-
perthermia

Fe3O4NPs 120 nm Polymethylmethacrylate
(PMMA)
bone cement

Rabbit bone
tumor treat-
ment

Minimally
invasive
(ablated
tissue
distance
can be con-
trolled with
duration)

Yu et al.
2019 [152]

Extremely
low frequency
magnetic field
(ELMF)

Fe3O4

NPs
7 nm meso-2,3-

dimercaptosuccinic
acid (DMSA)
coating

Mouse Li et al.
2017 [153]

Contrast agent
(magnetomo-
tive optical
coherence to-
mography
(MMOCT))

Fe-Au
composite
NPs

3.25 nm Mouse Dynamics
study of
the dif-
fusion of
MNPs in-
side mouse
tissue was
also carried
out

Indoliya et al.
2020 [154]

Continued on next page
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Table 3 continued
Targeted drug
delivery

Fe3O4NPs 10-13
nm

Doxorubicin
(drug)

Anti-Met
oncogene
(anti-
Met/HGFR)
mono-
clonal
antibody
(mAb)

Mouse mAb-
coupled
MNPs were
targeting
tumor
site more
efficiently

Oltolina et al.
2019 [155]

Targeted drug
delivery

Fe3O4

NPs
8 nm PLA-PEG-

PLA copoly-
mer

Mouse Doxorubicin
& Pacli-
taxel drugs

Amani et al.
2019 [75]

Targeted drug
delivery

Fe3O4

NPS
15 nm Alginate-

folate
Mouse Doxorubicin

drug, hy-
perthermia
was used in
combina-
tion

Ha et al.
2019 [76]

Targeted drug
delivery

Porous
yolk-shell
Fe/Fe3O4

nanoparti-
cles

15 nm Mouse Fe(0)
Fenton
catalyst,
controlled
release

Liang et al.
2021 [156]

Targeted drug
delivery

Fe3O4/SiO2

NPs
75 nm Silica doc-

etaxel (DXL),
polyvinyl al-
cohol (PVA)

Mouse/human
breat cancer
tumour

AuNPs
(38 nm)
were used
for plas-
monic pho-
tothermal
therapy

Taheri-Ledari et
al. 2020 [157]

Continued on next page
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Table 3 continued
Targeted drug
delivery

Iron oxide
NPs

10±3
nm

MEMO in
nanogel con-
sisting of
DEGMA,
OEGMA and
HEMA

Mouse NIR Trig-
gered
Chemother-
apy

Biglione et al.
2021 [158]

Targeted drug
delivery

SPIONs 6.3 ±
0.9 nm

PNIPAM Wnt3a
protein
cargo

Stem-Cells Temperature
controlled
release of
bioactive
proteins for
cell prolif-
eration

Walker et al.
2020 [159]

Targeted drug
delivery

SPION@PDA100 nm acrylamide,
acrylonitrile,
and N,N′-
methylene
bisacry-
lamide co-
polymerised
spheres

rabbit VX2 liver
tumor
modelspho-
tothermal
therapy
was also
performed

Huang et al.
2020 [160]

Multifunctional
NPs

superparamagnetic
(γ-Fe2O3)
MNPs

7 nm aqueous core
of liposomes
and anet-
hole dithio-
lethione in
hydrophobic
phospholipid
shell

Mouse Cancer
thera-
nostics
application

Liu et al.
2017 [77]

Continued on next page
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Table 3 continued
Multifunctional
NPs

maghemite
(γ-Fe2O3)
nanoflower-
like mul-
ticore
NPs

25 nm spiky CuS shel Mouse Photothermal
therapy,
magnetic
hyper-
thermia,
photo-
dynamic
therapy ap-
plications

Curcio et al.
2019 [78]

Multifunctional
NPs

SPIONs 7-10 nm functionalized
with anti-
CD20 (Rit-
uximab) and
coated with
tween 80
(liposome
structure)

Mouse Lymphoma
xenograft-
sLym-
phoma
theranos-
tics

Saesoo et al.
2018 [79]

Multifunctional
NPs

IONPs 16 nm PEG-
Glutathione
(GSH) pep-
tide

mouse Paclitaxel
drug deliv-
ery

Nosrati et al.
2019 [80]

Multifunctional
NPs

IONPs 16 ± 2
nm

Silica-PEG-
RGD

mouse slidable
nano-
ligand

Choi et al.
2020 [161]

