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a b s t r a c t 

This review covers extensively the synthesis & surface modification, characterization, 

and application of magnetic nanoparticles. For biomedical applications, consideration 

should be given to factors such as design strategies, the synthesis process, coating, and 

surface passivation. The synthesis method regulates post-synthetic change and specific 

applications in vitro and in vivo imaging/diagnosis and pharmacotherapy/administration. 

Special insights have been provided on biodistribution, pharmacokinetics, and toxicity 

in a living system, which is imperative for their wider application in biology. These 

nanoparticles can be decorated with multiple contrast agents and thus can also be used 

as a probe for multi-mode imaging or double/triple imaging, for example, MRI-CT, MRI-PET. 

Similarly loading with different drug molecules/dye/fluorescent molecules and integration 

with other carriers have found application not only in locating these particles in vivo but 

simultaneously target drug delivery/hyperthermia inside the body. Studies are underway 

to collect the potential of these magnetically driven nanoparticles in various scientific 

fields such as particle interaction, heat conduction, imaging, and magnetism. Surely, this 

comprehensive data will help in the further development of advanced techniques for 

theranostics based on high-performance magnetic nanoparticles and will lead this research 

area in a new sustainable direction. 

© 2021 Shenyang Pharmaceutical University. Published by Elsevier B.V. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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Fig.1 – Various aspects of high-performance MNPs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[ 3 ,4 ]. Among the various NPs, magnetic nanoparticles (MNPs)
have demonstrated high potential applications in different
research and industrial communities such as physics,
chemistry, electronics, the environment, and healthcare
because of remarkable new properties. These properties are
superparamagnetic, additional anisotropic inputs, elevated
magnetic field irreversibility, biocompatibility, non-virulence,
non-immunogen, and magnetic separation [ 2 ,4-7 ]. 

MNPs play an important role as imaging agents, contrast
agents, diagnostic agents, and various applications in
site-specific targeting, tissue engineering, cell tracking,
bioseparation, and detection of analytes [ 3 ,6 ,8 ]. For biomedical
applications, various factors like design strategies, synthesis
process, coating, and surface functionalization need to be
considered. 

MNPs are designed for site-specific delivery of therapeutic
modalities in the presence of a magnetic field [4] . Thus, MNPs
must exhibit high magnetic sensitivity, superparamagnetic
behavior at room temperature together with dropping
magnetization in the absence of a magnetic field [9] . Various
types of metals (Fe, Ni, Co, Au, and Ti), ferrites, and metal
oxides (Fe 3 O 4, γ -Fe 2 O 3) are used to prepare MNPs [ 3 ,10 ].
Among them, magnetite (Fe 3 O 4 and maghemite ( γ -Fe 2 O 3 ) are
biomaterials widely used for therapeutic applications [ 11 ,12 ].
Generally, pure metals need surface passivation as these are
sensitive to oxidation in biological fluids even in ambient
conditions [3] . 

MNPs are administered in a complex human biological
system so these should be designed to accomplish
prolong blood circulation together with magnified vascular
interaction. Various physicochemical properties like particle
size, surface charge, hydrophobicity, and shape should be
modified for the successful transportation of MNPs through
the biological membrane by escaping the immune system
[1] . Regarding the evasion of the immune system, particle
size plays an important role as large-sized MNPs are easily
engulfed by the reticuloendothelial system (RES) and increase
the possibility of vascular embolism, while the smaller
particles are readily excreted [13] . Additionally, due to
hydrophobicity and negatively charged surface MNPs are
more prone to opsonization leading to a change in MNPs’
chemical identity and making them more visible to phagocytic
cells. Therefore, a wide variety of biocompatible coating
materials has been used to decrease the hydrophobicity of
the MNPs. Moreover, disk shape and elongated NPs exhibited
magnified cellular uptake due to reduced hydrodynamic
forces and increased drift velocities, compared to the
spherical NPs [14] . Various synthesis methods are used for the
development of MNPs with desirable properties. The synthesis
method governs the post-synthetic modification and specific
applications. Therefore, an appropriate methodology should
be chosen to achieve the desired and specific outcome [15] .
MNPs face certain limitations such as loss of magnetic
property, oxidation, aggregation, and poor storage stability
[16] . MNPs can be stabilized by coating using various
biocompatible inorganic and organic materials like polymers,
metal, metal oxides, silica, etc. 

MNPs are widely used in various scientific fields, especially
in biomedicine. The biomedical application includes
therapeutics, diagnostics, and theragnostic applications.
However, few formulations are under clinical trials/clinically
used due to certain challenges like toxicity, long-term
effectiveness, physiological pH stability, and specific targeting
to the deeply located large blood vessels [11] . The clinical
application of MNPs may be improved by post-synthetic
modification of MNPs by functionalization via therapeutic
modalities loading, attachment of targeting ligands/imaging
molecules, and formation of nanocomposites with other
biocompatible polymers or metals [17] . Post-synthetic
modification is highly dependent on the specific therapeutic
or diagnostic application. Additionally, functionalization
also influences the pharmacokinetics and biodistribution
of MNPs in biofluids [18] . In this review, efforts have been
made towards the coverage of synthesis and post-synthesis
modification, characterization, and further application in
various fields of biology. These magnetically driven NPs
have found their use in sensors, multi-mode imaging, and
drug delivery. The special attraction of this work is the
biodistribution & pharmacokinetic of these magnetically
driven NPs. Furthermore, challenges and future aspects have
also been discussed for their safer use and wider application.
Fig. 1 summarizes the various aspects of high-performance
and bio-acceptable MNPs for biomedical application. 

2. Synthesis of HP-MNPs 

Physical, chemical, biological, and microfluidic methods
have been optimized to achieve the desired shape, size,
charge, dispersion of NPs for specific applications [ 10 ,19-
21 ]. Physical/mechanical methods including laser ablation,
laser-induced pyrolysis, electron beam lithography, gas-
phase deposition, are very sophisticated and give low
yield. Industries need high yield methods like ball milling,
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hese are environment friendly and high productivity at 
 low cost of operations. This method is a top-down 

pproach in which larger size particles are transformed 

nto nano-sized particles [ 1 ,22 ]. Although the top-down 

pproach is a green and inexpensive method facing certain 

imitations like broad particle size distribution, difficulty in 

unctionalization, and optimization leading to limit their 
iological applications. Contrarily, chemical methods (also 
nown as bottom-up or wet chemistry) involve the chemical 
ynthesis of NPs via nucleation, growth, and condensation,
hich are preferred due to desired particle size, shape, and 

istribution. Additionally, biogenic and microfluidics methods 
ave been extensively used for the fabrication of appropriate 
NPs with desirable properties for biological applications 

23] . In this section chemical and biological methods have 
een discussed. Table 1 summarizes the comparative analysis 
etween various methods. 

.1. Chemical method 

.1.1. Solution precipitation 

his aqueous synthesis method mainly employs three steps,
ucleation, elongation or growth, and termination. Metal 
recursors having Fe 2 + or Fe 3 + individually are set to a 
ertain temperature to obtain super saturated nuclei of 
hese particles. Further, a precipitating agent is added which 

eparates the elongated nuclei and continues the growth 

n the solution phase. The increase in the size of these 
articles converts the phase into precipitation and depletion 

f precursors results in termination. This method has been 

opular for decades because of its advantages such as high 

ield, monodispersed in size, shape uniformity, and scalability 
rom lab to large scale. For more desirable results optimization 

f various process parameters like time, temperature, the 
oncentration of various precursors involved are important.
he role of surfactants can also influence the charge on the 
urface of these particles and hence improve the dispersion 

22] . 

.1.2. Co-precipitation methods 
o-precipitation is a simple, facile, and easy method for the 
ynthesis of < 50 nm size range MNPs by adding aqueous 
olutions of Fe 2 + and Fe 3 + ions from different precursors, in 

asic & anaerobic conditions at variable temperatures [ 4 ,16 ].
t laboratory conditions, precautions should be taken to 
void the decomposition of nanoscale magnetite (Fe 3 O 4 ) to 
aghemite (Fe 2 O 3 ) when dissolved in an acidic solution. In 

n acidic medium, the magnetite phase can be supplemented 

ith more Fe 3 + in the form of ferric nitrate to avoid chemical 
nstability. There are certain parameters like Fe 2 + /Fe 3 + ratio,
H, temperature, surfactants, and ionic strength that need 

o be optimized to control the particle size, shape, and 

agnetic behavior of MNPs [ 24 ,25 ]. Despite high yield 

nd efficient production, MNPs synthesized by this process 
ossess irregular shapes and wide size distribution [4] . 

.1.3. Thermal decomposition 

his method is very diverse and yields monodispersed 

NPs together with controlled particle size, shape, and high 

rystallinity. In this approach, organometallic precursors (M 

x 
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(N-nitroso phenylhydroxylamine) x ); [M 

n + (acetylacetonate) n ]
where M is Ni, Mn, Co, Fe, Cr; n corresponds to 2 or 3;
or carboxyls (such as Fe(CO) 5 or Fe(Cup)3) are dissolved in
organic solvents along with stabilizers (oleic acid, hexadecyl
amine,1-octodecimo) and heat-treated at high temperature
under anaerobic conditions for the certain time [ 4 ,26 ,27 ].
The stabilizer slows down the nucleation process leading
to the formation of spherical NPs with an average size
< 30 nm. However, certain safety issues arise if the reaction
is performed under anaerobic conditions due to the high
temperature and pressure of the organic solvents and vapors.
To overcome the mentioned limitation, in an anaerobic
reaction Teflon-lined sealed autoclaves are used to synthesize
metal oxide NPs. In this reaction ferrous hydroxide is formed
in the first step which is oxidized by protons of water to
iron oxide in the second step. The morphology and size of
NPs can be remarkably influenced by different processing
variables such as reaction time and temperature [28] . It has
also been observed that annealing at various temperature and
time influence the size, size distribution, dispersion, structural
motifs, and magnetic properties [29] . The synthesis of these
NPs in organic solutions restricts their application in biology
and medicine. Even surface modification or cap exchange
did not significantly affect solubility in aqueous solutions
[4] . 

2.1.4. Microwave-assisted 
Microwaves are 1–1000 mm wavelength (frequency range
0.3–300 GHz) radiations which can accelerate the synthesis
of NPs in reaction medium by increasing temperature.
These radiations can be used solely or in combination
with other methods that can interfere with the reaction
scheme [30] . Generally, thermal decomposition is combined
with microwave technique for synthesis and hence called
a non-hydrolytic approach. However, microwaves can also
assist in hydrothermal and sol–gel methods. Polar or charged
ions absorb and interact with microwaves at the molecular
level, resulting in the generation of heat. Microwaves are
rapid in heat conversion and fasten the processing with a
high reaction rate. It has been observed that this reduces
the reaction time and increases the yield of the iron
oxide NPs (IONPs) in a cost and energy-efficient manner
[1] . 

2.1.5. Sol–Gel 
The sol–gel method comprises hydroxylation and
condensation of metallic precursors in solution producing
the sol-form of the NPs. Condensation and inorganic
polymerization further lead to the gel form of the three-
dimensional metal oxide network [10] . Initially, the reaction
is carried out at room temperature but later on crystals are
formed after heat treatment at a certain temperature. The
size and surface morphology of the MNPs are influenced
by various processing variables like the concentration and
nature of metallic precursors, pH, and temperature. 

2.1.6. Polyol method 
The polyol method facilitates the synthesis of MNPs in a liquid
phase under higher boiling conditions [27] . The synthesis
method is based on the oxidative alkaline hydrolysis of
metallic precursors (Fe 2 + , Fe 3 + ) in a mixture of polyols
(ethylene glycol, diethylene glycol, triethylene glycol, tetra
ethylene glycol, polyethylene glycol (PEG), propanediol,
butanediol, pentanediol, glycerol, pentaerythritol, and
certain carbohydrates) [ 10 ,31 ]. High-temperature conditions
can be achieved by conventional heating, microwave, or
ultrasonication. The extra unbound polyols can be easily
removed by thermal annealing, washing with water,
and coordination exchangers like carboxylates, amines,
etc. [32] . The particle size and shape of the MNPs can
be easily optimized by varying the solvent and reaction
conditions. The synthesized MNPs exhibit uniform particle
size distribution, and dispersion, specifically used in magnetic
resonance imaging (MRI) due to the presence of the hydroxyl
group [2] . 

2.1.7. Microemulsion method 
Microemulsions or nanoreactors are thermodynamically
stable isotropic dispersion of two immiscible phases (polar
and non-polar) mixed in the presence of amphiphilic
surfactant molecules [33] . The polar phase comprises an
aqueous solution of metallic precursors and the non-polar
phase usually comprises oils/mixtures of hydrocarbons and
olefins. The monolayer of hydrophilic heads and hydrophobic
tails of surfactants stabilize the aqueous and oil phase,
respectively by lowering the surface tension between the
water/oil interface. Microemulsion formation is assisted by
vortexing, sonication, stirring, and homogenization. This
method is more advantageous than the other synthetic
approaches as the variables like speed, time, temperature, the
ratio of water: oil: surfactant can be optimized to yield the
desired size, shape, composition, and specific surface area
[34] . 

2.1.8. Sonochemical 
Cavitation is induced by acoustic ultrasound waves in a
reaction medium for hydrolysis, and thermolysis of chemicals
to prepare nanostructured materials under non-equilibrium
conditions. The reacting bath placed into an ultrasound
irradiation machine results in hot spot creation, which
bears high temperatures and significantly increases the
rate of hydrolysis of metal ions. For small-scale application,
a piezoelectric transducer with ultrasonic titanium horn
produces high-intensity cavitation into a thermostatic
glass reactor. In the cavitation process, high-intensity
ultrasound (20–10 MHz) radiation is applied to a mixture
of reagents dissolved in a solvent. The sporadic expansion
and compression of acoustic waves oscillate the particles,
generate gas bubbles, and store ultrasonic energy. Further,
an increase in size to a limit collapses the bubble to release
the stored energy [99] . All these activities occur in a very
localized environment at high temperatures (5000–25 000 K),
in a short duration to obtain nanosized particles. Volatile
precursors yield amorphous NPs whereas non-volatile
precursors generate crystalline nanostructured. In non-
volatile precursors, around 200 nm liquid phase ring is
formed before collapsing the bubble which is a governing
mechanism in the reaction. The collapsing bubbles create a
macro stream resulting inhomogeneous mixing at the atomic
or molecular level [1] . 
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.1.9. Hydrothermal and solvothermal method 
his process accompanies higher temperatures (125–250 °C) 
nd pressures (0.3–4 MPa) in at-lined stainless-steel autoclave 
esulting in fast nucleation and rapid growth of small- 
ized MNPs [ 4 ,22 ]. Reactions conditions, solvent nature,
toichiometry, precursor concentration, and reaction time 
ontrol the morphology and size distribution of MNPs [35] .
onventional heating methods may take hours to 3–4 d in the 
ynthesis resulting in slow kinetics. Therefore, microwave- 
ssisted heating is adapted to overcome the limitation 

eading to a fast reaction in a short time, in contrast to the 
onventional method [4] . 

.2. Biological method 

he biological synthesis/biogenic process employs natural 
esources like plant extracts, bacteria, fungi for the 
iomineralization of the metal precursors into NPs in mild 

onditions. Plants comprise various reducing agents ( e.g., citric 
cid, ascorbic acid, flavones), extracellular electron shuttle,
nd natural enzymes ( e.g., reductase, dehydrogenase), which 

lay an important role in the biological synthesis of MNPs [22] .
iologically induced mineralization (BIM), and biologically 
ontrolled mineralization (BCM) are the two different 
rocesses utilized by the bacteria for the biosynthesis of 
NPs. BIM involves microbial metabolic activity by growing 

hem on the metal surfaces followed by metabolization of 
he metallic precursor into the MNPs. However, the BCM 

pproach controls the nucleation and growth of minerals 
n organic matrices by using Magnetotactic bacteria [1] .
ungi-mediated synthesis is an alternative green method 

or the biosynthesis of MNPs due to easy culture, ability 
o produce ample extracellular enzymes, and resistance to 

utations. Although the biological synthesis method seems 
n environment-friendly approach yet has several limitations 
ike yield, purity, etc. High precursor concentration adversely 
ffects the flora and finally yield. Moreover, maintaining 
septic conditions in the culture vessel is a challenge and 

n important concern. Apart from these methods ball 
illing can also be used to synthesize such structures 

able 2 . 

