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ABSTRACT: Over the past few years, engineered inorganic nanoparticles have been studied
researched, and applied extensively in the biomedical field since resultant platforms increase the
usage of the nanoparticles for particular theranostic applications. The innovation of such
nanosystems has the potential to develop a theranostic mode that integrates both diagnosis and
treatment of diseases in a particular system via combinatorial approaches of imaging, targeting,
and therapy that accomplish the potential of personalized and tailored medicine. The
manipulation of magnetic nanoparticles (MNPs) as theranostic agents have attained growing
consideration in material science owing to their exclusive capability in magnetic targeting,
magnetic resonance imaging, chemotherapy, hyperthermia, bioseparation, gene therapy, enzyme
immobilization, and controlled release of the drug. To intensify the diagnostic and therapeutic
efficacy, MNPs have been ornamented or functionalized with a range of materials to enhance the
biocompatibility, stability, and capability to carry therapeutic payloads and to encapsulate
imaging agents. Preferentially synthetic and natural polymers have been exploited to coat for
ensuring their colloidal stability and good dispersibility in biological fluids. Stimuli-responsive
polymers have also been used to functionalize MNPs to establish a therapeutic approach that can
significantly enhance therapeutic effectiveness including the real-time monitoring in specific
cells and tissues. The present review highlights the progress of MNPs emphasizing
functionalization using diverse inorganic and organic and biomaterials. Furthermore, it also
provides the soundproof concept on the potential of MNPs and their colloidal counterparts that
offer attractive possibilities for theranostic applications. Finally, the main challenges and
limitations in the use of MNPs for advanced biomedical applications have also been critically

provided.
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INTRODUCTION
At present nanotechnology is mostly applicable in biomedical applications due to the recent
advances in the understanding of materials combined with other materials that can safely be
incorporated for medical diagnosis and therapeutics. Nanoparticles offer several beneficial
experiences for numerous bioapplications on account of their exceptional chemical, biological,
and physical properties. Nanoparticles composition (lipids, metals, peptides, polymers) and
shapes (spheres, pyramids, rods, and flowers) are influenced by the synthesis methods and
functionalization procedures. The conception of the operative nanosystem aimed at theranostic
nanoparticles trying out new medication which at the same time provides together imaging and
therapeutic agents for disease management. * The blend of imaging and therapeutics permits
huge handling of treatment, currently named theranostics that describes single and biocompatible
nanoparticle which can be used in both diagnostic and therapeutic. Theranostic is the integration
of multiple moieties into a single nanoplatform for diagnostic and therapeutic purposes. A large
amount of work is dedicated to biomedical uses as conventional nanoparticle systems distinctly.
However, several administrations are essential to achieve all vital functions that bring
apprehensions about persistent compliance of patient and safety with care. For theranostics to be
effective, multifunctional preparations which consist of nanoparticle used for drug transfer with
incorporated contrast agents with fewer side effects related to old-style chemotherapy
procedures. A new trend is developing for using MNPs for theranostic uses due to its
biocompatibility, sizes, the capability of biofunctionalization, and their responses to the external
field. >

Three main approaches include the usage of nanoparticles in theranostic applications. The
first approach involves treatment with effective estimation via imaging at the molecular level;
the second approach describes molecular imaging probes to assess the therapeutic strategy of
nanoparticles. The third one defines nanoparticles as a tool for imaging and therapy at the
molecular level at the same time.? By integrating diagnosis into therapy, theranostic approaches
are beneficial for planning and follow-up of treatment and monitoring of objective response

centred on characteristics of molecular disease.” The developing integrated strategies



revolutionize the theranostic systems to assess the efficacy of nanoparticles.

In this respect, magnetic theranostic nanoparticles are of noticeable importance and have
been studied, investigated, and applied widely to biomedical applications for diagnosis and
therapy For biomedical applications, these days nanotechnology has enhanced the features and
designs, explicitly the essential requirements and properties of MNPs. They have increased
popularity and emerged as important biomedical functional nanomaterials because of their
exceptional characteristics such as chemical stability, biocompatibility, high saturation
magnetization, and less toxicity and capacity to work at the molecular and cellular level. > MNPs
can be used for diagnosis, gene delivery, hyperthermia, drug delivery, phototherapy,
bioseparation, imaging mechanisms, chemotherapy due to their inimitable characteristics and can
be used in combinational approaches for theranostics. ® ’ A wide variety of nanomaterials have
been employed for better contrast agents encapsulation, biocompatibility, transportation of
therapeutic payloads, and to provide functional groups to conjugate biomolecules to enhance the
efficiency of MNPs, that are used for theranostic applications. A significant effort has been
dedicated to the synthesis and design of MNPs that are ferromagnetic with controlled
parameters.”