Continued on next page
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Table 3 continued
Multifunctional
NPs

IONPs <15 nm p(HEMA-co-
DMA)

mouse Drug de-
livery and
hyper-
thermia
applica-
tions

Sasikala et al.
2015 [162]

Multifunctional
NPs

MNPs 10 nm hydroxyapatiteRatMAPK/
ERK sig-
naling
pathway
and ion
channels
proteins

rat Influence
of protein
corona
composi-
tion on cell
prolifera-
tion

Zhu et al.
2017 [163]

Multifunctional
NPs

MNPs@OA 9 nm OPE-PEG-FA mouse MRI Yin et al.
2015 [164]

Multifunctional
NPs

USPIONPs 17 nm GEM/PEI-
PEG-anti-
EGFR

mouse MRI Tang et al.
2020 [165]

Abbreviations: anti-EGFR: anti- Epidermal Growth Factor Receptor, cRGD: Cyclo(-Arg-Gly-Asp-D-Phe-Cys),DEGMA: diethyleng-
lycol methacrylate, DiI: Dialkylcarbocyanine fluorophores, DG:D-glucosamine, DSPE: distearoyl phosphoethanolamine, FLIVO: fluores-
cence in-vivo, GEM: gemcitabine(chemotherapeutic drug), FA: folic acid, HAp: hydroxyapatite, HAS: human serumalbumin, HEMA:
2-hydroxyethyl methacrylate, IONCs: Iron oxide nanocubes, IONPs:iron oxide nanoparticles, MAPK/ERK: mitogen-activated protein
kinases/extracellularsignal-regulated kinases signaling proteins, MEMO: methacrylate moieties,MNRs:magnetic nanorods, MNPs: magnetic
nanoparticles, MPNHm: maleimidyl-TWEEN 80,MT1-MMP: membrane type 1-matrix metalloproteinase, NPs: nanoparticles, OA: oleicacid,
OEGMA: oligoethylenglycol methacrylate, OPE:oligo(p-phenyleneethynylene), PANI: polyaniline, PDA: polydopamine, PEG: polyethyleneg-
lycol, p(HEMA-co-DMA): poly (2-Hydroxyethyl methacrylate-co-dopaminemethacrylamide), PLA: Poly lactic acid, PNIPAM: poly(N-
isopropylacrylamide), PS:photosensitizer, RGD: arginylglycylaspartic acid peptide, SDS-PAGE: sodium dodecyl sulfatepolyacrylamide gel
electrophoresis, SPIONs: superparamagnetic iron oxidenanoparticles, USPIONPs: ultrasmall superparamagnetic iron oxide nanoparticles.
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Figure 10: Anaplastic oligodendroma. SE T1-weighted images obtained 6 hours (A) and 24 hours (B)
after ferumoxtran infusion show progressive peripheral and patchy central enhancement in the left temporal
tumour. This image has been reprinted with permission from Ref. [166]