. Physicochemical and structural 
haracterization of HP-MNPs 

arious techniques are used for the physicochemical,
tructural, magnetic, and functional group characterization 

10] . Table 3 summarizes the most commonly used 

haracterization techniques together with advantages and 

imitations. This comprehensive information will be enough 

o explain the related properties, moreover, the authors feel 
hat the detailed description is not in the scope of this review.

. Stabilization of HP-MNPs 

ristine MNPs are more prone to oxidation and agglomeration 

ue to the formation of reactive oxygen species (ROS),
nd strong attraction between the particles respectively.
xidation results in loss of magnetism and agglomeration 

esult in elimination by the RES [10] . Moreover, MNPs 
ecome structurally unstable into the biological fluids due 
o the interface and hydrophobic surface effect of NPs,
queous insolubility, aggregation, and precipitation [36] . If 
are MNPs are directly administered to a living organism,
he aggregated form of these NPs leadings to clog the blood 

essels and reduced therapeutic potential. Therefore, MNPs 
hould be properly stabilized via surface coating by an inert 
nd biocompatible material that provides the core material 
rotection, enhanced water solubility, reduction in drug- 
ssociated adverse reactions, targeted drug delivery, and 

xtend the half-life of the drug by preventing opsonization 

y plasma proteins [ 1 ,37 ]. The nature of coating material 
ignificantly influences the particle size, pharmacokinetics,
nd biodistribution of the MNPs inside the body. This section 

ummarizes various strategies used for the protection and 

tabilization of MNPs ( Table 4 ). 
All the strategies lead to the formation of a core-shell 

tructure, where MNPs are core and protected by shells 
coating material) [38] . Moreover, the availability of functional 
roups facilitates post-synthetic modification for these NPs.
hese functionalities can be harvested for the targeting and 

oading of therapeutic agents. The coating process further 
ategorized into in situ coatings, and post-synthetic coating.
n situ coating is a “one spot process” where all the MNPs 
omponents and coating materials are placed in the same 
eaction solutions leading to form the surface-free MNPs in 

ater. However, this method has some limitations like poor 
rystallinity of the MNPs and the coating material should be 
oluble at pH values required to accelerate MNPs formation 

g. organic materials. On the contrary, the post-synthetic 
odification comprises the exterior coating of the coating 
aterial (inorganic materials) on the bare surface of MNPs via 

ydrophobic interaction, ligand exchange, and direct grafting 
1] . 

.1. Organic material 

.1.1. Polymeric biomaterial 
olymeric materials are remarkably used for coating/surface 
unctionalization due to their flexibility, diversity, high energy 
ensity [37] . These have been classified as conducting 
r non-conducting, neutral or charged, hydrophilic or 
mphiphilic, homopolymer or copolymer, and synthetic 
r natural [ 1 ,36 ,39 ,40 ]. Conductive polymers are usually used

n physical applications like energy harvesting in batteries 
nd supercapacitors or biosensors. The second category i.e.,
on conducting polymers whether synthetic or natural has 

ound extensive applications in biomedical engineering and 

rug delivery. Neutral polymers (dextran, PEG) protect the 
Ps opsonization due to the presence of hydrophilic groups 

ike hydroxyl and ether but cannot be easily bioconjugated 

wing to lack of important functional groups (eg, -SH,
COOH, -NH2), in contrast to the charged polymer (eg.
hitosan, polyacrylic acid). However, MNPs coated with the 
harged polymer, are more susceptible to opsonization due 
o electrostatic attraction between the MNPs. The polymeric 
oating (natural/synthetic) prevents the oxidation of the 
NPs leading to improved blood circulation, augmented 
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Table 2 – Comparative analysis of various chemical methods. 

Synthetic approach Reaction conditions Yield Size distribution Shape 
optimization 

Synthesis Advantages Disadvantages Ref. 

Temp ( °C) Time 

Solution 
precipitation 

20–90 Min High Good Good Simple and easy 
synthesis 

Particle size can be easily 
controlled 

Multiple nucleations are 
required to obtain the 
uniform nanoparticles 

[ 2 ,41 ] 

Co-precipitation 20–90 Min High Relatively small Poor Easy, facile and 
efficient 

Mild synthesis conditions, easy 
post-synthetic modification, 
scalable production 

Processing parameters 
need to be optimized, less 
reproducibility, 

[ 1 ,4 ,190 ] 

Thermal 
decomposition 

100–320 Hours High and 
scalable 

Very small Very good Complex synthesis 
at high temperature 
and pressure, 

smaller particle size together with 
high yield, adjustable magnetic 
properties, 

Can not be used in 
biomedicine due to toxic 
solvents used for the 
synthesis 

[ 1 ,41 ,191 ] 

Microwave-assisted 160–210 Minutes High Narrow Good Simple and efficient Simple process, high yield, 
water-dispersible product 

Organic solvents are 
required for the synthesis 

[1] 

Flow injection – 10 −8 

−10 −5 S 
High and 
scalable 

Very small Good Complex High, scalable, and reproducible 
yield 

The reagents should be 
continuously mixed to 
achieve the homogeneous 
product 

[ 10 ,192 ] 

Electrochemical Poor Quite small Poor Simple, atmospheric 
condition 

The size and shape of MNPs can be 
easily optimized 

Non-reproducible [ 1 ,10 ,41 ] 

Sol-gel < 100 High and 
scalable 

Small Good Simple, easy Size and shape can be optimized 
by varying various parameters 

Lower mechanical strength 
together with high 
permeability 

[ 10 ,41 ] 

Polyol 80–100 Small Good Controlled size and shape [ 2 ,10 ] 
Microemulsion 20–50 Hours Low Relatively small Good Complex Uniformity in magnetism, process 

parameters are easy optimized 
Low yield, poor crystallinity, 
increased solvent 
consumption 

[ 1 ,41 ] 

Sonochemical 20–90 Minutes Medium Small Good Very simple, 
atmospheric 
condition 

Increased mixing, relatively 
narrow size distribution 

Specific instruments like 
sonicators are required for 
the synthesis 

[ 1 ,192 ] 

Hydrothermal 180–220 Hours Medium Very small Very good Simple, high 
pressure 

Aqueous synthesis, particle size, 
and shape can be optimized, 
continuous production 

Time-consuming, synthesis 
at high temperature, and 
pressure 

[ 1 ,41 ] 
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Table 3 – Evaluation of MNP’s physicochemical properties by various characterization techniques. 

Technique Properties Advantage Limitation 

Atomic force microscopy Shape, size, and dispersion Characterization in 
three-dimensional form 

Nanoparticle exterior surface 
cannot be analyzed, 
time-consuming 

Circular dichroism Structural and conformational 
variations in biomolecules 

Constructive method Conformational fluctuations 

Differential light scattering Hydrodynamic size distribution The easy and inexpensive 
method, Measurement can be 
performed in the required 
solvent. 

Polydispersed sample size 
distribution is not valid 

Fluorescence correlation 
spectroscopy 

Binding kinetics and binding 
affinity 

Increased magnification Only used for fluorophores 

Infrared spectroscopy Structural identification A cheap and rapid method Less sensitive 
Mass spectroscopy Determination of molecular 

weight 
Precise, accurate, and sensitive Expensive, 

Near-field scanning optical 
microscopy 

Particle shape and size The surface study, surface 
interaction at the nanoscale, 
Simultaneous fluorescence and 
spectroscopic measurement, 
Close situation analysis. 

Restricted to small areas for scan, 
use of cantilever may damage soft 
samples, tip contamination, the 
sample size is usually small. The 
fluorescent signal may quench 
during a long sampling time. 

Nuclear magnetic resonance Structural and conformational 
analysis, 

Constructive A large amount of sample is 
required 

Scanning electron 
microscope/Field emission 
electron microscope 

Size and surface morphology Size and shape can be easily 
determined simultaneously 

The coating material is required 
for the sample preparation, the 
sample should be dry, Expensive, 
and sophisticated instrument 

Scanning tunneling 
microscopy 

Size and shape heterogeneity, 
aggregation analysis 

Atomic-level measurement, A conductive surface should be 
required for the sample analysis 

Small-angle X-ray scattering Size and shape, thickness Amorphous sample can also be 
analyzed 

Comparatively low resolution 

Superconducting quantum 

interference devices 
Magnetic property 

Surface-enhanced Raman 
scattering/Raman 
scattering/tip-enhanced 
Raman spectroscopy 

Size, distribution of particles, 
and Conformational change in 
the structure and biochemicals, 
and electronic characteristic 

No requirement of sample 
preparation, Complementary 
IR data, topographical 
information, tissue 
abnormalities can be easily 
obtained 

Weak single restricted spatial 
resolution compared to Rayleigh 
scattering Small scan Ares for 
mapping, interference in 
fluorescence measurement 

Transmission electron 
microscope 

Size, shape and surface 
morphology, aggregation 
analysis 

Magnified resolution, The sample should be diluted, 
expensive equipment 

Vibrating-sample 
magnetometer 

Magnetic behavior Simple and inexpensive Poor sensitivity 

X-ray diffraction analysis The structural integrity of the 
crystals 

Non-destructive method Only used for the large crystalline 
material 

X-ray photoelectron 
spectroscopy 

Chemical composition 

Zeta potential Surface charge determination, 
colloidal stability 

A diverse range of sample can 
be analyzed 

The electro-osmotic effect, 
inaccurate measurement, need 
repetition 
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iocompatibility together with reduced leaching of the 
rug [ 1 ,41 ]. Moreover, polymeric coating imparts numerous 
unctional groups (eg, -SH, -COOH, -NH2) onto the MNPs 
urface, which facilitates various diagnostic, therapeutic, and 

argeting ligands. Polymers can be anchored by chemical 
ttachment/end grafting and physical adsorption/surface 
ncapsulation ( Fig. 2 A and 2 B). Various natural and synthetic 
olymers are used for coating ( Table 5 ). Natural polymers like 
lginate, chitosan, dextran, and gelatin are advantageous due 
o biocompatibility, and easy fabrication process, but possess 
on-specific drug release to the targeting site. Synthetic 
olymers exhibit sustained and progressive drug release for 
 longer period, in contrast to the natural polymer. However,
olymeric-coated MNPs are prone to an acidic solution and 

igher temperature resulting in loss of magnetization and 

nstability [40] . 
Amphiphilic polymers/block copolymers (eg, poly 

maleic anhydride-alt-1-octadecene)-PEG block copolymer,
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Table 4 – Coating materials used for the stabilization of MNPs. 

Material Advantage Objective Ref 

Polymeric material Magnified solubility and permeability 
together with increased biocompatibility 

Modified drug release enabling 
prolong blood circulation 

[ 10 ,36 ] 

Non-polymeric material Enhanced aqueous solubility, prevent 
oxidation and aggregation 

Increased MRI contrast for tumor 
detection 

[ 7 ,10 ,36 ] 

Carbon Enhanced stability, dispersivity Catalyst [42] 
Silica Biocompatible, optically transparent, 

inert, stable 
Provide exceptional hydrophilicity, 
targeting, and diagnosis 

[36] 

Metal (Gold/ Silver) augmented biocompatibility, prevent core 
material corrosion 

tumor therapy, thermotherapy, mri [43] 

Table 5 – Organic coating materials used for surface functionalization and coating. 

Material Advantage Applications Ref 

Alginate Controlled drug delivery [ 1 ,7 ] 
Chitosan Augmented stability and biocompatibility, 

antimicrobial property, enhanced 
mucoadhesion 

Drug carrier, thermotherapy, 
ocular drug delivery 

[ 1 ,193 ] 

Dextran Increased stability, prolong systemic 
circulation, targeting 

MRI, tumor drug targeting [ 1 ,7 ,10 ] 

Fatty acid Enhancement of colloidal stability [10] 
Folic acid Augmented biocompatibility, Diagnosis and targeting of the 

breast, cervical cancer 
Gelatin Biocompatible, increased cell permeability, 

increased drug loading 
Tumor targeting [10] 

Lipids and fatty acids augmented biocompatibility tumor therapy, thermotherapy, 
gene therapy 

[7] 

Polyacrylic acids Augmented bioavailability and stability Cancer therapy [ 7 ,10 ] 
Polydopamine Biosensor [7] 
PEG Magnified water solubility, decreased 

phagocytosis, biocompatible, prolonged 
systemic circulation 

Tumor diagnosis [ 1 ,194 ] 

PEI Site-specific targeting Cell separation, hyperthermia, 
targeted drug delivery 

[ 7 ,36 ] 

Polylactic co glycolic acid Magnified water solubility, decreased 
phagocytosis, biocompatible, prolonged 
systemic circulation 

Cancer therapy [1] 

Polymethyl methacrylate Low cost, biocompatible Drug targeting [1] 
Polyvinyl alcohol Minimize particle aggregation, enhanced 

stability 
Bioseparation, MRI, [ 1 ,10 ,194 ] 

Polyvinyl pyrrolidine Increased stability, prolong systemic 
circulation 

MRI, breast cancer therapy [ 1 ,7 ,10 ] 

Starch Biocompatible, increased cell permeability Imaging and sensing [ 1 ,7 ] 

Fig. 2 – Stabilization of MNPs via polymeric material; (A) 
Physical adsorption/surface encapsulation of polymer, (B) 
Chemical attachment/end grafting of polymer, (C) 
Hydrophobic interaction of amphiphilic polymers. Brown 

and blue colors present magnetic core and polymeric 
coating respectively. 

 

 

 

 

 

 

 

 

 

 

 

polystyrene–polyacrylic acid (PS-PAA) block copolymers)
composed of lipophilic and hydrophilic components have
been evolved to overcome the limitations of the single
coating polymer. The lipophilic component interacts with the
NPs non-polar surface via hydrophobic interaction ( Fig. 2 C)
enabling the complete encapsulation of the core whereas,
the hydrophilic part increases the aqueous solubility of the
NPs enabling the bioavailability. The NPs are supposed to be
stable via the shielding effect of ligand and aggregation is
conquered due to the steric repulsion [36] . 

4.1.2. Non-polymeric materials 
Small organic molecules like surfactants, carboxylates, and
organophosphorus molecules are commonly used for the

stabilization of NPs via the formation of micelle and 
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Fig. 3 – Surface functionalization of MNPs (A) silica coating; 
(B) core-shell structure; (C) dumbbell and satellite-like 
structure. 
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iposomes [ 1 ,36 ]. Lipophilic surfactants such as oleic acid and 

leylamine are firmly attached to the MNPs’ surface via a 
oordination bond, which provides a protective layer enabling 
olloidal stability and prevents aggregation and oxidation [36] .
owever, biomedically these lipophilic MNPs are not effective 

herapeutically due to poor aqueous solubility. Various organic 
olecules like amino acids, vitamins, cyclodextrin, dopamine,

imercaptosuccinic acid have been used to increase the 
ydrophilicity of the MNPs [7] . 

Carboxylates like dimercaptosuccinic acids and citric 
cid have been commercially used for the stabilization 

f IONPs, through the formation of a coordination bond 

etween the metal surface and carboxylic acid. However,
his functionalization is labile to temperature due to the 
resence of carboxylic acid. Organophosphorous molecules 
uch as phosphonic acid, alkyl phosphoric acid, phosphates,
nd phosphonates come up with stronger bonds (Fe–O–P),
nabling enhanced stability at physiological pH, in contrast to 
arboxylates [1] . 

.2. Inorganic material 

.2.1. Carbon 

arbon-based inorganic materials like carbon NPs, carbon 

ots, carbon nanotubes, graphene are also used for the surface 
oating of MNPs to magnify the biocompatibility, dispersivity,
nd stability [ 7 ,42 ]. These nanocomposites are mainly used 

s supercapacitors, catalysts, and microwave absorbers.
owever, research work is still in progress for therapeutic in 
itro and in vivo evaluation of these nanocomposites. Recently 
ee et al. demonstrated the enhanced therapeutic efficacy of 
arbon-coated MNPs in Zebrafish. The results stipulated that 
he carbon-coated MNPs are safer than the bare MNPs [42] . 

.2.2. Silica 
ilica is a biocompatible, hydrophilic coating material used to 
onserve the unique properties of MNPs [7] . The core material 
f MNPs is electrostatically and sterically protected by the 
ilica layer via the covalent linkage between the polymeric 
ilica and positively charged core material [36] . Moreover,
he silica-coated MNPs are optically transparent, freely 
ispersed in biofluids due to their negative charge at blood 

H. Furthermore, this material is widely used in therapeutic,
nd diagnostic applications due to its extraordinary aqueous 
olubility, thermal resistance, high surface area, exceptional 
echanical strength, and subsequent functionalization 

 Fig. 3 A). Various techniques have been utilized for the silica 
oating like the Stober, microemulsion, aerosol pyrolysis, and 

ol–gel methods. [ 1 ,36 ]. However, silica coating faces certain 

imitations like non-biodegradability, inherent instability at 
asic medium, oxygen diffusivity to the magnetic core due to 
he porosity of the amorphous coating layer [1] . 