Mostly MNPs used in the biomedical application are made of nanoparticles of iron oxide
(IONPs e.g. y-Fe203; (maghemite) or FesO, (magnetite)) and gadolinium (chelated organic
gadolinium complexes) because of their capability of decomposition into oxygen and iron in the
body. After degradation, they are used in oxygen transport and metabolic systems and can easily
be removed from the body. When nanoparticles are fabricated of size of approximately 10 nm in
diameter, IONPs show superparamagnetic behaviour (superparamagnetic iron oxide
nanoparticles, SPIONs) accountable to better dispersability without magnetic field. ° They
accumulate at the target site in magnetic field presence that is of immense significance in
theranostic uses. '° IONPs can be doped by elements having magnetic susceptibility (e.g.
CoFe,04, MnFe;04, etc.) and metal alloys (e.g. FePt, FeCo, etc. nanoparticles), but they cannot
be engaged in medical applications because of their rapid oxidation with potential toxicity.
Though, the magnetic properties of these metal alloys and ferrites are robust than that of the pure
iron oxide. °

For theranostic applications, MNPs must be monodisperse and have a uniform

composition. Each distinct nanoparticle possesses nearly indistinguishable chemical and physical



characteristics for controlled bioelimination, biodistribution, and contrast effects. ** Their
magnetic moment should also be high and can be altered through bonding precisely to
biomolecules of concern. They also should have the capability to resist diverse physical and
biological conditions. > Among MNPs, magnetite is relatively a promising material for
bioapplications because of its adequate biocompatibility, reduced toxicity, effective magnetic
characteristics, and has also been authorized with United States Food and Drug Administration
(FDA). ' 1 Table 1 displays the record of IONPs approved by the Food and Drug
Administration (FDA) and the European Commission (EC) for clinical applications. Later the
usage of sinerem and ferumoxide was abandoned.** Only two SPIONs-derived products
approved by FDA are commercially available are GastroMARK and ferumoxytol. ** ** Less
toxicity of nanoparticles was also established through in vivo studies in animals via
morphological investigation of internal organs of animals by administrating magnetite
nanoparticles by various methods. > MNPs have a pronounced ability to evaluate and predict
diagnostic and responses in therapy. Their usage not only provides profitable prospects for
transformation and modification of on-going treatments but also beneficial for the development
of new tools in personalized manner.

Table 1. List of iron oxide nanoparticles approved and abandoned by FDA for clinical

usage. Reproduced from ref **. Copyright 2021 PubMed Central.

IONPs Indication Size Administration
Lumirem, approved by  Contrast agent for MRI for 50 nm Oral
FDA gastrointestinal tract

Ferumoxides or Feridex, Contrast agent for MRI for liver 120-180 Injectable
approved by FDA, later  cancer nm solution
abandoned

Ferucarbonate, Contrast-enhanced MRI of liver 45-60 Injectable
approved by FDA nm solution
Sinerem, authorized by ~ Detection and characterization of 10- 40 Injectable
European marketing, metastatic lymph nodes in patients nm solution
later abandoned with pelvic cancer




Ferumoxtram, approved Detection and characterization of 10- 40 Injectable
by FDA metastatic lymph nodes in patients nm solution

with pelvic cancer

Ferumoxytol, approved  Detection and characterization of 20-50 Intravenous
by FDA and EC metastatic lymph nodes in patients nm

with pelvic cancer

NANOVECTORS IN THERANOSTICS

The area of nanotechnology proposes an amazingly extensive range of innovative and advanced
nanovectors with high adaptability and compliance for theranostics that includes both diagnosis
and therapy. Nanomaterials with many nanovector-based formulations gave a significant
contribution to the development of such theranostic systems. It encloses the handling of particles
to work with them at the molecular and subatomic levels to study and treat diseases. The
capability of nanovectors to carry and deliver one or more bioactive molecules assists the
incapacitating of some traditional diagnostic complications, such as detection of a multiplexed
analyte, extraordinary sensitivity, and reproductive signal amplification to quantify biomarkers
present in the body fluids at an ultra-low concentration. Nanotechnology provides a platform to
design and develop such nanovectors that deliver innovatory stimulation therapy. As a result, the
interactiveness of nanoparticles with the selected area of target promotes biological reactions
along with the least harmful effects.