SPIONs, were the first NPs to be used as MRI contrasting agents. These IONPs are
administered in very low doses to the patient for enhancing the contrast between the diseased
and healthy tissues. As will be described later, MNPs can be directed to the targeted site in-
vivo for imaging with the application of a strong external magnetic field [40, 114, 116] . Core-
shell NPs, such as gadolinium oxide (Gd2O3), SPIONs and USPIOs have been investigated
as MRI contrast agents [40] . However, use of Gd has been reported to cause nephrogenic
systemic fibrosis in some patients [48] . On the other hand, IONPs continue to be in clinical
use today, particularly in clinical oncology, where they have been adopted for the detection of
lesions [40, 114, 116] .(see Figure 10 ). Moreover, some SPIONs have been clinically approved
as contrast agents: ferumoxytol (30nm), ferumoxides (120-180nm), ferucarbotran(60nm),
ferristene (diameter not less than 300nm) and ferumoxsil (300nm) [48] . Recent studies
continue to investigate the use of MNPs as MRI contrast agents [80, 139, 144] . Ostroverkhov
et al. immobilized a bacteriochlorin based photosensitizer on MNPs coated with human
serum albumin (HSA) for use in photodynamic therapy of cancer cells. MNPs, composed
of superparamagnetic magnetite, enabled MRI tracking in-vivo for drug delivery to tumour
sites [139] .
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Another imaging technique called magnetic particle imaging (MPI) is an emerging tech-
nique which allows real-time high-resolution in- vivo imaging. It is a quantitative 3D imaging
technique and has a high temporal and spatial resolution. Using MPI, it is possible to track
and quantify MNPs [167] . This technique images superparamagnetic iron-oxide tracers with
high contrast and sensitivity, which has zero background tissue signal. MPI can be used to
image any part of the body and is safe for patient use, since there is no exposure to ionizing
radiation [168] . Recent studies have demonstrated its potential in cell tracking, oncology
and vascular imaging [169–171] . Ludewig et al. utilized SPIONS (~65 nm size) as contrast
agents for MPI and demonstrated its potential as a diagnostic tool for rapid in-vivo assess-
ment of cerebral vasculature and perfusion in stroke [169]. The authors reported that MPI
has shorter image acquisition times and increased temporal resolution when compared with
MRI. Yu et al. have investigated the use of MPI for accurately determining the source of
the gastrointestinal (GI) bleeding, in order to ensure timely treatment [168] . Using PEG-
stabilized SPIOs as tracers, the authors were able to detect for and quantify GI bleeding in-
vivo. They tracked the bio-distribution of these tracers over time using a custom-built high
resolution field-free line (FFL) MPI scanner. MPI images at the site of tracer accumulation
had excellent contrast [168] . Although commercial animal scanners have been used, human
scanners are still being developed [167] .

6.2. Magnetoresponsive therapy
Hyperthermia of targeted tissues with the aim of increasing the temperature to

kill/destroy the diseased or cancerous parts is one of the treatment method [172] [173].
In this therapeutic strategy, MNPs are used to specifically target and kill tumor cells within
the body. Once administered intravenously to the patient, the NPs can be guided to target
tumor sites using an external magnetic field. After reaching the tumor site, an alternating
current magnetic field is applied, that repeatedly causes the magnetization direction to flip
between parallel and antiparallel orientations. This results in the conversion of magnetic
energy to heat energy which rises the temperature of the targeted tissue locally (generally
in the range of 41-47 oC) [114, 116, 171]. Tumour cells, which are more sensitive to heat
than normal cells, can be killed using this method. This targeted approach kills only the
tumour cells in the body. For successful use of magnetic hyperthermia, the size of MNPs
must be uniform, to ensure temperature control [116] (Figure 11 ). A similar technique
is called magnetic thermoablation in which magnetic nanoparticles upon reaching to the
target tissue, heats in the controlled alternating magnetic field which transfers heat to the
tumor tissues to higher temperatures (46-48 oC) [174] [172, 173] . For instance, Yu et al.
has shown an efficient and minimally approach for bone tumor regression and bone defect
repair [152] . They used Fe3O4 (120 nm diameter) NPs in Polymethylmethacrylate (PMMA)
matrix as the bone cement for the magnetic thermal ablation. The bone cement was used for
the rabbit VX2 tibial plateau tumor ablation. The bone cement has dual function. Apart
from providing mechanical support it demonstrates excellent heating upon exposure to an
alternating magnetic field. However, it is challenging to maintain surrounding healthy tis-
sues at normal body temperature, thus making hyperthermia a preferable method [40, 114]
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. Moreover, the location of MNPs intended for hyperthermia treatment can be visualized
using MPI or MRI [40] .

Figure 11: An alternating current magnetic field is applied at the tumour site converting magnetic energy
to heat energy, resulting in a rise in temperature.This method was used for hyperthermia applications. The
image is reprinted with permission from the Ref. [175] .