.2.3. Metals 
etals like Gold and Silver are widely used for surface coating 

ue to their stability and compatibility, usually expressed as 
ore–shell, dumbbell, and satellite-like structures (Fig. 3 B- 
 D). Furthermore, the metallic inert coating layer facilitates 
urface functionalization enabling the targeting application 

f coated MNPs [7] . Gold-coated MNPs are synthesized 
y microemulsion, self-assembly, chemical reduction,
hermal decomposition, coprecipitation, sonochemical 
eaction, seed-mediated growth, and laser irradiation 

rocess [1] . Gold-coated MNPs are extensively used in 

nzyme immobilization, immunoassays, bioseparation, and 

urification, and diagnostic applications due to their unique 
roperties [43] . Gold-coating is advantageous due to its lesser 
eactivity and toxicity. Additionally, gold coating retained 

he superparamagnetic nature of magnetic cores even after 
he increase or decrease in the level of magnetization [1] .
urthermore, the synergistic effect of MNPs intrinsic potential 
nd near-infrared light sensitivity of gold-coated MNPs make 
hem used as magnetic resonance/optical dual imaging.
ltogether gold coating is advantageous but few problems 
hould be controlled. The shell coating via the direct method 

s difficult due to the dissimilar nature of the two surfaces 
esulting in the weak coating, which can be controlled by 
sing a linking material eg. TiO 2 [1] . Silver-coated MNPs 
ossess both optical and magnetic properties together with 

mproved biocompatibility [43] . Silver decorated MNPs have 
een reported to show peroxidase and antibacterial activity.
uch MNPs have also found application in biosensing of 
ucleic acid and in vitro diagnostics etc. [7] . 

. Biomedical application of HP-MNPs 

NPs are widely used in various fields of the scientific world 

ue to their unique properties. For biomedical applications,
arious components are assembled into the MNPs resulting 
n HP-MNPs that possess the following features ( Fig. 4 ) [36] . 

1. The magnetic core is the integral and important part of the 
MNPs on which various components are assembled for the 
diagnosis and treatment of various diseases. 

2. Various therapeutic modalities like drugs, genes, viruses,
etc. are incorporated or surface anchored for the specific 
applications to the confined area. 

3. MNPs are stabilized via surface coating by an inert 
and biocompatible material that provides core material 
protection and enhanced aqueous solubility. 



Asian Journal of Pharmaceutical Sciences 16 (2021) 704–737 713 

Fig. 4 – Functionalization of various constituents on the 
surface of MNPs resulting in the formation of HP-MNPs for 
various biomedical applications. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5 – Specific target drug delivery of MNPs under the 
influence of EMF. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4. Surface anchored targeting ligands imparting the specific
drug delivery to the target area by recognizing specific
receptors or biomarkers. 

5. Fluorophores impart imaging and diagnosis by using
various diagnostic techniques. 

6. Responsive elements are sensitive to different external
stimuli (temperature, light) release the cargo after the
stimulus. 

Thus, HP-MNPs are hybrid structures comprising
biocompatible polymeric/metallic shells and nanocomposites
possessing diverse properties. Based on the various
constituents’ biomedical applications are further classified
into therapeutic, and diagnostic. 

5.1. Therapeutic application of HP-MNPs 

MNPs are extensively used therapeutically due to their
unique magnetic properties and biocompatibility. This section
comprises various therapeutic applications of HP-MNPs
together with targeting a specific area. 

5.1.1. Drug delivery and site-specific targeting 
MNPs are widely used for the delivery of various therapeutic
modalities like chemotherapeutics, immunosuppressants,
antibiotics, antiviral, antifungal, anticonvulsants, anti-
inflammatory, etc., owing to their large surface to volume,
easy to control drug release [ 16 ,44 ,45 ]. The therapeutic
modalities can be incorporated inside the matrix via
adsorption, dispersion, and encapsulation or directly
anchored on the MNPs surface via covalent attachment
and electrostatic interaction [16] . Additionally, MNPs are
also used for site-specific targeting and magnetic drug
targeting (MDT) due to specific ligand attachment and
superparamagnetic properties respectively enabling the
reduction of the non-targeted drugs associated with adverse
effects. The success of these applications depends on
particle size, surface chemistry, magnetic polarization, and
magnetophoretic movability under an external magnetic field
(EMF) [ 1 ,3 ]. MNPs with size ranges of 10–100 nm are optimal
for prolonged drug delivery. Particles smaller than 10 nm
are easily eliminated by extravasation and renal clearance
whereas the upper limit is not clearly defined [3] . MNPs
coated with hydrophilic substances favor prolonged systemic
circulation via evasion of RES. In-vivo MDT depends on the
blood flow, inherent magnetic properties of MNPs, the volume
of MNPs, and strength of externally applied magnetic field
(EAMF) leading to accumulating the therapeutically loaded
particles to the specific target ( Fig. 5 ). However, MDT is not
so effective in deep tissue targets due to less penetration of
EAMF, although this can be achieved by further focusing or
enhancing the magnetic field on targeted areas. MDT can
show better effectiveness in nodes but again it has a poor
effect on metastasis cells or tumors. It is again a concern
whether the focused EAMF can adversely affect the healthy
cells. 

Predominantly, an external magnetic stimulus is used for
the magnetic drug targeting by using external placed magnets
due to safety and simplicity [46] . Various types of external
magnets like permanent magnets and electromagnets are
used clinically [ 46 ,47 ]. Permanent magnets are the cheap
and widely used compact type of magnets due to their
ability to produce strong EMF to a specific local area without
involving a power supply and cooling system in comparison
to electromagnets. However, the clinical relevancy of these
magnets is hampered due to difficulty in predicting the
systemic magnetic response of MNPs generated by these
magnets. Furthermore, the magnetic field strength reduces
with increased target length. Therefore, magnet design and
orientation need to be properly addressed for effective MDT
[1] . Halbach cylinder has an advantage over the permanent
magnets as it focuses the magnetic field on the interior
organs in a 3D manner to obtain 3D images. This dynamic
control of EAMF enables a magnetic manipulator to target
and guide the magnetic particles with more precision [48] .
Magnetic implants are viable alternatives for deeper tissue
targeting rather than an external magnet. Very few implanted
magnets have been used for targeting the brain, retina,
heart, and spinal cord [45] . Recently, biocompatible implanted
magnets (magnetite/poly(lactic-co-glycolic acid) exhibited
superior magnetic property as compared to the EMF leading
to effective bone cancer treatment [56] . In other studies, drug-
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oaded MNPs were implanted inside adipose tissue and inner 
ar to treat obesity [57] , and deafness respectively [58] . 

Six types of materials (eg, diamagnetic, paramagnetic,
erromagnetic, superparamagnetic, ferromagnetic, and 

ntiferromagnetic) are used for the preparation of MNPs [22] .
mong them, superparamagnetic iron oxide NPs (SPIONs) are 
xtensively used for therapeutic application owing to high 

agnetic sensitivity, superparamagnetic behavior at room 

emperature together with dropping magnetization in the 
bsence of a magnetic field. Moreover, SPIONs diminishes 
he probability of aggregation and thrombosis [1] . Al-Jamal 
t al. investigated the effect of SPIONs loading and strength 

f EAMF on mice bearing CT26 tumors. It was observed that 
n-vivo tumor targeting was directly proportional to SPIONs 
oncentration and EAMF strength. Further, an in vivo tumor 
rowth delay study was conducted by using a docetaxel- 
oaded nanocomposite. Enhanced therapeutic efficacy and 

mproved mice survival were achieved in contrast to passive 
argeting of docetaxel [49] . 

Despite the promising results, SPIONs face some 
imitations like faster dissolution in-vivo and risk of cancer 
rowth by the release of iron. Therefore, it is a prerequisite to 
revent iron loss from the SPIONs by various surface coating 
gents like PEG, and polyvinyl alcohol (PVA-colloidal stability),
atural polymers (biocompatibility), and silica (prevent iron 

elease). Silica is the most appropriate coating material,
hat prevents the surface corrosion of SPIONs together with 

he controlled release of drugs. Recently, Recezynska et 
l. coated SPIONs with different silica layers (non-porous,
esoporous, both) by the sol-gel method. All these layers 

ignificantly affected the surface properties of pristine SPIONs 
nd a nearly 10x decrease in the iron release was attained.
urther in-vitro testing of these SPIONs and SPIONs@SiO 2 on 

uman lung epithelial cells (A549 and BEAS-2B) proved their 
ytocompatibility for future applications [50] . 

Additionally, various diverse approaches have also been 

sed for the development of HP-MNPs based smart material 
y integration of MNPs with different novel multifunctional 
ormulations and stimuli-responsive polymers. Recently,
mart materials like magnetoliposomes (MLs), magnetic 
icrorobots [17] , stimuli-responsive magnetic nanosystem 

 1 ,51 ], and magnetic metal-organic frameworks (MMOFs) 
 52 ,53 ] are the most promising carrier for the specific drug 
elivery together with the required dose at right time at the 
pecific target site. 

MLs are an integrated form of MNP and liposomes 
here MNPs are embedded into the liposomes for wide 
iomedical use. Szuplewska et al., fabricated doxorubicin 

Dox) encapsulated MLs for the treatment of breast cancer.
he magnetic properties of hydrophobic IONPs encapsulated 

xclusively in the lipid bilayer of liposomes were used 

o release Dox from the MLs. Further, the cell viability 
esults demonstrated that the developed formulation was 
iocompatible and effective for the treatment of breast 
ancer [54] . In another study, methotrexate (MTX) loaded 

hermosensitive MLs were prepared for the target delivery to 
ervical cancer. The drug was released under the stimulation 

f a light/magnetic field. The tailored formulation exhibited 

agnificent targeting, temperature sensitivity, and highly 
esponsive to the applied EMF. Moreover, the formulation 
isplayed augmented Dox uptake and release into the cell 
ines leading to improve cancer-killing. Hence, the tailored 

ormulation exhibited a synergistic cytotoxic effect due to the 
timuli-responsive release and MDT [55] . 

Microrobots are small microscopic particles that are 
elf capable of locomotion, sensing, and have functional 
ctivities. Microrobots can be used biomedically due to various 
unctional components like reservoirs, microactuators, and 

icrosensors [56] . Various microrobots using MNPs have 
een developed for drug delivery application by surface 
odifications. Kim et al. proposed a novel microrobot 

y using gelatin/PVA-based hydrogel, MNPs, and Dox 
oaded poly lactic-co-glycolic acid NPs (Dox-PLGA- NPs).
he fabricated hydrogel-based microrobot was targeted 

o a specific site via electromagnetic actuation (EMA) and 

ollowed by decomposition by near-infrared (NIR) radiation.
he decomposed microrobot released MNPs, and Dox-PLGA- 
Ps leading to generate the therapeutic effect at the targeted 

rea [57] . 
The integration of MNPs’ unique properties with stimuli- 

esponsive polymers like pH temperature, enzyme, and 

ight, enables the control of MNPs properties operated by 
olymers and vice versa . These stimuli-sensitive magnetic 
anosystems are widely used for specific target delivery 
f various drugs owing to their stimuli responsiveness 

58] . Ghamkhari et al. fabricated a temperature and pH- 
ensitive magnetic nanosystem for the target delivery of 
ox to tumors. The fabricated nanosystem was prepared 

y the adsorption of the triblock copolymer of poly[(2- 
uccinyloxyethylmethacrylate)-b-(N-isopropyl acrylamide)-b- 
imethyl-aminoethyl methacrylate) on the surface of SPIONs.
he in-vitro drug release results revealed that the drug 
as released more effectively (53.13%) in acidic pH (5.4) in 

ontrast to normal physiological pH (pH 7.4 and −38.04%).
imilarly, the release rate was higher above the lower 
ritical solution temperature (LCST ∼41–42 °C). Based on the 
n vitro drug release behavior dual responsiveness was 
bserved leading to maintain the drug concentration at 
he target area. Further, the cytotoxicity results confirmed 

hat the tailored formulation was more cytotoxic and 

iocompatible in contrast to native Dox [59] . Recently, an 

fficient ROS-sensitive sulfasalazine (SSZ) loaded magnetic 
anosystem was developed for the treatment of rheumatoid 

rthritis (RA). The nanosystem comprises dihydro ascorbic 
cid (DHAA)-Fe 3 O 4 @hyaluronic acid (HA) core/shell structure 
ontaining SSZ (DHAA- Fe 3 O 4 @HA@SSZ). The drug release 
xperiment revealed that the SSZ was released progressively 
n a controlled manner for a prolonged time. Further, in- 
ivo studies exhibited magnified anti-inflammatory activity 
ue to the ROS sensitivity and scavenging effect of HA.
dditionally, histopathological results revealed that the 

ailored formulation showed magnified tissue repairing.
oreover, the radiographic images displayed that there 
as no sclerosis in the animals treated with DHAA- 

e 3 O 4 @HA@SSZ. In conclusion, the tailored formulation was 
ffective for the treatment of RA without any adverse effects 
60] . 

MMOFs are the integration of MNPs to the surface or pore 
f MOFs possessing the dual properties of MNPs and MOFs 

61] . Hashemipour et al. prepared copper-based MMOF for 



Asian Journal of Pharmaceutical Sciences 16 (2021) 704–737 715 

Fig. 6 – Treatment of tumor cells using magnetic 
hyperthermia after i.v. administration of MNPs. The 
electromagnetic energy transformed into thermal energy 

under an AMF leading to killing the specific tumor cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

the sustained delivery of letrozole. The study revealed that
MNPs are chemically linked with the MOFs resulting in higher
loading of the drug due to the enormous surface area of MOFs.
Further, in-vitro drug release data showed that the MMOFs
can release the drug in the gastric and intestinal medium
[62] . Another example of MMOFs is for the magnetophoretic
delivery of dopamine (DA) for Parkinson’s disease by Pinna et
al. In this study, Fe 3 O 4 polymeric magnetic particles (PMPs)
were encapsulated in MIL-88A (PMP@MIL-88A) and followed
by encapsulation of DA into the porous PMP@MIL-88A. The
tailored formulation was found biocompatible when tested
on brain cancer PC12 cells using a trypan blue exclusion
assay. It was observed that PMP@MIL-88A led to the increased
intracellular concentration of DA whereas, decreased level in
the extracellular region in contrast to native DA, hence fewer
adverse effects from DA oxidation [63] . 

5.1.2. Magnetic hyperthermia 
Thermotherapy is an adjuvant alternative therapy for the
treatment of various cancers by using thermal energy [ 17 ,51 ].
Traditionally thermotherapy comprises two approaches i.e.
hyperthermia and thermal ablation for the killing of tumoral
cells. Hyperthermia, where the cells (normal and cancer)
exhibit apoptosis under the exposure of higher temperatures
range between 41 and 45 °C whereas, thermal ablation uses
temperature above 45 °C leading to the necrosis of cancer cells
[ 3 ,51 ]. Higher temperatures can be achieved by microwaves,
ultrasound, and radiofrequency radiation. The success of
this method is based on the higher temperature sensitivity
of tumor cells than the healthy cells due to low pH and
magnified glycolic activity [ 35 ,51 ]. However, this traditional
method faces certain issues like low penetration depths and
limited targeting leading to adverse effects [1] . 

Magnetic hyperthermia (MH) is an alternative nontoxic
and non-invasive approach to overcome the above-mentioned
shortcomings, where MNPs are used as heat mediators and
focused the heat on the specific local area via transformation
of electromagnetic energy into thermal energy by an
alternating magnetic field (AMF) ( Fig. 6 ). The intense,
localized, and targeted heating selectively kills the tumor
cells as a result of MNPs magnetic moment while least
affecting the neighboring healthy normal cells, which is still a
limitation of chemotherapy and radiotherapy [6] . This method
is superior to the traditional method owing to the localized
heating of the cancer tissues or cells via easy placement of the
MNPs in a deeper tumor area [1] . Moreover, MNPs can be used
simultaneously as therapeutic and diagnostic agents due to
their surface functionalization [35] . The transformation of
oscillating electromagnetic energy into heat energy is mainly
governed by three mechanisms including hysteresis loss,
Brownian relaxation, and Neel relaxation [1] . The heating
effect of MNPs is significantly influenced by eddy current,
hysteresis effect, domain wall, relaxation effect, natural
resonance, and experimental conditions (eg. frequency and
strength of the AMF) [ 1 ,6 ,17 ,51 ]. Moreover, the magnitude
of specific heat absorption rate (SAR) is dependent on
the size, shape, composition, and surface chemistry of
MNPs. Additionally, these factors also influence saturation
magnetization (M s ), magnetic susceptibility, relaxation time,
and magnetocrystalline anisotropy (K) [64] . 