Previously magnetic nanoparticles, noble metal nanoparticles, and quantum dots (QDs)
were in employment for several diagnostic and therapeutic purposes.® '’ Recent developments
have created an opportunity to discover novel theranostic nanovectors that can be used in the
management of disease to overcome the shortcomings of orthodox nanoparticle systems such as
safety and patient compliance. Various designed nanovectors are united with molecular imaging
probes and drug comprising inorganic and metal (silver, gold, iron oxide, and silica
nanoparticles) nanoparticles, polymer nanoparticles including micelles, liposomes, and
dendrimers as shown in Figure 1, defining the best combination for specific theranostic

applications with fewer side effects. ®
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Figure 1. Schematic illustration of nanovectors towards theranostics.

Recently, the interest in using nanoparticles of metal like silver, gold, palladium,
platinum, bismuth, zinc, molybdenum, manganese, copper, and iron have been developed in
diverse biomedical applications, like biosensors, sustained/target delivery of the drug,
photothermal therapy, bioimaging, as well as hyperthermia. **?? The nanoparticle's variation,
stabilization, and modification by particular functionalization groups permits the binding of
drugs, ligands, and other antibodies to them, which make the structures further favorable
theranostic agents. The most fascinating theranostic nanovectors among inorganic nanomaterials
are IONPs due to their distinctive physicochemical characteristics at the nanoscale. They
generate huge benefits for nanoparticulate structures for the primary and timely recognition and
active drug delivery of drugs for improved theranostics approach. ?* Gold and silver
nanoparticles have also been extensively explored as multifunctional nanovectors and exhibit
distinctive optical and thermal properties,* which can readily upgrade these nanomaterials to be
prospective theranostic agents.” ?® They are easy to synthesize and functionalize, relatively less
toxic, and exhibit numerous benefits such as versatility and biocompatibility. These nanovectors
are used as X-ray contrast agents, surface-enhanced Raman spectroscopy (SERS) enablers, and

in radiotherapy enhancement. 2’ Polymeric nanoparticles and micelles are also used as probes for



imaging and carriers for theranostics because of their high drug payload and scalability,
sustained release of the drug, low-cost production, low batch variability, easier tenability, and
degradation properties. % ?° The usage of polymeric micelles is helpful because of their ability to
entrap contrast agents and hydrophobic drugs, preserving their hydrophilic characteristics as
carriers, compared to soluble polymers or liposomes.*® Liposomes, artificially generated vesicles,
have essentially been examined as vehicles for delivery of drugs following their favorable
invulnerable profile. Multifunctional nanovectors have been created with liposomes
encapsulating contrast agents for the instantaneous release of drug and early diagnosis of a
disease.*! Dendrimers gain increasing significance in the field of theranostic by virtue of their
size and encapsulating ability of imaging tracers along with several drugs with high efficacy. The
dendrimers as multifunctional nanovectors represent promising structures for theranostics
because of excellent biocompatibility, biodistribution, and satisfactory diagnostic and therapeutic
efficacy. * Quantum dots (QDs), inorganic semiconductor nanocrystals can be conjugated non-
covalently or covalently with probes for targeting, like several folate aptamers, antibodies,
nucleic acids, peptides, and small molecules that signify a probable participant for theranostic
purposes. They showed clinical potential limitations attributed to their potential toxicity in
humans.®® The improvement of chemotherapeutic agents by carbon nanomaterials make them
valuable for diagnostics and therapeutic applications. But because of subsequent toxicity and
slower biodegradation, they had poor clinical potential.** Silica nanoparticles are biodegradable
and biocompatible materials and widely used in applications of nano theranostics. They have
been thoroughly investigated in diagnostics because of their tunable shape and size, and
extraordinary drug loading capacity attributed to the wide surface area. *> Due to superior
stability, biocompatibility along biodegradability, modern researchers get encouraged to use
these bio-nano particles for theranostic research. They include solid lipid nanoparticles, protein
nanoparticles, viral nanoparticles, apoferritin, and aptamers, where the bio-mimicking
constituent is assimilated into therapeutic nanoparticles. These forms of nanoparticles were
effectively synthesized, designed, and employed for theranostics applications. *® Table 2 presents
a list of various designed nanovectors combined with drug and molecular imaging probes of a
certain size.