Recent studies have explored the potential of various MNPs [148] [147] [146] such as
Fe@Fe3O4 [148] , SPIONs [147] and pure iron NPs (FeNPs) [146] for hyperthermia therapy.
Guisasola et al. developed magnetic mesoporous NPs by embedding SPIONs in a meso-
porous silica matrix which, in turn, was coated with a thermoresponsive polymer shell [147]
. Application of an alternating magnetic field (AMF), damaged tumour cells through heat
shock. At the same time, it caused heating and pore formation in the thermoresponsive
polymer, thus releasing chemotherapeutic drugs trapped within the silica pores. Initial cell
damage through heat shock would have made the cells more sensitive to chemotherapy [147]
. Chao et al. prepared FeNPs functionalized with polythylene glycol/dopamine cografted
polymer [146] . Mice were intratumourally injected with these NPs and placed in a low-
power alternating magnetic field. Tumours were reported to be completely ablated and mice
showed no abnormality [146] . Yu et al. designed Fe3O4 NPs distributed inside Polymethyl-
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methacrylate (PMMA) bone cement for thermal ablation of bone tumours [152] . While
Fe3O4 in an AMF resulted in thermal ablation of tumour cells, solid bone cement provided
mechanical support for pain relief and quick physical recovery. Moreover, the presence of
Fe3O4 in the bone cement was reported to decrease the potential for fractures in adjacent
bones. These NPs were found to be biocompatible [152]. In order to generate tempera-
tures high enough to kill tumour cells, high concentrations of MNPs, high frequency and
high intensity magnetic field is required. This can cause undesirable side effects. Li et al.
investigated the use of extremely low frequency magnetic field (ELMF) on tumours and
studied cell destruction both in-vitro and in-vivo [153] . Fe3O4 NPs coated with meso-2,3-
dimercaptosuccinic acid (DMSA) were introduced into cells and exposed to ELMF. Cells
were reported to exhibit abnormal morphology and reduced cell-cell interaction. When
used to treat tumours in-vivo, cancer cells were reported to show necrotic changes such as
fragmented nuclei [153] .

6.3. Targeted drug delivery
Targeted drug delivery can involve either active or passive targeting. While active target-

ing uses antibodies, ligands or aptamers (conjugated to NPs along with drugs) to identify
specific receptors, passive targeting employs localized delivery or exploits the EPR (en-
hanced permeation and retention) effect [40]. In drug delivery systems, while using oral and
intravascular injections to introduce a drug into the body, most of the drug does not reach to
the target site through blood circulation. Hence, very small quantity of drug is available to
the target site in need of medication. Moreover, as these drugs are transported via various
organs, and some of the drugs (such as anticancer drugs) can have adverse effects on healthy
tissues as well. Therefore, there is a need to transport the drug of interest to the affected
tissues within the body. MNPs are especially of interest due to their magnetic properties
and an external magnetic field can be used to concentrate MNPs in the affected tissue.
These NPs (usually carrying a drug), are then taken-up by cells and continue to remain
there and release the drug over long periods in a controlled manner. Successful outcome of
targeted drug delivery is based on the competition between the forces exerted on the MNPs
by the external magnetic field, as well as those exerted by the blood compartment. The
advantages of this approach include targeted delivery and sustained release of drugs within
the affected organ. Furthermore, when compared to other drug delivery approcahes, this
approach reduces required dosage of drugs, thus minimizing side effects [114] [116] .

Oltolina et al. developed Fe3O4 NPs for targeting the hepatocyte growth factor encoded
by the Met oncogene (Met/HGFR), which is overexpressed in many tumours and plays
a role in metastasis [155] . The Fe3O4 NPs were functionalized with anti-Met oncogene
monoclonal antibody and doxorubicin. The NPs were biocompatible and were reported
to interact specifically with Met/HGFR-positive cells. The presence of the monoclonal
antibody enhanced retention of the NPs within the tumour site, in situ in GTL-16 cells
induced xenograft tumors in gamma-null mice [155] . Due to superparamagnetic properties,
nontoxicity, biodegradablilty, biocompatibility and efficient clearance via the pathways of Fe
metabolism, SPIONs composed of Fe3O4 and γ-Fe2O3 are being investigated for applications
in drug delivery [176] .
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Figure 12: (A) Change in tumorvolume over time in the presence of different treatment, and (B) Survival
plotsof animal experiments. (C) control and (D) effect of PTX-HMNC-EPEG-APSMA/MT treatment on
the tumours shown by images. The investigation was carried for a 28-day period and the red arrows shows
the position of the implanted tumor. The abbreviations and protocols are briefly discussed in the text. The
image is reprinted with permission from Ref. [177] .