Larger MNPs with a diameter > 100 nm generate more
hysteresis loss that governs the energy depletion by reversal
magnetization. However, smaller MNPs convert to a single
domain and exhibit superparamagnetic behavior with a
smaller/closed hysteresis loop. Nano-MNPs exhibit magnified
thermal efficiency contrarily to micrometric MNPs. Some
studies revealed the importance of shape on the K factor
resulting in a significant difference in MH. It was observed that
nanocubes MNPs exhibited higher SAR than the spherical,
despite identical composition and size [65] , whereas, the
chain-like magnetotactic bacteria exhibited higher heating
in contrast to random [66] . The SAR can also be increased
by regulating the composition of MNPs via magnetism
modification. Metallic MNPs such as Fe and possess
augmented SAR due to high M s but unstable at ambient
atmosphere. Further divalent transition metal cations such
as Fe 2 + , Co 2 + , Ni 2 + , and Mn 

2 + have been used to magnify
the SAR. Recently, folate conjugated pegylated SPIONs were
fabricated for the MH application. The fabricated SPIONs
were more colloidal stable with magnified heat generation
[67] . Kandasamy et al. functionalized SPIONs by various
short-chain molecules such as 1,4-diaminobenzene (1,4-
DAB), 3,4-aminobenzoic acid (3,4-DABA), and 4-aminobenzoic
acid (4-ABA) and their combination with trimesic acid
(TMA)/terephthalic acid (TA)/2-aminoterephthalic acid
(ATA)/pyromellitic acid (PMA). All the surface-functionalized
SPIONs showed superparamagnetic behavior but only 1,4-
DAB, 3,4-DABA, 4-ABA, and 4ABA-TA-coated SPIONs exhibited
excellent water dispersibility with higher Ms ( ∼55–71 emu/g)
[68] . 

Among the various MNPs, SPIONs are extensively used
for MH due to their biocompatibility and biodegradability.
Recently, Piehler et al. studied the antitumor effect of Dox-
loaded IONPs on breast cancer cell lines (BT 474). They showed
that the tailored formulation was more effective in contrast
to single MH and native Dox due to the synergistic effect
of MH and Dox [68] . However, their practical application
was hampered due to poor thermal conversion efficiency. As
previously discussed, the thermal conversion efficiency can be
magnified by modulating MNPs size, shape, composition, and
surface functionalization [64] . 
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Fig. 7 – Specific tissue engineering employing MNPs through the administration of biomagnetic scaffold 

(biomaterial + MNPs + desired cells) with the EMF. 
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Furthermore, MNPs based MH therapy has been synergized 

y combining MNPs with various organic/inorganic 
aterial results in biocompatible nanocomposites with 

ultifunctionality. As per the literature, various micro/nano 
omposites like stimuli-responsive magnetic nano micelles 
 69 ,70 ], ultramagnetic liposomes [ 71 ,72 ], graphene oxide 
GO)-IONPs [ 73 ,74 ], magnetic mesoporous silica NPs [ 75 ,76 ],
nd MMOFs, etc. [77] have been developed for synergistic 
H therapy and drug delivery. Recently, a study showed 

hat IONPs grafted on GO surface with Dox were more 
ffective and safe for drug delivery and MH therapy [78] . In 

nother study, Asgari et al. showed the enhanced therapeutic 
fficacy of silica-coated curcumin-loaded IONPs for the 
ontrolled drug delivery and MH therapy. The tailored 

ormulation exhibited pH-responsive release and enhanced 

ytotoxicity due to the silica coating [75] . Recently, Chen 

t al. developed a Dox-loaded MMOF (Fe 3 O 4 @PDA@ZIF-90) 
y the surface coating of zeolitic imidazolate frameworks 
ZIFs) on the surface of polydopamine (PDA) coated iron NPs 
or synergistic MH. The tailored nanocomposite exhibited 

uperior loading capacity with pH-responsive drug release.
urther, the nanocomposite raised the local temperature from 

0 to 77.5 °C-under AMF due to the magnetocaloric effect of 
ron cores [77] . Biomineralized bacterial MNPs are another 
lternative approach to enhance the MH effect. Gandia et 
l. showed that the biological structure of magnetotactic 
acteria (Magnetospirillum gryphiswaldense) exhibited 

uperior hyperthermia without disturbing cell proliferation 

79] . 

.1.3. Tissue engineering 
issue engineering (TE) employing MNPs has achieved either 
using i.e., connecting two surfaces, and followed by joining 
he tissues via heating or soldering [80] , where MNPs are 
ntegrated with other biocompatible material leading to form 

 magnetic scaffold [51] . The scaffold loaded with desired cells 
mesenchymal stem cells, natural killer cells erythrocytes),
rotein, growth factors, and tissues are administered and 

ocused on the specific tissues by using EMF ( Fig. 7 ) [3] . 
These scaffolds control and support the cellular responses 
ia targeting specific cellular receptors and have found 

pplication in tissue repairs like bone, muscles, nerves,
nd disease treatment [80] . In the biomagnetic approach,
NPs present on/in the cells and magnetic scaffold may 

nteract with each other under dynamic/static remote EMF 
o control spatial and/or temporal precision to regulate cell 
ehavior. Various scaffolds such as HA-based magnetic 
caffold, composite scaffold (magnetic polylactic acid 

anofibers, hydroxyapatite scaffold of Fe 2 O 3 ) were prepared 

nd evaluated in-vitro and in-vivo for tissue regeneration 

51] . A calcium phosphate scaffold (CPC) comprising SPIONs 
SPIONs@CPC) was fabricated for bone tissue engineering.
t was observed that SPIONs increased the human dental 
ulp stem cells attachment (hDPSC) and spreading, improved 

one mineral synthesis, and a 3-fold rise in osteogenic 
ifferentiation in contrast to a native CPC. This enhancement 
as due to the increased microstructure of SPIONs@CPC 

eading to augmented internalization by the hDPSC cells 
76] . Such scaffolds exhibited magnified cell adhesion,
roliferation, differentiation, and also enhanced bone healing 
ith antimicrobial effect [9] . 

Other biomagnetic scaffolds comprising the integrated 

orm of polymers and MNPs have shown the potential 
pplication of MNPs in tissue repairing [ 80 ,81 ]. Recently, a 
agnetic scaffold comprising various polymers (chitosan,
A, and gelatin or bovine serum albumin), calcium 

hosphate, and MNPs have been prepared for bone 
issue engineering. The biopolymers and microporous 
tructures were able to regulate the confinement of simulated 

iological fluids. Moreover, the fabricated magnetic scaffold 

xhibited no negative effect on osteoblast cells owing to its 
iocompatibility [76] . In another study, Torgbo et al. fabricated 

 microporous nanocomposite scaffold using bacterial 
ellulose embedded with Fe 3 O 4 and HA. The fabricated 

caffold exhibited superparamagnetic characteristics with 

uperior thermal stability that will be beneficial for bone 
issue engineering. The cell culture results revealed that 
he scaffold was nontoxic and biocompatible together 
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with positive adhesion and proliferation with the human
osteoblast [77] . 

Furthermore, MNPs can be used to target mechanical
sensitive receptors like the Wnt receptor, TREK1 ion
channel, integrins, and PDGF receptors [82] . Rotherham
et al. investigated the synergistic effect of peptide conjugated
MNPs for bone tissue repairing via the Wnt activation in
human mesenchymal stem cells [83] . 

Magnetic cationic liposomes (MCLs) are another MNP
based strategy where MNPs were initially integrated with
liposomes and later cultured on adipose-derived cells. MCLs
have shown potential application in TE due to their tissue
repairing ability without using scaffold-based material. These
positive charge structures enabled easy interaction with the
negatively charged cell lines [51] . MCLs have been used for
the building of 3D artificial skeletal muscles via the labeling
of myoblast cells under a magnetic field [84] . 

Magnetoelectric scaffold (MS) is another novel approach
imparting electrical and mechanical stimulation to the
desired cells/tissues under the EMF also used as regenerative
medicine. Recently, Mushtaq et al. fabricated 3-D MS
comprised of cobalt ferrite@bismuth ferrite magnetoelectric
NP and poly (l-lactic acid). The fabricated MS was able to
generate a localized electric field under EMF (13 mT at 1.1 kHz)
leading to improvement (134%) in cell proliferation [85] . In
another study, a novel 3-D porous MS encompasses poly
(vinylidene fluoride) (PVDF), and CoFe 2 O 4 magnetoelectric
NPs was prepared for the efficient proliferation of osteoblast
cells. The MS was structurally similar to trabecular bone with
a size range of 5 to 20 μm, due to the built-in crystallization
process of MNPs with PVDF. It was observed that the
fabricated MS promoted the preosteoblasts’ proliferation
after the application of magnetic field owing to both local
magnetoelectric and magneto-mechanical response of the
MS [86] . 

5.1.4. Photodynamic therapy 
Photodynamic therapy (PDT) is a stimuli-responsive therapy
employing photosensitizing agents/drugs. Photosensitizers
(PS) are organic or inorganic molecules excited using external
light with appropriate wavelength and power results in the
delocalization of their ground state electrons to the excited
state. These excited electrons produce singlet oxygen radicals
called ROS, which damages cancer cells up to 20 nm using
near-infrared (NIR) ( Fig. 8 A) [87] . Despite its safe and effective
clinical, PDT faces certain limitations like poor aqueous
solubility of PS and lack of selectivity and specificity leading
to form aggregates in biological fluid and diminishes the
therapeutic efficacy respectively. The therapeutic efficiency
of PDT can be synergized by the integration of various
nanoformulations with PS owing to their ability to enhance
the solubility of PS and augmented cellular uptake [88] . 

MNPs conjugated/encapsulated with PS have been
extensively used for PDT due to their unique properties,
wide absorption of NIR light, and low toxicity. Recent studies
revealed that MPNs exhibited magnified photothermal
transformation efficiency in contrast to other photo absorbers
[89] . 

The literature revealed that MNPs exhibited extraordinary
and efficient photodynamic activity in cancer treatment, and
unveiled strong anti-cancer effects on various cancer cell
lines like human prostate cancer, breast cancer, and cervical
cancer, etc. [3] . Basoglu et al. prepared protoporphyrin IX
(PpIX) loaded MLs (221 nm) for the PDT against breast cancer
cell line (MCF-7). The cytotoxicity result revealed that the cell
viability was reduced to 65% upon incubation with 350 nM of
PpIX-MLs at a dark condition where as significant cell death
was observed within 5 min of light radiation even at smaller
NPs concentration (250 nM) [90] . Further, functionalized
MNPs killed cancer cells in a controlled manner due to the
deep penetration of NIR results in the photothermal effect
i.e., photothermal ablation of MNP. Choi et al. showed the
magnified anticancer effect of chlorin e6 (PS) and folic acid
conjugated IONPs on the prostate (PC-3) and breast (MCF-7)
cancer cells upon irradiation of 660 nm light. The enhanced
anticancer effect was due to the deep penetration of light
radiation [91] . Moreover, NIR and photothermal ablation of
functionalized MNPs can eradicate tumors efficiently via
increasing the ROS concentration in tumor cells, reducing
the distance between the target site and ROS through
mitochondrial targeting. Regarding this, a multifunctional
Fe 3 O 4 @Dex/TPP/PpIX/ss-mPEG NPs was prepared for the
targeted PDT to cancer. The triphenylphosphine (TPP)-grafted
dextran conjugated IONPs (Fe 3 O 4 @Dex-TPP) was firstly
prepared and then followed by conjugation with PpIX and the
GSH-responsive mPEG-ss-COOH. The in vivo studies revealed
that after i.v administration the internalized NPs were
decomposed into Fe 2 + /Fe 3 + in lysosomes and then diffused
into the cytoplasm. Subsequently, in cytoplasm Fe 2 + reacted
with the excessive H 2 O 2 to produce O 2 and OH leading to
destroy the tumors. Later on, the undecomposed formulation
was internalized to the cytoplasm via photoinduction
and targeted to mitochondria due to TPP targeting ability.
Simultaneously, ROS produced by the Fenton reaction
can magnify the therapeutic efficacy of the formulation
[92] . Recently, Makole et al. showed the photodynamic
antimicrobial chemotherapy of indium porphyrins grafted Ag
core-shell MNPs against Escherichia coli [93] . 

These particles have been studied for decades for such
applications and few formulations are in clinical trials.
Furthermore, in hyperthermal and photothermal cancer
therapy MNPs have recently been tested for drug loading and
transport to the target tumor [ 17 ,94 ]. 

5.1.5. Radioimmunotherapy 
Radioimmunotherapy (RI) is a combination of antibodies and
radionuclides used to treat various cancers. In RI, antibodies
are labeled with low doses of radioactive isotopes leading
to target specific antigens present on the cancer cells,
accumulate the radioisotopes to the targeted cancer cells,
and destroy the cancer cells via uninterrupted radiation ( Fig.
8 B) [6] . Radioisotopes extensively used for the therapeutic
application emit α-, β-particles, or Auger electrons, destruct
the DNA by various mechanisms like ROS generation, hamper
DNA repairing [95] . However, RI faces certain limitations like
poor permeability and radiosensitivity due to the hypoxic
nature of the tumor cells enabling less production of ROS [87] .

SPIONs are widely used in RI due to the high
surface volume ratio, biocompatibility, and easy surface
functionalization [95] . However, SPIONs based RI therapy is
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Fig. 8 – Biomedical application of MNPs in (A) Photodynamic therapy; (B) Radioimmunotherapy. 
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Fig. 9 – MNPs based transfection approach for the 
magnified gene delivery to the target area by using an EMF. 
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hallenging due to the steady decay of the radioisotopes 
eading to difficulty in avoiding normal cells. 188 Re is the 

ost commonly used radioactive isotope for the fabrication 

f radioactive SPIONs with a 17 h half-life and exhibited 

n-vivo targeting to the liver [6] . IONPs were also used for 
he RI via labeling with 

165 Ho [96] and 

125 I [97] for tumor 
argeting. In a similar study, SPIONs-trastuzumab conjugate 
as doped with actinium 225 ( 225 Ac) for RI and MHT of 
ER2-positive breast cancer cells. It was observed that the 

25 Ac@Fe 3 O 4 -trastuzumab accumulated in the liver, lungs,
nd spleen, therefore further i.v administration was avoided 

98] . This group further extended the work on barium ferrite 
Ps (BaFeNPs) which also exhibited magnetic properties.
hese NPs were conjugated with trastuzumab for high 

ffinity towards ligand and cell internalization. In this work,
arium was replaced with radium 223 radionuclide ( 223 Ra) in 

 hydrothermal cation replacement reaction. The obtained 

adiobioconjugate exhibited cytotoxicity towards the HER2 
eceptor overexpressing human ovarian adenocarcinoma 
KOV-3 cells [99] . 

.1.6. Magnetofection 

agnetofection is a synergistic approach, where MNPs are 
ntegrated with viral and nonviral vectors for the targeted 

elivery of genes or gene fragments (DNA) in the presence 
f EMF [6] . In genetic engineering, more specifically in gene 
herapy vectors are the carrier for the delivery of nucleic acid 

n the host genome. Adenovirus, herpes simplex virus, and 

mallpox virus are some examples of viral vectors. However,
hese vectors possess some drawbacks like the generation of 
he immune response, a limited number of genes, random 

nsertion into the host chromosome during gene transfer, and 

igh cost. In the class of non-viral vectors liposomes, NPs, and 

ationic polymers have been extensively applied. Although 

uch vectors have low transfection efficiency but can have 
igh loading due to their charged surfaces. 