Table 2. Various nanovectors employed in theranostic applications.



Type of nanovectors Biosafety Size Main theranostic Applications Ref

Metallic Nanoparticles Potential 2-70nm Delivery vehicle 17,20,22
(Cu, Pd, Zn, Bi, Mo, toxicity
Mn, Ce, Pt)
Magnetic Potential 10-20nm Drug delivery, MRI, Contrast agent 2
Nanoparticles toxicity

37,38

Gold Nanoparticles Low toxicity 10-60nm SERs, Biomedical applications

Silver Nanoparticles Low toxicity 10-50nm Biosensors, Drug delivery, Molecular %

imaging, In vivo cancer therapy and

diagnosis
Polymeric Low toxicity 20-70nm Delivery of water-insoluble drugs, %
Nanoparticles/micelles Nutraceutical delivery systems
Liposomes Less toxicity 10-70nm Drug delivery, Gene encoding 3
Dendrimers Potential 10-40nm Biomedical applications, Drug carrier,
toxicity Imaging agents, Gene delivery
Quantum Dots (QDs)  Potential 2-50nm Drug Delivery, Diagnostics, and *
toxicity biomedicine
Carbon Potential 0.4-40nm  Biomedicine 40
Nanomaterials toxicity
Silica Nanoparticles Low toxicity 20-25nm Drug delivery 4
Bio-Nanoparticles Very low 20-500nm  Testing and treatment of various *°
toxicity viruses

SYNTHESIS OF MAGNETIC NANOPARTICLES
For the last 20 years, there has been implausible research work to investigate and advance

various ways of controlling the physical and chemical properties of IONPs. For basic and



biomedical benefits, it is a strong need to prepare discrete and distinct MNPs. There are many
physical and chemical methods to design MNPs in such a way as to have biocompatible surface
stabilizers for biomedical applications. ** Considerable efforts have been put into design,
development, and improvement that makes highly pure nanomaterials and enables their mass
production, but the shape and size of nanoparticles are hard to control. ** In very broad terms,
there are three distinct methods (physical, chemical, and biological) being employed for the
synthesis of MNPs and they are well documented and studied throughout the literature.** To deal
with these side effects, numerous chemical techniques have been explored to prepare high-
quality nanoparticles depending on their colloidal chemistry in the solution-phase.

Synthesis of MNPs via physical methods includes the decomposition of magnetic
responsive materials to target the desired site. These methods are difficult because they need
high energies, skilled manpower, and optimized sophisticated parameters for their operations.
Biological methods are distinctive and highly localized in the sense that they involve
magnetosomes in well-defined lipoprotein chambers that prevail inside the living body. ** This
permits the host to develop a magnetic field inside it that responds to the magnetic field of the
earth. Chemical methods are the most versatile and enable excellent control over shape,
morphology, and nanoparticle size. They are simple, highly productive, and can be carried out
without any complicated equipment. Chemical methods have advantages over the other methods
because they are environmentally friendly and can easily scale up for large synthesis of
nanoparticles. “° The comparison of different chemical methods is summarized in Table 3.
Table 3. Differentiation of various chemical approaches for synthesizing magnetic

nanoparticles.