As discussed before, targeting the drug to specific site is still a major issue in var-
ious treatments including cancer. Yang et al. utilized a nano-scale drug carrier com-
prising of drug (PTX, paclitaxel) and magnetic Fe3O4 carrier [177]. The nanocarrier
drug was prepared by tagging PTX to hydrophilic magnetic nanocrystals (HMNCs). The
obtained PTX-HMNCs were functionalised with NH2-EPEG-COOH (carboxylated o-(2-
aminoethyl)polyethyleneglycol) and APSMA (antiprotein-specific membrane antigen) under
standard amide coupling conditions. The nanocarrier system was then targeted to prostate
cancer tumor of mouse using the external magnetic field. The magnetic targeting enhanced
the PTX concentration at the tumor site by 20 times and enhanced the drug half-life by
4 fold. The function of the nanocarrier was dual as apart from helping in the therapy, it
also acted like MRI contrast agent for enhanced imaging. The prepared drug carrier had
better magnetization than commercial MRI contrast agent, Resovist [177] , see more details
in Figure 12 .
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7. Metabolic pathways of MNPs inside human body

Entry of MNPs into the human body is primarily through four different exposure routes-
ingestion, inhalation, dermal penetration or intravenuous administration into the blood
stream [178]. In the context of the above-mentioned biomedical applications, NPs are
generally introduced via the oral route or intravenously administered [114, 116] . Orally
ingested NPs can undergo translocation across the gastrointestinal mucosa and gain entery
into the bloodstream [178] . NPs circulating within the body, can have the following fates:
they can be flushed out of the body by renal clearance mechanisms [179, 180] , cleared
out by phagocytic cells (present in blood, tissues, lymph nodes or the reticulo-endothelial
system) [124, 125] , can undergo self-degradation in their final site of accumulation (such as
tumour sites or the brain [181] ). Figure 13 illustrates the importance of size of MNPs with
10-200 nm being the ideal size for the drug delivery application. Small particles (diame-
ter<10 nm) cannot be taken up by the cells and excreted by the body. On the other hand,
larger MNPs (diameter>200 nm) are taken up by spleen and liver (reticuloendothelial sys-
tem) [179] [182, 183] . Additional issue with the smaller particle size is the reduced response
to the magnetic field which can be more tricky for in-vivo applications. In this section, the
fate of MNPs inside human body is discussed in detail.

Excretion of MNPs by kidneys via urine is termed as renal clearance. In order to be
excreted, MNPs must be small enough to cross the glomerular filtration membrane in kid-
neys [185] [186] . For instance, MNPs having hydrodynamic diameters of 1-5.5 nm are
considered renal-clearable MNPs, as they can easily pass through the glomerular filtration
membrane. On the other hand, larger MNPs having hydrodynamic diameters > 10nm, can-
not be excreted by kidneys and are considered non-renal clearable NPs. Those MNPs that
possess an intermediate size (i.e. MNPs having hydrodynamic diameters 5.5-10 nm) are also
considered non-renal clearable, although a small amount of these NPs is actually excreted via
urine [185] . As mentioned before, NPs can be cleared by phagocytic cells (such as dendritic
cells and macrophages). MNPs having sizes 20-200 nm in diameter, preferentially circulate
in the blood but are rapidly drained into the lymph nodes, where they are phagocytized by
dendritic cells. On the other hand, larger MNPs (with diameters 500-1000 nm) can only
be transported from site of injection (such as the skin) to lymph nodes if they are engulfed
by tissue-resident dendritic cells, that subsequently migrate to the lymph nodes [187] . Re-
gardless of their size and charge, IONPs preferentially accumulate in the reticulo-endothelial
system (liver and spleen) where they are phagocytized by resident macrophages [188] . Stud-
ies have demonstrated that IONPs undergo metabolism within the liver and other organs
of the mononuclear phagocytic system. They are degraded into ferrous Fe(II) and ferric
Fe(III) products, which are subsequently incorporated into either the storage or utilization
pathway [189] .

As discussed earlier, MNPs intended for MRI applications or targeting tumours within
the brain, are designed to cross the blood-brain barrier in order to reach their target cells [80]
. After carrying out their intended function in the brain , these NPs should be cleared out,
since their accumulation can result in neurotoxicity. Gu et al. investigated clearance of
rHDL(reconstituted high-density lipoprotein) NPs and poly(ethylene glycol)- b-poly(lactic
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Figure 13: MNPs (coated with a biocompatible material) guided by an external magnetic field to target
tissue. Also shown is the biokinetics of NPs based on size (NPs with diameter <10 removed by renal
clearance, NPs diameter > 200nm accumulate in the reticulo-endothelial system (liver and spleen). The
image is reprinted with permission from Ref. [184]

acid) copolymer NPs (PEG-PLA) from the brain. Upon intraparenchymal injection of rHDL
NPs and PEG-PLA NPs in-vivo, it was observed that these NPs were cleared rapidly through
the paravascular glymphatic pathway (see Figure 14 ). This pathway involves astrocytes,
which normally function to remove soluble proteins and metabolites from the brain, through
exchange between the cerebrospinal and interstitial fluids, and microglia- mediated trans-
portation to clear NPs via the paravascular route [190].