MNPs based transfection is advantageous due to the 
ontoxic nature of the MNPs-gene vector complex and 

agnified transfection efficiency within a short incubation 

ime. Moreover, this technology delivers genes to the 
s
npermissive cells by using a low dose of vectors and 

rotects the genes from enzymatic degradation leading to 
nhance cellular internalization [6] . This technology involves 
he administration of the MNPs-gene vector complex into 

he cell line, which is targeted to the specific area by 
sing EMF, resulting to promote endocytosis and transfection 

 Fig. 9 ). These magnetically driven structures are also 
asy to purify from cellular debris during the processing.
he magnetofection efficiency can be increased either by 
ispersion of MNPs in a biocompatible polymeric matrix or 
y entrapment in metallic or polymeric shells. Moreover,
arious studies revealed that variation in a magnetic field 

uch as amplitude and frequency [100] , speed, and direction 

101] , also influences the magnetofection efficiency. Regarding 
his, Zuvin et al. fabricated polyethyleneimine (PEI)-coated 

ytocompatible SPIONs for the delivery of nucleic acid to 
arious cancer cell lines such as breast cancer (MCF-7),
rostate (DU-145, PC-3), and bladder (RT-4) under varying 
agnetic field [101] . However, the transfection time (8 h) 
as less while using the PEI approach. Therefore, they 
eveloped a novel magnetic actuation system for improved 

agnetofection by using four rare earth magnets (EMF source) 
n a rotary table. PEI-coated SPIONs with DNA of green 

uorescent protein were used as a model and tested on breast 
ancer cells (MCF-7). The new system was more biocompatible 
nd possess a short transfection time (1 h) [102] . In another 
tudy, the magnetofection efficiency of PEI-SPION bearing 
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plasmid DNA was improved by using a novel magnetic field
generator. The tailored formulation is distributed uniformly
on the surface of MG-63 osteoblasts via local transfection
and without disruption of membrane resulting in augmented
magnetofection [103] . Recently, NIH3T3 fibroblast cells have
been transfected by MNPs-glycosaminoglycan (GAG)-plasmid
(p)DNA trio under a static magnetic field. GAG-binding
enhanced transduction (GET) is proposed to proficiently
deliver a diverse cargo intracellularly as a non-viral gene
delivery system [104] . 

Commercially OZ Biosciences (France), MEDIBENA Life
Sciences (Europe), BOCA Scientific (FL, USA) marketed three
different MNPs based formulations for magnetofection
encompasses PolyMag (polymer-based MNPs formulation),
ViroMag (specific for localized delivery of viral vectors), and
DogtorMag (a lipid-based MNPs formulation used to transfect
plasmid DNA, antisense oligonucleotide, mRNA or siRNA)
respectively. Additionally, OZ Biosciences (France) marketed
another commercial formulation NeuroMag which is used to
transfect various neurons together with all types of nucleic
acid [105] . 

5.2. Diagnostic application of HP-MNPs 

5.2.1. Cell tracking 
Biocompatible MNPs exhibiting enhanced contrasting
properties have been explored for cell movement in the
in-situ application. This is important for the assessment
of retention of cells in the microenvironment and further
repeated requirements of treatment in regenerative medicine.
Cellular receptors can be labeled with ligand attached MNPs
for surface signal generations, which is an in situ environment
that exhibits resonance and is visualized as contrast
molecules. This is explored in the case of stem cell’s potential
in regenerative medicine, where stem cells labeled with
such MNPs are injected into the body and tracked for their
habitat/location. SPIONs assembled magnetic nanobubbles
were used to label neural stem cells and imaged by ultrasound
and MRI [106] . For the treatment of Parkinson’s diseases (PD)
the role of human adipose-derived stem cells (hASCs) was
investigated. The hASCs were labeled with NEO-LIVE TM -
Magnoxide 797 (magnetic silica core-shell nanoparticle) as
per manufacturer protocol. These MNP-hASCs were studied
in a 6-hydroxydopamine (6-OHDA)-induced PD mouse model.
The maestro imaging of the brain discovered excellent hASCs
signals in the in situ environments of mice [107] . In multiple
sclerosis and amyotrophic lateral sclerosis migration of
SPIONs-labeled cells from the site of injection was studied
for the safety of injection of mesenchymal stem cells and
also in a study of autologous CD34 + bone marrow cells
injected into the spinal cord of patients with chronic spinal
cord injury [46] . A detailed description is mentioned in the
imaging section showing special insights on MNPs in imaging/
tracking. 

5.2.2. Magnetic bioseparation 

Magnetic bioseparation comprises the separation of various
molecules from the biological medium/fluids by using
magnetic susceptible materials via the application of EMF
[108] . It is a simple, cost-effective, and efficient approach in
contrast to conventional methods [17] . MNPs offer various
advantages like lower aggregation, enormous surface area,
easy modulation under EMF, one-pot separation, and flexible
particle size [109-111] . Moreover, the efficiency of magnetic
bioseparation can be enhanced by surface functionalization
of MNPs with various biocompatible polymers, organic and
inorganic biomolecules [109] . 

MNPs modified with target-specific ligands can selectively
capture the target analytes in a solution resulting in
preconcentration. This approach is mainly advantageous
when analytes are present in lesser concentrations. These
MNPs are surface modified with recognition elements
selective to the analyte and the binding is governed by
various interaction forces like electrostatic, hydrophobic, and
van der Waal forces. Further, these preconcentrated/ enriched
molecules are recovered via the application of EMF, while
the non-target analytes are separated. The recovered target
analytes are further purified by multiple washing and eluting
with washing and eluting buffer solution respectively. Further,
MNPs binding sites can be regenerated via incubating in fresh
solution ( Fig. 10 ) [111] . This technique is commonly used for
the separation of various biomolecules like proteins, nucleic
acid, bacteria, and cells. High-affinity nickel-nitrilotriacetic
(Ni-NTA) resins like agarose/polyacrylamide etc., have been
the first choice for researchers for the separation of histidine
(His)-tag proteins for decades. MNPs are equally competing
with these resins owing to their magnetic properties. One
such example is selective binding and separation of His-
tagged human superoxide dismutase 1 (hSOD1) with the
loading of 62.0 mg/g on NPs [112] . In another study, Ni-
MNPs were also employed to purify this protein by taking
advantage of a his-tagged dispersin B (DspB). DspB is a
glycoside hydrolase from Actinobacillus actinomycetemcomitans
which helps in biofilm release [113] . Recently, Minkner et
al. investigated the use of Ni-modified MNPs for affinity
purification of desired recombinant proteins expressed in
the silk worm fat body [114] . Few examples of commercially
available magnetic separators are Dynabeads TM magnetic cell
separation and MagniSort technology from Thermo fisher and
EasySep 

TM magnetic cell separation by stem cell technologies
for the enrichment and isolation of cells from various
species. 

5.2.3. Biosensors 
MNPs based biosensing employs the direct integration of
MNPs with the transducing elements or dispersion of the
MNPs in the sample followed by their attraction by an
EMF onto the active detection surface of the (bio)sensor
[115] . MNPs based biosensors are advantageous in terms of
magnified sensitivity, enhanced signal-to-noise ratio, and
reduced analysis time. Different transduction principles like
electrochemical, optical, magnetic field and piezoelectric
are used for biosensing purposes. Based on divergent
transduction principles various MNPs based sensors have
been developed. Several types of MNPs whether bare or
modified have found applications in various types of sensors.
Gold-coated Fe 3 O 4, Fe 3 O 4 @silica, Fe 3 O 4 functionalized
reduced GO 

–NPs, Fe 3 O 4 @gold-multiwalled carbon nanotube-
chitosan, Fe 3 O 4 @silica/multiwalled carbon nanotube have
been mainly used in electrochemical detections. 
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Fig. 10 – Bioseparation of the target analyte by using MNP. 
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The electrochemical (EC) method measures voltage,
urrent, and impedance, generated via the immunochemical 
nteraction between analytes and electrodes. Here, MNPs 
mmobilized with various molecules like enzymes, antibodies,
r proteins are attached to sensor electrodes for the detection 

f various biomarkers with minimal interference together 
ith amplified responses [116] . This method is widely used 

linically and therapeutically due to its cost-effectiveness,
asy operation, enhanced accuracy, and sensitivity [17] .
ased on the operating principle EC method can be further 
lassified into amperometric, capacitive, chemiresistive,
otentiometric, and voltammetric. Fig. 11 summarizes 
arious functionalized MNPs like gold-coated Fe 3 O 4 ,
old-coated Fe 3 O 4 @Sio 2 , Fe 3 O 4 @SiO 2 , Carbon nanotube 
unctionalized MNPs, Fe 3 O 4 integrated with GO, nano 
iocomposites of chitosan- Fe 3 O 4 have been used for EC 

ased sensing [ 115 ,117 ,118 ]. CEA, clenbuterol, organochloride 
esticides, Metronidazole, Streptomycin, Uric acid, Glucose, α- 
etoprotein, Ochratoxin A are among some analytes detected 

y the EC method. 
The optical method is a diverse technique for biosensing 

ue to the abundance of various detection principles like 
bsorption, dispersion, fluorescence, phosphorescence,
hemiluminescence, and refraction, etc. Based on the 
rinciple various optical devices like fluorescence 
pectroscopy, surface-enhanced Raman spectroscopy (SERS),
lectrochemiluminescence, colorimeter, surface plasmon 

esonance (SPR), interferometry is used ( Fig. 11 ) [ 17 ,115 ]. Gold,
ilver, and silica-coated MNPs exhibit plasmon properties 
hich are used mainly in optical-based methods. A-ferritin,
hrombin, IgG, Ochratoxin A, E.coli. have been detected by 
ptical methods. Magnetic behavior of such NPs has also 
een explored for the sensing of Endoglin in human urine,
nterleukin 6 and Cancer Cells, protease, DNA by Giant 

agneto-resistive [119] , Magneto-Optical fiber, and Hall 
ensors [120] . Although giant magnetoresistance is a complex 
henomenon yet in simpler words change in magnetic 
esistance is observed before and after the application of 
 sample. e.g., in the case of protease assay some peptides 
onjugated with MNPs were immobilized on a sensor strip,
nd data was recorded. These were further treated with 

rotease enzyme which cleaved the peptide and liberated 

he MNPs from the sensor surface, resulting in resistance to 
he magnetic field. The magneto-optical method records the 
hange in refractive indeed of the system before and after 
inding of MNPs on the optical fiber surface. The hall sensors 
an be made on a silicon wafer with the growth of materials 
ike InSb which exhibits hall coefficient. Likewise, for all other 
hip-based biosensors the surface passivation is required to 
ind the recognition molecule. Further, the sensor chip is 
odified with a recognition element specific to the target 

nalyte, and the signal is recorded. 
Quartz crystal microbalance has been used immensely for 

he sensing of a minute change in the mass of biomolecules.
he recognition element is immobilized on the quartz surface 
hich brings the change in the resonance frequency of these 

rystals. Change in frequency is correlated with the mass 
hange on the surface of the biosensor chip. Various analytes 
ave been detected using this method e.g., avian influenza 
irus H5N1, C Reactive Proteins, Myoglobin, and E . Coli . 

.2.4. Imaging 
arious imaging techniques have been established to get 
cquainted with human and animal physiology and anatomy 
or a couple of decades. These techniques are nuclear 

agnetic resonance (NMR), magnetic resonance imaging 
MRI), optical imaging, positron emission tomography (PET),
ingle-photon emission computer tomography (SPECT),
omputer tomography (CT), magnetic particle imaging 
MPI), ultrasound imaging (UI), photoacoustic imaging 
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Fig. 11 – Various biomarkers have been investigated utilizing MNPs. Most explored biosensors are based on electrochemical 
methods having a wide range of applicability. This figure summarizes the possible methods of biosensor development. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(PAI) [ 1 ,116 ,121 ]. However, MRI and CT give the anatomical
particulars while, optical imaging, PET, SPECT, MPI, and
PAI provide molecular details. Moreover, the individual
technique is no able to the extensive imaging due to their
respective limitations ( Table 6 ). Therefore, multimodal
imaging techniques (MMI) have been designed for further
magnified resolution and sensitivity in conjunction with
complementary knowledge [ 116 ,122 ]. MNPs specifically
SPIONs are extensively used for MMI via the fusion of MRI
with other imaging techniques due to high surface volume
ratio, versatility, and easy surface functionalization [1] . In
this section, various single imaging techniques and MMI
techniques will be discussed. 

Imaging techniques : Nuclear magnetic resonance imaging :
Magento pharmaceuticals are a new class of pharmaceuticals
used for the clinical diagnosis by the administration of these
into the patients to observe the image contrast difference
between the normal and disease tissue. Endorem® and
Resovit® (marketed formulations) have been used as an NMR
imaging contrast agent for the diagnosis of various diseases
like cardiac and brain infracts, and liver injury or tumors.
Various molecules like protein, peptides, and oligonucleotides
have been cross-linked with the aminated MNPs for the
recognition of inflamated pathological structures [2] . 

Magnetic resonance imaging: MRI is one of the most sensitive
and non-invasive techniques for three-dimensional deep
tissue/organ imaging. This technique is extensively used
for the clear anatomical presentation of non-bony or soft
tissues due to accuracy, outstanding signal-to-noise ratio,
magnified spatial resolution [ 44 ,121 ]. In this technique, the
protons present in water molecules inside the body become
excited and aligned parallelly in the direction of the applied
magnetic field with a particular radio frequency (RF) pulse. On
removing the magnetic field, protons get relaxed by releasing
their energy while generating an RF signal and realign
themselves at their thermal equilibrium state. T 1 and T 2 are
longitudinal and transverse components of magnetization
vectors respectively. Either T 1 or T 2 relaxation times are
measured by receiver coils to produce an MR image by
a computer algorithm [ 116 ,123 ]. The imaging quality and
diagnostic sensitivity of MRI are improved by using contrast
agents. Paramagnetic gadolinium (Gd) combined with other
chelating agents is widely used as T 1 contrast agents, modify
the T 1 relaxation time resulting in brighter tissues/organs.
However, Gd use is limited due to inherent toxicity, short half-
life, inferior cellular uptake [ 1 ,116 ]. 

MNPs are potentially used as a contrast agent and
magnify the imaging resolution by shortening the T 1 and
T 2 relaxation time of adjoining protons. However, MNPs
are commonly used as negative contrast agents due to
the larger relaxation of T 2. SPIONs and ultra-small SPIONs
(USPIONs) have been extensively used for MRI due to their
biocompatibility, stability, biodegradability, and magnified
uptake by RES enabling the identification of smaller lesions
easily. The efficiency of MNPs as a contrast agent is dependent
on the size, surface properties, shape, and composition of
MNPs [121] . Studies revealed that the large-sized SPIONs (16–
200 nm) exhibited increased magnetization and T 2 relaxation,
while small-sized MNPs ( < 10 nm) showed enhanced T 1

relaxation. Moreover, T 2 relaxivity can be enhanced by
adjusting the magnetization and diameter of MNPs, which is
dependent on MNPs’ shape [116] . Ellipsoidal MNPs possess
homogeneous magnetization, while distorted shape gives
dissimilar magnetization [121] . 
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Table 6 – Comparative analysis of various imaging technique [ 1 ,121 ,148 ,195 ]. 

Technique Source Spatial 
resolution 

Advantage Limitation 

Nuclear magnetic 
resonance 

Radiowaves The unique and highly sensitive 
technique for the detection of small 
molecule 

A large amount of purified substance 
is required 

Magnetic resonance 
imaging 

Magnetic 
field and 
radiofrequency 
waves 

20–100 μm Magnified resolution together with an 
outstanding signal to noise ratio 
enabling clear anatomical 
presentation of non-bony or soft 
tissues 

The costly instrument, poor 
sensitivity at the cellular/molecular 
level, and faces endogenous artifacts 

Optical Near-infrared 
light 

> 0.3 μm Concomitant detection of various 
biomarkers and molecular due to 
extensive availability of fluorophores, 
inexpensive instrument, and safe 

Insufficient anatomical information 
due to restricted light penetration into 
the deep tissues, and clinically not 
available 

Positron emission 
tomography 

Ionizing 
radiation ( γ
and β) 

1–2 mm Easily detect cancer, non-cancerous 
cells, and neurological disorder at an 
early stage and lesser probability of 
infection during the medical process 

Employs ionizing radiation leading to 
adverse effects on the normal cells, 
expensive machine, poor resolution, 
and inefficient for anatomical details 

Single Photon 
Emission Computer 
Tomography 

Ionizing γ
radiation 

1–2 mm Simultaneous visualization of 
multiple biological processes at the 
molecular level, lesser expensive than 
PET and higher sensitivity with deep 
penetration 

Poor spatial resolution, and inefficient 
for anatomical details 

Computer 
tomography 

X-ray 50–200 μm Magnified resolution along with 
three-dimensional anatomical images 
of various organs 

Narrow functional details, poor 
diagnosis of soft tissues, and 
expensive machine 

Magnetic particle 
imaging 

MNPs 
(iron-oxide) 

< 1mm Highly sensitive, fast, safe, and 
real-time imaging without 
background signals 

Insufficient anatomical information, 
and overheating under high magnetic 
field 

Ultrasound imaging Ultrasound 
waves 

50–500 μm Low cost, safe, real-time imaging 
without any harmful radiation, and 
coverage of the large area in a single 
scan 

Poor resolution and sensitivity, limited 
penetration, and narrow functional 
details 

Photoacoustic 
imaging Photoacoustic 

waves 

< 1mm The safe, magnified resolution, 
coverage of a large area, and provides 
functional imaging of various organs 

Required exogenous contrast agents 
in absence of biological 
chromophores, poor penetration 
depth, and inefficient for anatomical 
information 
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Various MNPs such as metal oxide NPs, carboxylated 

EG-coated magnetic ferrite, monoclonal antibody labeled 

egylated Fe 3 O 4 for colon cancer in a mouse model,
actobionic acid (LA) modified chitosan-coated SPIONs (CS- 
A@SPIONs) for hepatic cancer, chloride channel buthotoxin 

CTX) modified pegylated Fe 3 O 4 for glioma cells has been 

tudied [ 116 ,124 ,125 ]. Furthermore, T 1 and T 2 relaxivity 
ave been magnified by preparing the various metal or 
etal alloy nanohybrids, and via doping various metals 

uch as manganese (Mn), zinc (Zn), copper (Cu), and 

uropium (Eu) in the lattice of Fe 2 O 4 and Fe 3 O 4 NPs 
 124 ,126 ]. The results revealed that the nanocomposite 
xhibited magnified T 1 contrast in contrast to Gd and 

PIONs [127] . Ferumoxides, ferristene and ferumoxtran- 
0, fetumoxyto, ferumoxsil, abdoscan, and ferucarbotran 

re commercially available MNPs used as contrast agents 
105] . However, the MRI technique is incapable to diagnose 

olecular events like gene expression and protease activity 
128] . 