Synthetic  Approaches Characteristics Of Magnetic nanoparticles

of Magnetic

nanoparticles Synthesis  Size and Size  Morphology =~ Magnetization Solvent Reaction Advantages Disadvantages

distribution values Temperature

Bulk solution method Simple 10-50 nm Spherical 20-50 emu/g  Water 20-90 °C Bulk synthesis Abandoned

(Coprecipitation) accompanied by oxidation
super- of magnetite to
paramagnetic maghemite,

behavior diamagnetic

contribution

Ref

45,47, 48




Micro

emulsion method

Pyrolysis

(Aerosol/vapor) method

Sol-gel method

Gas deposition method

Complex 4-15 nm Cubic or >30emu/g Organic 20-50 °C Uniform Surfactants are
Spherical properties hard to
eliminate,
insignificant
quantity can be
produced
Simple 5-60 nm and  Spherical 10-50 emu/g in Organic 5-60 °C High Large
wide size addition to production rate  aggregates are
distribution preferred magnetic formed
characteristics
Simple 20-200 nm Spherical 10-40 emu/g  Water 100-200 °C Desired shape, Products
alongside length contain sol-gel
paramagnetic and hybrid  matrix
property nanoparticles components
Complex 5-50 nm and  Spherical >20 emu/g Organic 900-1100 °C  Beneficial for Requires very
narrow size thin film  high
distribution deposition and  temperature
protective
coatings

45, 49-51

45,52

45, 53,54

45, 55

Due to extensive applications of MNPs, in the field of medicine, material science,
engineering, and environmental sciences, different methods have attracted much attention. A lot
of work has been devoted to synthesize shape-controlled, stable, biocompatible nanoparticles of
uniform size. Monodispersity in nanoparticles with the tunable size is essential for biological and
biomedical applications. Different methods have been developed to synthesize MNPs with sizes
in the range of nanometers. The main challenge in the methods of preparation of MNPs for
theranostic applications is to control the size, shape, distribution, magnetic properties, and
surface chemistry of the nanoparticles. *® For in vivo applications, either biological or chemical
methods are used to prepare magnetically sensitive nanoparticles. However physical approaches
have also been employed for the fabrication of nanoparticles used for in vitro applications such
as catalytic activities and metallurgical processes and many other industrial operations. The
design and application of magnetic material propose some attractive potentials for biomedical
application on account of their controllable sizes going from one to tens of nanometres,
equivalent to the size of the cell (10-100 um), a protein (5-50 nm) a virus (20-450 nm), or a

gene (2 nm wide and 10-100 nm long). >’



Once these ferromagnetic nanomaterials are obtained, it is important to characterize these
particles to determine their physical properties like shape, surface morphology, and size, thermal
and magnetic characteristics. Several techniques have been designed to characterize
nanoparticles, although none of these can provide complete information regarding studied
materials.”® °° Over with careful investigation of characteristics of materials, significant

deductions of fundamental connections between them and applications can be made.

SURFACE FUNCTIONALIZATION AND MODIFICATION OF MAGNETIC
NANOPARTICLES

Functionalized IONPs are potential candidates for biomedical applications because they possess
exclusive physical and chemical properties. Magnetic nanoparticles need to have appropriate
monodispersity, core size, high saturation magnetization (Ms), and acceptable hydrodynamic
diameter for theranostic applications. ® They should have good constancy in biological fluid
media, biodegradability and biocompatibility with decreased toxicity, and capability of clearance
from the body. Therefore, it is essential to acquire water-dispersible nanoparticles. Mostly
biological aqueous solutions are neutral, therefore coating of magnetic particles with polymers
and surfactants to prevent agglomeration, increase biocompatibility, and supplement surface
functionality. These interactions of coatings and magnetic core make a chaotic magnetic deposit,
decreasing the overall magnetic phase, which is a vital factor for countless purposes. ®* Coating
is vital for colloidal stability of particles that prevents gravitational settlement and aggregation
with decreasing the dipole-dipole interaction among particles.®? Surface modification of
nanoparticles with peptides, antibodies, ligands, genes, drugs to make hybrid multifunctional
nanomaterials, shown in Figure 2, not only confirms of stability of colloids but also prevents
agglomeration, sedimentation, and oxidation. ®* * Some methods to improve colloidal stability
include:

(@)  Nanoparticles coating with organic species (polymers and surfactants).

(b)  Nanoparticles coating with an inorganic species (silica or carbon).
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Figure 2. Surface stabilization of magnetic nanoparticles by peptides, antibodies, ligands,
genes, and drugs, for the fabrication of multifunctional magnetic nanoparticles for
theranostic applications.