Apart from the excretion of MNPs by the variety of pathways discussed above, the MNPs
accumulated within the cells can also be degraded by intracellular processes [191] [192] [193]
. For instance, Mazuel et al. investigated γ-Fe2O3 MNPs for a period of one month inside
mesenchymal stem cells spheroids used as a tissue model [194]. Using vibrating sample
magnetometry (VSM) on fixed tissue amount, it was observed that the magnetic field from
the spheroids decreased over time but the overall iron content remained same. These changes
in the VSM measurement signal were considered as signatures of MNPs degradation inside
the cells. The slices of tissues at the beginning and end of the of the experiment were
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investigated using TEM, which showed that most of the iron particles degraded into smaller
spots that were identified as ferritin. Ferritin is an intracellular protein, found in nearly of
all of the living species. Additionally, in humans it plays an important role in the regulation
of iron content [195] . In a further investigation, smaller scale bench-top magnetometer (as
compared to VSM) was utilised for the real time in-situ monitoring of MNPs inside the tissue
model [196] . In this work in-situ monitoring did not affect the regular tissue functions.
This is attributed to the surface corrosion of MNPs in the acidic pH conditions inside
cells [197, 198] . As the degradation of the MNPs might impede their desired function/effect
due to size and magnetism reduction, the polymeric or inert metal coatings have been utilised
as protective strategies [199] [200] .

Moreover, the magnetic crystals are also found naturally in a variety of tissues including
heart, spleen, liver and especially brain [191] . However, the origin of these nanoparticles-
whether is endogenous or exogenous, is still debatable. Upon comparing the brain of healthy
individuals and patients suffering from neurodegenerative diseases, higher amounts of mag-
netite was found in the aging males and patients suffering from neurodegenerative dis-
eases [201] . Specifically, Alzheimer’s disease, a progressive neurogenerative disease, is as-
sociated with the deregulation of the iron metabolism [202] . Under normal physiological
conditions, when there is access of intracellular iron, magnetic biosynthesis seems to be a
protective or regulating mechanism. For instance, Walle et al. have demonstrated that
when there are large amounts of iron within the cells, the degradation of the MNPs may
lead to the formation of ferritin protein. This ferritin, under right conditions, can assist in
the biosynthesis of MNPs in the stem cells [203] .

An important aspect that influences the clearance of MNPs from the blood is the for-
mation of corona. As mentioned earlier, corona can alter surface properties of NPs (such
as surface charge and aggregation) and thus influence their uptake by phagocytic cells or
clearance by kidneys [204, 205] . However, not all proteins present in corona are responsible
for this. A recent study by Zhang et al., suggests that corona is composed of a multilayer
of proteins. The layer of protein that directly interacts with the surface of MNPs, known as
foundational layer, depends on surface chemistry of the MNPs in question. The formation

of a subsequent protein layer, known as the assembly layer, depends upon the interaction
between the foundational layer and serum proteins. The assembly layer can further interact
with serum proteins forming more layers and the outermost layer is termed the binding
layer. If corona is composed of only 2 protein layers, it lacks an assembly layer, and if it
is composed of one protein layer, then this layer is considered both the foundational and
binding layer. Nevertheless, the composition of the outermost binding layer is responsible
for the interaction with cellular receptors [206] .