Optical imaging : The optical imaging technique is 
xtensively used for the diagnosis of early-stage cancers,
uorescence-guided surgery, immunostaining, and 

ndoscopic imaging [ 1 ,8 ]. This simple technique measures 
hange in the incident light as a result of absorbance,
eflectance, bioluminescence, and fluorescence by sample 
oncentration. Near-infrared fluorescence (NIRF,700–1000 nm) 
s the most commonly used source due to its ability to pass 
hrough the tissues resulting in complete body tomography 
1] . Various optical imaging agents like gold NPs, lanthanides,
rganic fluorochromes, quantum dots are commonly used 

or in vivo detection [122] . Biological tissue has some inherent 
uorescence when exited in the UV–vis region and hence 
roduces a poor-quality image in terms of contrast. Therefore,
IRF detection provides excellent contrast as excitation in 

his region avoids the background fluorescence of such 

issues. The versatility, non-toxicity, sensitivity, and cost- 
ffectiveness make this technique effective for in vivo 
pplications [1] . However, optical signals are very week and 

ave poor depth of penetration/imaging, easily clear from the 
ody [122] . 

Positron emission tomography: PET is a biomolecular imaging 
echnique used to diagnose the biological metabolic process.
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This technique recognizes the gamma rays which are emitted
from the radionuclide administered inside the body [116] .
Positrons emitted by radio-isotopes (interact with tissue and
generate two photons which are detected by a scintillation
camera placed near the samples in various arrangements.
This technique employs the formation of MNPs complex with
the required isotope by using a polycarboxylate macrocycle
chelating agent such as 1,4,7-triazacyclododecane-N, N 

′ , N 

′ ′ -
triacetic acid (NOTA) and 1,4,7,10-tetraazacyclododecane-N,
N 

′ , N 

′ ′ , N 

′ ′ ′ - tetraacetic acid (DOTA) [1] . The tailored MNPs
are deposited to the living tissues and provide the bright
image which is captured by the PET scanner [129] . This
technique can easily diagnose disease conditions at an
early stage [121] but exhibits poor spatial resolution [129] .
The PET imaging technique is mainly dependent upon the
radionuclide half-life and positron energy. Radionuclide with
optimal half-life and smallest maximum positron energy is
used for imaging eg. 64 Cu, 18 F, 111 In, 124 I, 89 Zr [1] . 

Single photon emission computer tomography : Similar to PET,
SPECT is also a nuclear imaging technique that provides
important biological information with magnified sensitivity
[121] . This technique utilizes radioactive tracers as contrast
agents to acquire images in 2D or 3D format via a computer
program. The basic difference between PET and SPECT is the
use of specific radionuclides like 67 Ga, 125 I, 111 In, 131 I, 99m Tc,
and 

201 Ti for SPECT imaging. Among all radionuclides, 99m Tc
has been extensively used for imaging owing to less expensive
and more available than PET [1] . Similar to PET, this technique
also exhibits a poor spatial resolution [129] . 

Computer tomography : CT is an advanced version of X-
ray imaging, where multiple X-ray images are combined
by computer software to make a tomography of anatomic
images of various tissues like blood vessels, bones, and
stomach [121] . This technique employs passing the X-
rays through the tissues and measured the different X-
ray attenuation coefficients of various organs resulting
in high spatial resolution images of the body by 3D
slicing technology [ 1 ,8 ,128 ]. This technique is clinically used
widely due to low cost, readily available, small acquisition
time, extensive tissue penetration, and magnified spatial
resolution [128] . Additionally, various images from different
angles can be captured and overlying structures can be
easily eliminated from the developed images enabling
recognition of abnormalities [116] . Various contrast agents like
bismuth, gold, iodine, platinum, tantalum, and ytterbium are
commonly used [8] . These contrast agents block X-rays in
a specific part to construct CT images [128] . However, these
contrast agents are rapidly excreted from the body resulting
in a short half-life. Iodine based contrast agent faces some
side effects such as etching, vomiting, and anaphylactic shock
[128] . Recently, gold NPs are extensively used as a CT contrast
agent due to their biocompatibility, and tumor targeting. Due
to the high molecular weight, Gold NPs exhibited a magnified
X-ray absorption coefficient in contrast to conventionally used
iodine-based CT contrast agent, omnipaque [ 1 ,128 ]. 

Magnetic particle imaging : MPI is an MNP-based imaging
technique where SPIONs are not just assistive contrast agents,
but the sole source for sending the signals out to the imaging
system. This technique provides a quantitative estimation of
MNPs inside the body without background signal [130] and
utilizes two different magnetic field regions [131] . The first
region comprises a high magnetic field resulting in the
saturation of MNPs magnetic moment and aligns MNPs
parallel to the EMF. The second region is the zero magnetic
field are also known as a field-free point (FFP), where the
MNPs magnetic moment is randomly aligned. MNPs located
in the FFP region can easily generate MPI images [132] .
MPI is widely used in various biomedical applications like
measurement of blood flow, imaging of various organs and
tumors, and MPI-guided hyperthermia [ 131 ,133 ]. This real-
time imaging technique is advantageous owing to its speed,
safety, magnified penetration depth, and high resolution.
However, the clinical use of MPI is hampered due to lack of
anatomical details and overheating in presence of higher EMF
[17] . 

Ultrasound imaging : This imaging technique is extensively
used for the detection of various diseases, and angiography
due to real-time imaging, low cost, and safety [134] .
This technique relies on the absorption and reflection
of ultrasound (US) waves by various contrast agents like
microbubbles, liposomes, and perfluorocarbon droplets
[ 130 ,135 ]. However, the clinical application of UI is hampered
due to its poor sensitivity, resolution, and penetration [8] . 

Photoacoustic imaging : Photoacoustic imaging (PAI), also
known as thermoacoustic or optoacoustic imaging is a hybrid
technique that utilizes UI and optical imaging. The principle
of PAI relies on measuring the acoustic waves which are
originated from the thermoelastic expansion of tissues after
the absorption of light energy (680–970 nm), and further
acoustic waves are processed to form tissue images [131] .
Hemoglobin and melanin are the most commonly used PAI
contrast agents owing to their substantial optical absorptivity,
and biocompatibility [1] . However, in some diseases, these
chromophores are not available then exogenous contrast
agents like gold NPs [136] , gold nanocages, gold nanorods
[134] , IONPs [131] , indocyanine green [137] , QDs [138] , and
single-wall carbon nanotubes [139] are used. PAI is fast, safe,
cover a larger area in a single scan, and is used to visualize
functional imaging of various tumors and organs [ 116 ,131 ].
However, the clinical application of this technique is limited
due to poor penetration [131] and inefficient anatomical
imaging [1] . 

MNP-based multimodal imaging : An individual imaging
technique is incapable to provide extensive anatomical or
molecular information due to their respective limitations
( Table 6 ). Therefore, multimodal imaging techniques (MMI)
have been designed via the combination of different imaging
techniques for further magnified resolution and sensitivity.
In this section principles, composition, and advantages
of various MNP based MMI, techniques are explained
( Table 7 ). 

T 1 -T 2 MRI dual imaging : Traditionally independent
use of MRI contrast agents gives inaccurate results and
provides either bright (T 1 ) or dark (T 2 ) signals. Moreover, the
accuracy and sensitivity of MRI images are also affected by
endogenous artifacts like air, blood clots, fat, calcification,
and hemorrhages, air [130] . T 1 -T 2 dual MRI imaging is the best
alternative to overcome such vagueness by using dual-mode
NP contrast agents (DMCA). This dual imaging provides both
T 1 -weighted and T 2 -weighted MRI images with improved
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Table 7 – Magnetic nanoparticles for multimodal imaging. 

Multimodal imaging Composition Advantage Limitation Ref 

T 1 -T 2 MRI Direct conjugation /labeling of 
T 1 agents with the T 2 agents 
(MNPs or metallic ferrites), 
inserting the T 1 agents inside 
the MNPs, and magnetically 
decoupled T 1 and T 2 contrast 
agents 

No image mismatch between 
separate instrument without a 
discrepancy between T 1 and T 2 
penetration depth, T 1 weighted 
imaging gives magnified 
resolution in tissues and T 2 
weighted imaging provide 
accurate details about the lesions 
without endogenous artifact 

Complicated process [ 130 ,135 ,142 ] 

Optical-MRI Physical or chemical 
conjugation of fluorescent dyes 
with the MNPs 

Provide anatomical and functional 
detail of all molecular events 

Long chemical linkers 
are required to prevent 
quenching 

[ 1 ,128 ,130 ] 

PET/SPECT-MRI SPION (MRI agent) conjugated 
with the radionucleotide 
through chemical conjugation 

Impart anatomic information with 
a high spatial resolution and 
accurate molecular imaging of a 
specific tissue due to high 
sensitivity 

The sensitivity of two 
imaging techniques 
must be fully 
considered while 
designing such probes 

[ 121 ,128 ] 

CT-MRI Gold shells on iron oxide MNPs 
(GION) to build a dual imaging 
probe for CT-MRI with 
relatively higher T 2 relaxivity 

Provides anatomical imaging of 
hard and soft tissues with the 
magnified resolution, deep 
information about the brain and 
pituitary tumors 

Poor functional imaging [ 8 ,121 ,128 ] 

UI-MRI Conjugation of SPION (MRI 
contrast) with the 
microbubbles (UI contrast) 

Magnified resolution [134] 

PAI-MRI A fusion of PAI contrast agent 
with MNPs (MRI contrast) 

Provides anatomical and 
functional imaging simultaneously 

[156] 
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uality and accurate interpretation of MRI signals. These 
MCAs can be designed by different techniques via using the 
nique properties of MNPs. The first technique comprises 
he direct conjugation /labeling of T 1 agents (Gd or Mn) with 

he T 2 agents (MNPs or metallic ferrites [121] . Magnevist®
Gadopentetate dimeglumine), a commercial Gd-based T 1 

ontrast agent which is covalently linked with dopamine 
oated SPIONs [130] . In a study, the T 1 contrast agent was 
irectly conjugated on the surface of MNPs. The resultant 
ormulation exhibited both T 1 and T 2 effects resulting in-vivo 
 1 -T 2 MRI dual imaging with magnified clarity and contrast 
f MRI images [140] . Another method includes the insertion 

f the T 1 agents inside the MNPs enabling to enlargement of 
he magnetic strength of both contrast agents [121] . Gd 2 O 3 

T 1 contrast agent) was embedded inside the IONPs resulting 
n MRI dual imaging. The in vivo results revealed that the 
umor to liver contrast ratio was significantly increased 

83% and 137% for T 1 and T 2 respectively [141] . Magnetically 
ecoupled T 1 and T 2 contrast agents are another technique 
o achieve simultaneously T 1 and T 2 weighted images [142] .
his technique employs the insertion of a non-magnetic 
pacer like silica between the T 1 (shell; Gd or Mn) and T 2 

core; MNPs) to diminish the magnetic interaction between T 1 

nd T 2 [130] . Recently, this type of dual imaging was achieved 

y developing Fe 3 O 4 @mSiO 2 /PDDA/BSA-Gd 2 O 3 -AS1411 MRI 
robe [143] . Here, Fe 3 O 4 NPs were used as core (T 1 ), bovine
erum albumin modified Gd 2 O 3 NPs were used as a shell (T 2 ),
ilica was used as a spacer to coat the Fe 3 O 4 NPs and AS1411 
ptamer coating was used for further in -vitro targeting to 
umor cells. The resultant formulation exhibited enhanced 

n-vivo MRI imaging. 
Recently, MNP based T 1 -T 2 MRI dual imaging was achieved 

y fabricating bull serum albumin modified Fe 3 O 4 NPs (BSA@ 

e 3 O 4 . The synthesized NPs exhibit different MRI contrast 
hich depends on the dispersion medium. The synthesized 

SPIONs showed a T 1 contrast effect with high relaxivity 
r 1 = 6.99 mM 

−1 s −1 ) but exhibited increased r 2 relaxivity upon 

ggregation. This tailored formulation exhibited magnified 

iagnostic sensitivity and precision [144] . 
MRI-optical dual imaging : This dual imaging technique has 

vercome the limitation of both techniques ( Table 6 ). MRI 
s the best technique for anatomical imaging but poor to 
iagnose molecular events whereas optical imaging provides 
unctional detail of all molecular events. Hence, by combining 
hese two approaches overall imaging quality can also be 
mproved [128] . This dual imaging technique comprises the 
onjugation (chemical or physical) of fluorescent dyes with 

he MNPs [130] . Organic dyes (such as cyanine (Cy5.5),
hodamine B, and isothiocyanate (FITC) or synthetic/inorganic 
emiconductor quantum dots (QDs) have been conjugated 

o MNPs for such applications. However, direct conjugation 

ia using a short distance cross linker or adsorption on 

unctional groups on these MNPs may quench the fluorescent 
ignals. This can be overcome by employing thicker coating 
gents, or longer chemical linkers resulting in increased 

istance between MNPs and fluorescent molecules enabling 
inimum quenching [1] . In a study, ultrasmall Fe 3 O 4 MNPs (2–

 nm), and NIR emissive semiconducting polymers (PFBT and 
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PFTBT), were integrated into amphiphilic polymers bearing
carboxylic acid groups in one-step synthesis. The results
revealed that the tailored formulation exhibited MRI-optical
dual imaging [145] . Recently, phospholipid-PEG coated MNPs
were synthesized, and further dialkylcarbocyanine dye was
physically adsorbed on the MNPs surface. The in-vitro and in-
vivo results revealed that the tailored formulation exhibited
magnified MRI and fluorescence signals [146] . 

PET-MRI dual imaging : MRI is a unique imaging technique
that presents the anatomy of non-bony or soft tissues with
high resolution but incapable to furnish the molecular and
functional details [121] . PET is a sensitive nuclear imaging
technique used to detect various disorders at an early stage
but suffers from poor spatial resolution [116] . PET-MRI hybrid
technique synergistically recompenses the stated limitation.
This MMI comprises SPIONs (MRI agents) conjugated with
the radionucleotide through chemical conjugation [128] . This
dual imaging is advantageous and synergistic, as MRI offers
anatomic information with high spatial resolution, and PET
offers accurate molecular imaging recording radionucleotide
emitting positrons to illuminate the functional biological
process. However, the sensitivity of two imaging techniques
must be fully considered while designing such probes. The
integrated probe should offer a sufficient dose of radiotracers
for PET imaging, and high MRI contrast for MRI [1] . SPIONs and
18F-Fluorodeoxyglucose have been conjugated for imaging
myocardial infarction in rats by MRI and PET. As mentioned
previously in the MRI section, IONPs have been approved
by FDA and can be further reduced by size & doped with
manganese, zinc, and cobalt to increase their contrast-
enhancement by gaining superior magnetic anisotropy. In a
study, 124 I radionuclides were conjugated with serum albumin
coated Mn-doped ferrite NPs and applied as PET/MRI dual
imaging agents for delineated small sentinel lymph nodes
mapping [147] . In another study, polyaspartic acid-coated
Fe 3 O 4 NPs were conjugated with 

64 Cu radionuclides and DOTA
stabilizing material for in vivo targeting of tumor xenografts
to provide both MRI and PET images [148] . Recently, oleic
acid-coated IONPs were labeled with 

68 Ga for dual PET/MR
imaging of the prostate. Further, the glutamate-urea-lysine
peptide was used for targeting prostate-specific membrane
antigen (PSMA). The dual image results revealed high uptake
of the NP by the PSMA-positive tumor cells with magnified
resolution [1] . 

SPECT-MRI dual imaging : Similar to PET, SPECT imaging
is also not capable to provide anatomical information and
exhibits poor spatial resolution [129] . Hence, complementary
techniques such as MRI or CT come into the role to magnify
the resolution. The radionucleotides used in PET /SPECT can
be combined with the contrast agents used in MRI/CT. This
synergistic approach compensates each technique limitation
with better contrast and imaging. Additionally, this integrated
approach circumvents multiple anesthesias dosage enabling
fewer errors and reduces the associated pain [128] . The SPIONs
can be modified with radiotracer and further by targeting
ligands for specific localization and signals in cancers even
at pico-molar concentration. Various MNP based SPECT-MRI
dual imaging have been explored for the diagnosis of various
diseases. In one study, cyclic RGP peptide anchored USPIONs
were radiolabeled for early cancer diagnosis [135] . In another
study, bisphosphonate chelate stabilized 

99m Tc loaded
IONPs have been prepared for cardiovascular imaging via
MRI/SPECT dual-mode imaging [149] . Recently, 99m Tc labeled
USPIONs with zwitterion coating were fabricated for tumor
diagnosis. The results revealed that the tailored formulation
exhibited excellent imaging due to the SPCET-MRI dual-
mode [150] . However, technically operating MRI-SPECT for
simultaneously dual imaging is a challenge than the PET/MRI
development. The artifacts induced by a gamma camera in
the MR images and accommodating a SPECT scanner within
an MR instrument is a design challenge yet. However, PET
detectors have been incorporated within MRI scanners [1] . 

CT-MRI dual imaging : CT and MRI are excellent anatomical
imaging techniques and provides high-quality scans from
hard and soft tissues respectively [121] . However, Both
techniques provide anatomical detail but poor in functional
imaging. Therefore, the combined strategy of CT and MRI
overcome the limitation of individual techniques and provides
simultaneous anatomical information for efficient diagnosis
with magnified resolution. Furthermore, this hybrid technique
reduced the dose of the administered contrast agents
resulting in lesser adverse effects [1] . This hybrid dual imaging
comprises gold shells on iron oxide MNPs (GION) to build
a dual imaging probe for CT-MRI with relatively higher T 2

relaxivity [128] . In a study, PEI stabilized Fe 3 O 4 /gold MNPs
have been synthesized and explored for targeted dual-mode
MRI-CT imaging of the tumor. The results exhibited enhanced
relaxivity with a superior X-ray attenuation coefficient leading
to amplify both imaging contrast [151] . In another study,
tailored GIONs were tested in animals bearing liver disease for
MRI and CT imaging. The results revealed a magnified contrast
for both MRI and CT images [152] . 

UI-MRI dual imaging : This dual imaging technique is based
on the integration of SPIONs with the UI contrast agent
leading to enhance the magnetic resonance and US signals.
SPIONs loaded microbubbles are widely used for this dual
imaging enabling to improve the diagnostic application via
increasing the backscatter signals of US waves [134] . Park et
al. developed UI-MRI dual imaging probe via the interaction
of SPIONs with the microbubbles [153] . Yang et al. prepared
a yolk-shell microsphere by using Fe 3 O 4 as a core for UI-MRI
dual imaging. The imaging results revealed that the tailored
formulation exhibited superior dual imaging [154] . Recently,
Chen et al. fabricated silica-coated poly (lactic- co -glycolic acid)
(PLGA) hybrid nanovesicle loaded with an antitumor drug,
Fe 3 O 4, and perfluorocarbon for the UI-MRI dual imaging. The
tailored formulation exhibited magnified anticancer efficacy
with superior dual imaging [155] . 

PAI-MRI dual imaging : This dual imaging technique
encompasses the fusion of extrinsic PAI contrast agents
with the MNPs (MRI contrast agent) enabling them to provide
complementary functional and anatomical imaging with
diagnostic accuracy [156] . Ji et al. prepared gold-coated IONPs
for the PAI-MRI dual imaging. The synthesized core-shell
nanostructure showed excellent dual imaging [1] . Recently,
IONPs loaded liposomes were prepared to increase the
sensitivity of the PAI-MRI dual probe. The tailored probe
exhibited 2.6 × and 3.8 × higher signals for PAI and MRI
respectively [157] . Yang et al. prepared Fe 3 O 4 –Cu 2 O NPs as
a magneto-photoacoustic dual probe for the quantitative
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stimation of hydrogen sulfide in colorectal cancer. The 
esults revealed that the dual probe was an effective contrast 
gent for the diagnosis of colon cancer [158] . 

. Pharmacokinetic, and biodistribution of 
P-MNPs 

NPs are designed for in vivo delivery of therapeutic 
odalities to the desired site for the treatment of various 

iseases. Moreover, these are designed to augment the 
ystemic bioavailability of drugs with biocompatibility 
nd enhanced efficacy. However, there may be some 
harmacokinetic alterations in the parent therapeutic 
odalities which may lead to toxic/side effects [36] . Therefore,

he in vivo fate of MNPs needs to be addressed to figure out 
he biological behavior, interaction with the living organism,
nd efficacy. 

MNPs are usually biodistributed in liver ( ∼80% −90%),
pleen ( ∼5% −8%), and bone marrow ( ∼1% −2%) [159] .
he pharmacokinetics and biodistribution of MNPs 
re significantly influenced by various factors like 
hysicochemical properties and surface functionalization 

f MNPs [36] . Additionally, routes of administration, biological 
uid composition, and opsonization also affect the various 
harmacokinetic parameters like plasma half-life (T 1/2 ),
istribution, and elimination [ 129 ,160 ]. 

.1. Factors affecting the pharmacokinetics and 

iodistribution of HP-MNPs 

.1.1. Size and polydispersity 
article size plays an important role in the determination 

f various pharmacokinetic parameters. MNPs smaller than 

0 nm are prone to extravasation and renal clearance whereas,
arger particles can be easily opsonized and eliminated by the 
iver ( > 100 nm), and spleen (200–250 nm) leading to decreased 

 1/2 [ 36 ,160 ]. Therefore, the particle size between 10 and 

00 nm is optimal for prolonged systemic circulation and 

ccess to other organs like tumors, brain, lymph nodes,
eart, etc. [161] . However, some portion of NPs exists in 

ggregated form even after within the size range, which 

nfluences the MNPs pharmacokinetics. This aggregation is 
easured in the form of the polydispersity index (PDI) usually 

n the range of 0.05–0.7. PDI < 0.05 portrays that the NPs are 
onodispersed, whereas PDI > 0.7 presents the polydispersity 

f NPs. also influences the systemic circulation of NPs. To 
chieve prolonged circulation and proper biodistribution the 
DI value should be the preferable minimum [18] . 

.1.2. Surface charge and shape 
t has been observed that surface charge influences the in-vivo 
herapeutic efficacy of MNPs via adsorption of plasma protein 

nto the MNPs surface and binding of MNPs to the non- 
pecific sites [162] . The nature of the surface charge depends 
n the chemical composition and surface functionalization of 
Ps. MNPs with amine groups possess a positive charge, while 

he carboxyl, hydroxyl, and sulfate groups provide a negative 
harge to the MNPs [18] . Moreover, charged particles are 
ore prone to hepatic and renal clearance in comparison to 
eutral particles [163] . Positively charged particles are rapidly 
liminated by the kidney and liver in contrast to negatively 
harged particles owing to their enhanced adsorption affinity 
o plasma protein [ 164 ,165 ]. However, the exact role of surface
harge is not clear regarding the macrophage clearance of 
NPs. Some studies showed that positively charged IONPs are 
ore prone to liver uptake, but some showed that negative 

PIONs are rapidly cleared via macrophage in contrast to non- 
onic NPs [18] . It has been observed that one-dimensional NPs 
ith a big length-to-width aspect ratio exhibited increased 

ystemic circulation in contrast to spherical particles owing to 
heir lower uptake by the macrophages . Elongated NPs having 

ore probability to accumulate into the lymph nodes, while 
pherical accumulates preferably into the liver [ 18 ,162 ]. 

.1.3. Surface coating 
ure MNPs are structurally unstable, aggregated, and 

liminated by RES resulting in a short half-life. Moreover,
he aggregated form of MPNs clogs the blood vessels and 

educed therapeutic potential. Therefore, MNPs should 

e properly stabilized via surface coating by an inert and 

iocompatible material that provides the core material 
rotection, enhanced water solubility, reduction in drug- 
ssociated adverse reactions, targeted drug delivery, and 

xtend the half-life of the drug by preventing opsonization 

y plasma proteins [ 1 ,37 ]. The nature of coating material 
ignificantly influences the particle size, pharmacokinetics,
nd biodistribution of the MNPs inside the body ( Section. 4 ). 

.1.4. Routes of administration 

arious routes of administration like intravenous (i.v.), oral,
asal, and pulmonary significantly influence the MNPs 
harmacokinetics. MNPs administered via the i.v route are 
pecifically taken up by the liver and spleen resulting in 

he blood clearance of MNPs via opsonization, followed 

y the identification via macrophages, and phagocytosis.
psonization (plasma protein adsorption on the surface of 
NPs) increases the size of MNPs leading to an increase 

n hepatic clearance [166] . Various parameters like type,
harge, and functional groups of coating molecules regulate 
he composition and thickness of protein corona around 

he MNPs. Briefly, plasma protein adsorbs on the MNPs 
urface which is further recognized by macrophages and 

liminated by the mononuclear phagocytic system (MPS).
162] . The MPS comprises blood circulating monocytes, and 

acrophages present on the liver, lung, spleen, bone marrow,
rain, and lymph nodes [18] . However, when a large quantity 

s administered then the liver and spleen can only eliminate 
 small portion and an excess portion is accumulated into 

dipose tissues and lungs [167] . 
MNPs administered via the intrapulmonary or nasal 

oute are mainly used for the treatment of pulmonary 
iseases and lung cancer [168] . Some studies revealed that 

ONPs are mainly accumulated ∼2.5-fold in the central lung 
s compared to the peripheral lungs [169] . However, the 
acrophages located on the lung alveoli digest the MNPs 

hrough phagocytosis enabling restriction of the MNPs entry 
nto the systemic circulation [18] . 

Orally administered MNPs usually accumulate to the 
astrointestinal tract (GIT) and used for the treatment of 
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Fig. 12 – Mechanism of MNPs toxicity. 1: Internalization of 
MNPs by endocytosis; 2: Generation of endocytic vesicles; 3: 
Lysozymatic degradation of MNPs and release of iron at 
pH ∼4.5; 4: Proteins/lipids oxidation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

various GIT disorders and tumors. However, this route faces
some problems like instability and poor bioavailability due
to the presence of various enzymes and gastric acid [170] .
MNPs coated with various surface coating agents (pKa ∼3–
5) can overcome the GI acidic environment and diffuses
through the liver sinusoids before reaching the systemic
circulation [162] . The stealthy behavior of coated MNPs can
combat the liver phagocytosis enabling to increase in the
half-life of the formulation. Recently, β-cyclodextrin-PEG-
FA coated camptothecin-loaded MNPs exhibited enhanced
antitumor activity [171] . Other routes such as intraperitoneal,
intramuscular, retroorbital, and subcutaneous are also used
for the administration of MNPs. However, more investigations
are required to understand the pharmacokinetics and
biodistribution of MNPs administered by these routes. 

6.2. Evaluation of pharmacokinetic parameters and 

biodistribution 

Various techniques like AC biosusceptometry (ACB) [172] ,
spectroscopy, magnetometry [ 18 ,173 ], and imaging are used to
quantify the MNPs concentration in systemic circulation and
various organs. 

AC biosusceptometry is used for real-time monitoring
of MNPs in the systemic circulation [172] . Spectroscopy like
inductively coupled plasma-mass spectrometry is used to
quantify the plasma drug and MNPs concentration [174] .
Various magnetometry techniques like superconducting
quantum interference device (SQUID) electron paramagnetic
resonance (EPR), magnetic susceptibility measurement
(MSM), and ferromagnetic resonance spectroscopy (FMR),
are used to portray the iron from MNPs or endogenous iron
[18] . the Imaging methods including transmission electron
microscopy (TEM), optical microscopy, MRI, MPI, etc., are
used to characterize the biodistribution pattern of MNPs
in various tissues [173] . TEM can easily observe the MNPs
distribution in the thin tissue section (0.02 μm) owing to its
enhanced resolution and magnification [175] . Furthermore,
TEM combined with energy-dispersive X-ray spectroscopy
(EDX) is also used to determine the intracellular distribution
of MNPs [129] . Optical microscopy is used to characterize
the distribution of iron (from blood or IONPs) in various
tissue/organ and histopathological analyses [53] . 

7. Toxicity of HP-MNPs 

There are a lot of nanotechnology-based products in
the development stage and at least 12 USFDA approved
nanomedicines are in the market, still, toxicity is the most
important concern. MNPs are intentionally designed to
administer into the biological system so they should be
part of human physiology. Iron (the main component of red
blood cells) is easily transported, metabolized, and stored in
the human system [160] . Iron oxide MNPs such as Feridex,
Endorem, Ferumoxtran-10, etc., are used clinically due to
their biocompatibility and non-toxicity in contrast to other
heavy metal NPs [ 122 ,176 ]. Some recent studies evidenced the
nontoxicity and biocompatibility of IONPs when administered
in a relevant dose (up to 100 mg/kg) [177-179] . However, various
literature stipulated MNPs associated toxicity [ 16 ,160 ,176 ].
Therefore, MNPs associated toxicity needs to be addressed.
In this section toxicity mechanism, factors affecting toxicity,
and evaluation of toxicity will be discussed. 

7.1. Mechanisms of toxicity 

The MNPs mediated toxicity can be explained by the
accumulation of MNPs inside the cell/tissues and the
production of ROS [176] . ROS can be produced via Fenton
/Haber-Weiss reaction [180] or direct production of ROS
from the NPs surface [87] . Briefly, these accumulated MNPs
especially iron-based MNPs are internalized by endocytosis
and further degraded into iron by lysozymes at low pH
(pH ∼4.5) [ 160 ,181 ]. The released iron is metabolized by
RES and subsequently used by red blood cells or cleared
by the kidney. An excess amount of iron can trigger
ROS overproduction leading to adversely affects various
activities like mitochondrial, nuclear, and cellular activity in
combination or individually [159] . Moreover, various ROS such
as hydroxyl ion, hydrogen peroxide, and oxygen radicals are
also produced due to excess metal ion activators [ 108 ,122 ].
Further, ROS activates immune and anti-inflammatory
mediators leading to induce oxidative stress. Moreover,
ROS can deteriorate cell integrity or nuclear activity via
protein denaturation, lipid peroxidation, DNA impairment,
gene transcription modulation, damage signal transduction,
leading to cell death ( Fig. 12 ) [176] . 

7.2. Factors affecting toxicity 

Toxicity is a complex phenomenon that mainly depends
upon the intracellular localization of MNPs in various
tissues/organs and interaction with the cytoskeleton [122] .
Higher accumulation leads to increased interaction with
the cytoskeleton resulting in cellular damage [ 159 ,182 ].
The degree of in vitro toxicity and ROS production is
dependent upon the MNPs’ physicochemical properties,
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Table 8 – In vitro toxicity of MNPs in different cell lines with different physicochemical properties and treatment conditions. 

Type of MNPs Particle size Dose concentration Exposure time Cell line Toxicity Ref 

IONPs 15 nm & 225 nm 10–80 μg/ml A549 No inherent toxicity [196] 
IONPs 72.6 nm 100, 800 and 

1600 μg/ml 
24 h THP-1 Hemolysis [197] 

Sodium oleate 
coated IONPs & 

Silica coated IONPs 

8 nm, 25 nm & 50 
nm 

0.12, 0.6, 3,15 and 
75 μg/cm 

2 
4, 24 or 48 h BeWo b30 placental 

barrier 
Cytoxicity was dose and 
time dependent 

[198] 

Chitosan coated 
IONPs 

6 nm & 8 nm 0.5, 2, 4 μg/μl 24, 48 and 72 h HeLa, A549 and 
HeK293 cells 

Chitosan coated IONPs 
was safer than the bare 
IONPs 

[199] 

Lipoamino Acid 
coated SPIONs 

11 nm 1–500 μg/ml 24 and 48 h Hep-G2 Bare SPION exhibited 
more toxicity in contrast 
to the coated SPION 

[200] 

Starch coated Fe 3 O 4 

MNPs and dextran 
coated Fe 3 O 4 MNPs 

100 nm 0.01–0.5 mg/ml 1 h–72 h Rat 
pheochromocytoma 
PC12 cells 

Bared MNPs exhibited 
magnified penetration 
without any toxicity. 
However, cellular 
uptake was dependent 
on the incubation time 
and MNPs 
concentration in the 
media. 