8. In-vivo toxicity of MNPs

Several studies have reported toxic effects of MNPs [207–209]. Within the cell, MNPs can
generate reactive oxygen species (ROS) which causes oxidative stress [210, 211]. This in turn
results in several cytotoxic effects: increased level of lipid peroxidase, inhibition of antioxi-
dant activity, decrease in the potential of the mitochondrial membrane and activation of a
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Figure 14: Clearance of rHDL NPs and PEG-PLA NPs from the brain via the paravascular glymphatic
pathway. The image is reprinted with permission from Ref. [190]

pro-inflammatory response, damage of DNA and apoptosis [212] . Recently, Feng et al. in-
vestigated the toxicity of IONPs (coated with either PEG or PEI-polyethylenimine) in-vitro
and in-vivo [189]. The effects of IONPs on RAW264.7 macrophages and SKOV-3 ovarian
cancer cells was investigated. IONPs were distributed in endosomes, lysosomes or both, in
the two types of cells studied. Even at low concentrations, PEI-coated IONPs exhibited cy-
totoxic effects by generating reactive oxygen species (ROS), disrupting the cell membrane,
arresting the cell-cycle in the G2-phase and inducing apoptosis, which was probably due
to the PEI coating. The in-vivo study showed that degradation of PEI-coated IONPs was
faster than their PEGylated counterparts (which were present in the liver and spleen for
upto 2 weeks) [189] . While many studies, such as the one described above, have evaluated
the toxicity of individual MNPs, very few studies have investigated potential toxicity result-
ing from co-exposure of biological systems to two or more different types of NPs. This is of
significance since co-exposure to two or more NPs may cause a synergistic, antagonistic or
additive toxicological effect [213] . Korzeniowska etal. studied the effect of co-exposure of
silver and platinum NPs (possessing the same size and surface properties) on human brain
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cells such as immortalized cerebral microvascular endothelial cells (hCMEC/D3) and pri-
mary astrocytes [212] . Both types of cells form the blood-brain barrier (BBB) and function
to protect the brain from toxins. The study suggested that co-exposure to both NPs was
more toxic than exposure to only Au NPs. Moreover, only when cells were incubated with
both types of NPs the authors noted an up-regulation of proteins involved in activation of
the complement system. This in-turn can enhance permeability of the BBB. While this is
commonly observed during an infection or injury in the brain and can help protect the brain
through activation disassembly, extracellular matrix is important for maintaining tightness
of BBB and its disassembly can negatively affect cell adhesion, migration and prolifera-
tion [212] . In a similar study, Guo et al. studied the co-exposure of Fe2O3 NPs and carbon
black NPs on human lung epithelial cells in-vitro [214]. While exposure of these cells to a
single type of NPs did not cause oxidative effects, co- exposure resulted in a two-fold in-
crease in protein oxidation and also induced lipid oxidation. Upon internalization into cells,
Fe2O3 NPs are solubilized into Fe3+ ions. In the presence of carbon black NPs, Fe3+ ions
are reduced to Fe2+ ions. These Fe2+ ions are capable of generating highly reactive hydroxyl
radicals, which were found to be the cause of protein and lipid oxidation within cells [214] .

More recently, Alabi et al. reported genetic and reproductive damage caused due to
co-exposure of SPIONs and solid-lipid NPs (SLNs) in mice [213] . The frequency of mi-
cronucleated polychromatic erythricytes(MNPCE) and nuclear abnormalities was reported
to be the highest in mice co-exposed to both types of NPs. This was possibly due to the
interaction of NPs with proteins involved in chromosome segregation, mitotic spindle orge-
netic material. A sperm morphology assay revealed maximum percentage of abnormal sperm
cells in mice co-exposed to both NPs. These mutagenic effects suggest higher genotoxicity
during co-exposure when compared to individual exposure, suggesting a synergistic reaction
between SLNs and SPIONs [213] .

9. Ethical usage

The use of MNPs in-vivo raises a number of ethical issues such as those associated with
the human health and safe disposal in the environment after NPs are shredded from the
human body. As discussed in the prior text, we can segregate the in-vivo usage of MNPs into
three general categories where it is critical to identify ethical concerns. These include the use
of MNPs as medince, MNPs as drug delivery agents and use in diagnostics such as the MNPs-
based dyes. Therefore, there are several institutions worldwide which lay clear guidelines
and code of conduct on safe use of NPs. For instance, European Commission, Department
of Environment, Food and Rural Affairs (DEFRA) in UK, U.S. Environmental Protection
Agency, the National Institute of Environmental Health Sciences, and the National Institute
of Occupational Safety and Health have launched a variety of nano risk frameworks programs
aimed at identification and safe usage of NPs [215–219] . In line with guidance from some
of the aforementioned associations, we highlight and suggest 10 crucial ethical points which
MNPs should comply with prior to its use for in-vivo applications:

1) Ensure high-specificity of MNPs towards the target cell or surface protein.
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2) Where MNPs are used for diagnostics, sensitivity validation is essential to ensure the
lowest possible concentration of NPs for that particular application.

3) Toxic effects on other homologous cells or proteins should be evaluated before MNPs
are used in-vivo.

4) Prior to use, the patient should be informed of the potential harm and consent to use
must be aquired from the patient.

5) The MNPs should be also comply with the features of personalized medicine, where
the medical history of the individual should be carefully evaluated for prior to their use.

6) Any personal data acquired or generated related to MNPs use should be protected by
the institutional data safety protocols.

7) Robust in-vivo monitoring systems should be put in place prior to use of MNPs to
provide feedback based assistance to ensuring their safe usage.

8) Institutional risk assessment should be performed and contingency plans to ensure
safety of the patient must actively be in place prior to use of MNPs in-vivo.

9) The effect of MNPs on environment should also be evaluated to ensure safe disposal
of MNPs which might be related to natural removal NPs from the body through excretory
system, disposal of expired MNPs or disposal of disease tissues/legions which are detected
and later surgecially removed from the body.

10) Regular update of policies and aforementioned practices at institutional level.

10. Technology transfer

One of the most important part of the academic research is its translation to the mar-
ketplace. Within this context, the development of MNPs are no exception, however, the
translation of MNPs for in-vivo applications is more complex and demanding than for many
other technology areas. There are several reasons for this:

1) The technology is of extremely small scale, a scale at which the classical laws of physics
no longer apply and therefore it is non-trivial to demonstrate its safe use within human body.

2) Several trails within different species maybe required prior to the use in humans and
even within human trials a large population must be tested before approaching concerned
government department for approval.

3) Due to trails/validation of the technology more time commitment is required for MNPs
to come to fruition.

4) As a result, the investment required (both in terms of time and finances) to scale up
the prototyping/pilot production of MNPs is too high thereby generating less interest from
the technology transfer investors.

5) The process of development of MNPs from idea to prototype of a technology readiness
level 6 and above, requires diverse interdisciplinary skills ranging from a material scientist
to a cell biologist.

From the perspective of research institution and higher education sector, at times build-
ing multidisciplinary in a single laboratory/research centre is challenging. To address this,
large consortium based funded programs should be encouraged by both corporate and public
funding agencies. Some other technology transfer considerations for the MNPs that can be

May 31, 2021



adopted at early stages of the project are viability of the MNPs towards patentability and
identification of target market both of which may bridge the gap between MNPs invention
and the market. In addition, it is also important to understand that before any turnover can
be expected from the MNPs related projects for in-vivo applications, the projects can be
long-term and require expensive capital and facility such as thin film evaporators, sputtering
machines, SEM, TEM, AFM, XRD, in-vivo grade laboratory testing etc. Despite some
of these challenges, the good news however is that most of these aforementioned challenges
and associated bottlenecks are being quickly addressed by researchers and various funding
bodies supporting translating projects within the framework of proof of concept themes.

11. Outlook and conclusions

Developing advanced technologies such as NPs for in-vivo usage serves as an impor-
tant innovation in the biomedical engineering and medicine. Several applications such as
those involving drug delivery at specific locations or specific diseased tissues and real-time
high resolution imaging of the internal body organs has been the prime feature of MNPs in
academia and industry. It is due to the features of MNPs that high resolution tracking of
drugs, nucleic acids, proteins and even cells has been achieved within the research diverse
fields of biotechnology and medicine ranging from stem cell therapy, oncology, cardiology
to even inflammation management in internal organs. Certainly there are challenges when
developing MNPs for clinical use, which are less at an early developmental stage in academic
laboratory setting but more when MNPs are tested for in-vivo usage. Therefore, it is im-
perative to claim that risk assessment and ethical compliance are one of the most important
considerations for a team developing MNPs aimed for in-vivo applications. Other impor-
tant technical aspects are of in-vivo MNPs are associated with the material type and its
synthesis processes where biocompatibility, size tunability, ease of production and scalability
are equally important considerations. In this context, there are several opportunities to de-
velop advanced MNPs, especially combining MNPs with biosensing technologies or perhaps
using them as nanorobots within human body may lead to autonomous systems with multi-
faceted capabilities including sensing, imaging and drug delivery. This would eventually lead
to improved understanding of complex cellular processes involved in the various metabolic
pathways to target existing and emerging diseases.
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