[201] 

Amino acid coated 
IONPs 

3.98, 4.09, 3.41, 
4.32, 2.35 nm 

0.049, 0.073, 0.110, 
0.165, 0.248 and 
0.373 mg/ml 

72 h HFF2 cell lines All the surface coated 
MNPs were 
biocompatible 

[202] 

Chitosan-dectran 
coated IONPs 

55 nm 1, 5, 10, 50 and 
150 μg/ml 

1, 3, 12, and 24 h Human cervix 
carcinoma HeLa 
cells 

Dose and the 
time-dependent 
cytotoxic effect was 
observed 

[203] 
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NPs’ chemical composition, protein corona, cell type, the 
iodegradability of MNPs, dose concentration, and exposure 
ime ( Table 8 ). Additionally, administered dose quantity,
oute of administration, surface coating, pharmacokinetics,
nd biodistribution also plays an important role in vivo 
oxicity ( Table 9 ) [ 16 ,18 ,87 ,160 ]. Moreover, Age also influences
ron toxicity due to different serum ferritin concentrations 
male:15–320 mg/ml, and Female: 6–155 mg/ml). 

MNPs physicochemical properties like particle size, surface 
rea, shape, and surface coating play an important role in ROS 
eneration. Particle size determines the transport, cellular 
nteraction, and defense mechanism. Smaller NPs (1–100 nm) 
ith larger surface area exhibited enhanced toxicity due to 

asy penetration through the cellular membrane enabling 
o increase in the NPs concentration [ 183 ,184 ]. However,
ome studies showed that no significant difference was 
bserved due to size-dependent toxicity [185] . Rod shape 
ONPs showed more toxicity than spherical NPs due to 

ore accumulation into the cytoplasm [186] . Surface coating 
s an important factor influencing the MNPs associated 

oxicity. Studies revealed that the coated MNPs are more 
iocompatible and nontoxic in contrast to bare MNPs due to 

esser oxidative sites [ 16 ,36 ,122 ]. Additionally, bare NPs can 

nduce the overproduction of ROS leading to alter cellular 
orphology and genotoxicity [181] . Various coating agents 

re used to increasing the stability and biocompatibility 
f MNPs ( Section 4 ). However, some studies reported that 
arboxydextran and oleate-coated MNPs are more toxic as 
ompared to bare MNPs. Thus, the composition of the coating 
nd thickness of the coating material should be properly 
elected for successful biomedical application. 

Overproduction of ROS is associated with the MNPs’ 
hemical composition and crystallinity [184] . It has been 

bserved that at neutral pH higher ratio of Fe (II, III) can 

ncrease the ROS production [181] . Moreover, the oxidation 

tate of Fe (magnetite and maghemite) and stoichiometric 
atio of Fe 2 + and Fe 3 + also influence cellular toxicity.
tudies revealed that magnetite exhibited more toxicity as 
ompared to maghemite due to its oxidation [ 36 ,181 ]. Another 
tudy showed that same size TiO 2 NPs with prism-shaped 

rystal structure exhibited more cellular/nuclear toxicity 
s compared to the octahedral shaped NPs. However, the 
rystalline structure of NPs depends upon the dispersion 

edium, biological fluids composition [184] . Furthermore, the 
xtent of toxicity also depends upon the cell type [181] . It 
as been observed that MNPs with similar physicochemical 
roperties exhibited different toxicity in different cell lines 
 36 ,108 ,122 ]. This variation may be due to different contact
oints between the MNPs surface and cell membrane.
oreover, various studies demonstrated that the behavior of 

ell lines in 3-dimensional culture was similar to cell lines in 
ivo [176] . 

.3. Evaluation of toxicity 

arious techniques and assays are used to evaluate the 
n-vitro and in-vivo toxicity of MNPs ( Table 10 ). In vitro 
ssays such as proliferation, apoptosis, necrosis, oxidative 



Asian Journal of Pharmaceutical Sciences 16 (2021) 704–737 729 

Table 9 – In vivo toxicity of MNPs in various animal models using different routes of administration. 

Type of MNPs Size Animal Route of 
administration 

Dose/Time Toxicity Ref 

Polyacrylic 
acid-coated cobalt 
ferrite MNPs 

9.2 nm Albino mice i.m 100 μg/ml No vital organ toxicity 
was observed 

[204] 

Aminocellulose, 
PAMAM dendrimers 
generation-2, and 
parabenpoly 
ethylene glycol 
coated IONPs 

100–110 nm Swiss albino 
mice (female) 

i.v 5, 10 and 25 mg/kg The triple layer coated 
MNPs were found 
biocompatible at all 
doses. Whereas, bare 
MNPs exhibited toxicity 
to vital organs at a 
higher dose 

[205] 

IONPs 15 nm & 225 
nm 

Balb/c mice 
(male) 

s.c 2 × 10 6 cells/100 μl PBS No inherent toxicity [196] 

IONPs 72.6 nm IGS rats (female) i.v 12 mg/kg for 6 d Eryptosis [197] 
IONPs 15 nm Zebrafish – Incubated in a fish tank 

at 1 ppm and 10 ppm for 
14 d 

No behavioral toxicity 
was observed at 1 ppm 

but neurotoxicity was 
observed at 10 ppm 

[206] 

Polyethyleneimine- 
coated and 
poly(acrylic 
acid)-coated IONPs 

28–30 nm Crl:CD1(ICR) 
(CD-1) mice 
(male and 
female) 

i.p 10 and 100 mg/kg on 
gestation day 8, 9 or 10 

No toxicity was 
observed at 10 mg/kg 
regardless to charge. 
However, 
charge-dependent 
toxicity was observed at 
100 mg/kg 

[207] 

Alendronic- and 
undecylenic 
acid-coated MNPs 

21 nm C57BL/6 mice 
(male) 

i.v 0.5, 5, 50, and 500 μg/ml 
for 24 h 48 h 

The coated MNPs 
exhibited 
dose-dependent 
cytotoxicity 

[208] 

PEI coated IONPs 
and PEG coated 
IONPs 

10–30 nm Nude mice 
(Nu/Nu strain) 
and BALB/c mice 

i.v 1.5 mg/kg for 
biodistribution study 
and 1.5, 2.5, or 5 mg/kg 
for toxicity 

No toxicity was 
observed for pegylated 
MNPs whereas, 
PEI-coated MNPs 
exhibited 
dose-dependent severe 
toxicity 

[209] 

Chitosan-dextran 
SPIONs 

55 nm Wistar rats 
(male) 

i.v 2.5 mg/kg The results revealed 
that the charged MNPs 
exhibited magnified 
cellular uptake enabling 
augmented cytotoxicity 

[203] 

Ferrite and 
manganese ferrite 
oxide MNPs 

3–20 nm Zebrafish 
embryos and 
Balb/c mice 
(male) 

i.v 0.01, 0.1, 1, 10, 100 μg/ml Normal hatching with 
no mortality was 
observed in the 
zebrafish model 
exposed to IONPs. 
However, manganese 
ferrite exhibited 
significant toxicity 

[210] 

Carbon coated MNPs 24 nm Zebrafish – Incubated in a fish tank 
at 1 ppm and 10 ppm for 
14 d 

Carbon coated MNPs 
were safe as compared 
to the uncoated MNPs 

[42] 

PAMAM dendrimers 
generation-4 coated 
IONPs 

241 nm BALB/c mice i.p 5 mg/ml Accute toxicity was 
observed 

[211] 

 

 

 

 

 

 

 

 

stress are simple, easy, and cost-effective without using the
animals [187] . These assays are used to analyze alteration in
membrane integrity, nuclear and metabolic activities of cells
after interaction with the MNPs. MTT ((3-(4,5-dimethylthiazol-
2-yl) −2,5-diphenyltetrazolium bromide) or MTS ((3-(4,5-
dimethylthiazol-2-yl) −5-(3-carboxymethoxyphenyl) −2-(4- 
sulfophenyl) −2H-tetrazolium) assays are widely used to
evaluate cytotoxicity studies by using different cell lines
[181] . The result reproducibility depends upon the types of
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Table 10 – Various techniques and assays used to analyze MNPs associated toxicity [ 129 ,176 ,187 ]. 

Technique/Assay Parameter 

Fluorescence microscopy ROS, cytotoxicity, apoptosis 
Flow cytometry ROS, cytotoxicity, apoptosis, cell cycle impairment, cellular uptake 
Spectrophotometric technique Haemolysis, iron assay, quantification of NP uptake 
Western blot Cell cycle regulation, autophagy 
SEM and TEM Autophagosome formation, morphological changes in cell line 
Single-cell electrophoresis Genotoxicity, apoptosis 
MTT Cytotoxicity 
Clonogenic assay Cell survival 
Comet assay Genotoxicity, apoptosis 
Annexin-V assay Apoptosis 
TUNEL Apoptosis 
Trypan blue exclusion assay Stability of cell membrane 
Amplex red assay Oxidative stress 
Nitro blue tetrazolium assay Oxidative stress 
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ells, physicochemical properties of NPs, assay procedures,
omposition, and conditions of cell culture media [ 16 ,176 ,184 ].

Despite the reproducibility and cost-effectiveness of in 
itro studies, poor correlation can be made between in 
itro and in vivo studies [181] . This contradiction may be 
ue to the complex microenvironment and homeostasis 
ystem of the human body [176] . In vivo studies are usually 
arried out in animal models for months or years due to 
rolonged systemic circulation. These studies are useful for a 
etter understanding of absorption, distribution, metabolism,
xcretion, and toxicity of MNPs in the living organism 

159] . Various animal models like murine [188] , zebrafish 

189] , and rabbit [144] are used to evaluate the changes in 

erum chemistry, organ histopathology, and genetic profiles 
 18 ,187 ]. 

Furthermore, various spectrophotometric (ICPMS, Prussian 

lue staining, ferozoin, quantichrom assay, and imaging 
echniques (Section 5.2.3) are used to quantify the uptake of 
Ps inside the body [181] . 

. Challenges and future perspectives 

lthough significant technological progress has been made 
egarding biocompatible MNPs synthesis, characterization,
nd post-synthetic modification for efficient biomedical 
pplications yet few MNPs based formulations are under 
linical trials due to some challenges [87] . Therefore, some 
ritical points need to be researched further to overcome 
ertain challenges like crossing the biological barriers,
DT/MH therapy, recognizing the interaction of MNPs with 

he complex human biological environment, escaping the 
mmune system, and MNPs associated toxicity. 

After administration, all the formulations including 
NPs face various biological barriers that diminish the 

ocalization or site-specific targeting resulting in the poor 
herapeutic efficacy of the formulation. Moreover, nonspecific 
istribution, drug efflux pumps, opsonization, MPS clearance,
ndosomal escape, and cellular internalization also mitigate 
he therapeutic efficacy of MNPs. These limitations can 
e overcome by modulating the size, shape, surface 
hemistry, composition, drug loading, pharmacokinetics, and 

iodistribution of the MNPs. Therefore, smaller size MNPs 
ith augmented magnetic sensitivity should be fabricated to 
aintain the magnified spatial and temporal responsiveness.
ostly reported MNPs are either spherical in the shape or 

ossess a low aspect ratio. Further shape variations of these 
anocarriers and magnetically actuated nanomedicines can 

e superparamagnetic nanotube, nanorods, nanodiscs, nano 
orms, and nano chains, etc. These MNPs can be explored 

n combination with other heterostructure composites 
ith improved properties for drug loading and deep signal 

ollections. A new class of materials like MMOF, MLs, cobalt- 
ased magnetic carbons, etc. can be among candidate 
olecules for these synergies. 
MDT in humans is another challenge due to thick skin 

nd tissues in comparison to other test models. Moreover, the 
bsence of homogeneous penetration of MNPs also hinders 
he therapeutic efficiency of the drug delivery system. Current 
argeting is restricted to the superficial area as the magnetic 
eld for deeper application is not sufficient and needs to be 

mproved and optimized for efficient MDT [161] . Additionally,
argeting specific organs /tissues especially tumors is another 
hallenge owing to their complex structure [64] . Various 
trategies like conjugation of antibodies, specific ligands,
mmunomodulators have been used to magnify the targeting 
ut < 10% MNPs are successful for prolonged delivery with 

inimum toxicity [87] . 
As per the literature, the maximum frequency and 

mplitude are H × f < 5 × 10 9 , but the exposure effect of
MF in various tissues and organs has not been properly 

nvestigated in MH therapy. Recently, various studies revealed 

hat variation in a magnetic field such as amplitude and 

requency [100] , speed, and direction [101] , influences the MH 

fficiency. More research should be carried out to explore 
ther factors which affect eddy heating in various tissues or 
rgans [64] . 

Furthermore, extensive safety and toxicity data 
equirement is another challenge for the regulatory approval 
n human application. Although, a lot of data is available on 
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the toxicity of these MNPs in terms of purity, functionality,
and geometrical isotropy yet the research must be going on in
the future to explain the impact of particles on chemical and
physical asymmetry in an in-vivo environment. Chemical
(functional group) diversity, amphiphilicity, high dipole
moments, and shape anisotropy are further concerns in-vivo
usage [17] . Therefore, a multidisciplinary collaboration should
be taken between the various research/academic institutions
and regulatory authorities. 

9. Conclusion 

MNPs have manifested high potential applications in various
research and industrial communities like physics, chemistry,
electronics, environmental, and healthcare owing to their
unique properties. Biomedically, MNPs are designed to
accomplish prolonged site-specific drug delivery, diagnostic,
and imaging without any adverse effects. Therefore, various
physicochemical properties like particle size, surface charge,
hydrophobicity, and shape should be modulated for the
successful transportation of MNPs through the biological
membrane by escaping the immune system. Moreover,
the synthesis method also governs the post-synthetic
modification and specific applications. However, MNPs
face certain limitations such as loss of magnetic property,
oxidation, aggregation, and poor storage stability. These
limitations can be overcome by stabilization of MNPs by using
suitable coating materials such as inorganic and organic
biocompatible materials like polymers, metal, metal oxides,
silica, etc. 

Despite their extensive use in the health care system
few formulations are under clinical trials/clinically used due
to certain challenges like toxicity, long-term effectiveness,
physiological pH stability, and specific targeting to the deeply
located large blood vessels. Moreover, some pharmacokinetic
alterations in the parent therapeutic modalities also
may lead to toxic/side effects. Therefore, the in vivo
fate of MNPs needs to be addressed to figure out the
biological behavior, interaction with the living organism,
and efficacy. The pharmacokinetics and biodistribution of
MNPs are significantly influenced by various factors like
physicochemical properties and surface functionalization
of MNPs. Additionally, routes of administration, biological
fluid composition, and opsonization also affect the various
pharmacokinetic parameters like plasma half-life (T 1/2 ),
distribution, and elimination. 

The clinical use of MNPs may be increased by magnifying
their loading capacity, improving pharmacokinetic and
biodistribution parameters with increased therapeutic
efficacy and specificity to the target site without any toxic
effects. These can be improved by post-synthetic modification
or fabrication of various organic-inorganic biocompatible
magnetic micro/nanocomposites like magnetoliposomes,
magnetic microrobots, stimuli-responsive magnetic
nanosystem, stimuli-responsive magnetic nanomicelles,
and ultramagnetic liposomes and magnetic metal-organic
frameworks, etc. Post synthetic modification comprises
functionalization/loading of various components onto
the surface or inside the core of MNPs resulting in HP-
MNPs. Further, the therapeutic efficacy of HP-MNPs can
also be synergized by combining with other therapies like
chemotherapy, radiotherapy, immunotherapy, photodynamic
therapy, and gene therapy. The synthesis of HP-MNPs with
reduced dosage and minimum adverse effects is still in
progress. Additionally, the tailored properties of HP-MNPs
and customization options in detection techniques open
new possibilities for new detection combinations. Although
considerable efforts have been made to improve the clinical
application of MNPs, more multidisciplinary collaborative
research must be required to completely overcome the
long-term toxicity. 
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