Magnetic nanoparticle stability is very significant for theranostic applications. Quite a lot
of methods were established for modification of IONPs comprising post-synthesis coating and in
situ coatings, which are trivial ways for coating of IONPs with organic material. MNPs are
coated with a diverse group of organic and inorganic materials to prevent particle accumulation.
® They act as stabilizers by binding covalently to the nanoparticles that enable the nanoparticles
to possess high magnetic susceptibility. Magnetic nanoparticle coating can be achieved via
several methods, counting in situ coatings, post-synthesis end grafting, and adsorption. ¢ An
additional main feature of surface functionalization to transmit stability involves the combination
of additional stimuli-responsive functions with molecules. Responsive magnetic colloids have
functional groups that respond to the environs in a well-controlled way. That is why the surface
chemistry of magnetic colloids is notably reliant on the kind of functional groups. IONPs were
modified with exceptional groups (e.g. -OH,—NH2, -COOH, —SH) for added functionalization
by attachment of diverse biologically active molecules, resulting in organic/inorganic complex

having core/shell nanostructure for different applications.®” ® Recognition time or treatment of

L



unhealthy cells through immune system is prolonged by adding functionality. These functional
complexes possess theranostic properties and can be employed in both therapeutic and diagnostic
procedures. The surface chemistry of these core-shell nanostructures dictates their working
environments and function. ® The structure of magnetic polymer colloids not only preserved the
magnetic property of magnetic iron oxides but also other properties of organic molecules. The
surface modification brings a precise variation in the behavior of IONPs in solution such as
overall toxicity and pH response. " ™* By tuning the size of the core, the thickness of the coating,
and target ligands, the nanoprobes were designed for targeting particular cells, tissues, and
various disease biomarkers. The core/shell morphology of MNPs has the benefit of high stability
against oxidation, good dispersibility, and a large surface area to load drugs onto the shell.
Scientifically, spherical nano architectures displaying blends of some characteristics are
particularly attractive because discrete material does not own such properties. Biodegradable
polymer colloids are small particles having diameter extending from 10- 400 nm and are utilized
for different applications since 1970s. Properties of these nanostructures get vary with
morphology, formulation parameters, constituents, and design. The use of recent investigation
methods enhances knowledge of the superficial and internal morphology of the hybrid
nanoparticles and offers a better understanding of the colloidal behaviour. MNPs formulation
with polymers offers a multifunctional colloidal system comprising both imaging and therapeutic
agents. Because of exceptional properties, magnetite has been evaluated as a promising material
for diagnostic, therapeutic, or simultaneous diagnostic and theranostic purposes.”® Several
techniques have been implemented for enclosing the magnetite nanoparticles and other
therapeutic agents (drug) inside polymer shells including emulsification, single or double solvent
evaporation technique, spray drying, or phase separation. The formulation method determines the
type, size, entrapment efficiency, and release profile of a drug.

To improve the physical properties by surface modification of IONPs, different processes
for encapsulation were introduced which include chemical and physical methods by using
polymers, organic surfactants, inorganic compounds, and bioactive molecules.”* Appropriate
surface modification can also import the MNPs with better biocompatibility, long blood
circulation and further functionalization, such as active targeting ability. "> The chemical method
depends on the heterogeneous polymerization of chemically or inherently altered inorganic

nanoparticles being encapsulated in the dispersion medium. Different forms of polymerization

M



like miniemulsion, microemulsion, and emulsion were used in dispersion media. Emulsion
polymerization has been explored and reported for iron oxide encapsulation in polystyrene
particles to acquire magnetic latex particles for biomedical applications. " But these particles
have non-homogeneous encapsulation and poor encapsulation productivity that makes it difficult
or even in some cases impossible to produce complex structures. Therefore this approach is often
constrained. In the process of miniemulsion polymerization, two phases (surfactants or
monomers comprising aqueous phase) are transformed into colloidal particles stabilized by
surfactant. ” The main benefit of the mini-emulsion technique is the effective control of the
number of final particles by regulating the number of initial droplets and ultimately the size of
final particles. There is no diffusion of monomer(s) in this process which imparts exceptional
characteristics to inorganic nanoparticles, as widely stated in the literature. "® By using the
technique of miniemulsion polymerization, it has been widely stated that the magnetic latexes
can be obtained by encapsulating IONPs through polystyrene particles that show various
applications in industry and mainly in the biomedical sector. " Microemulsion polymerization is
the most widely spread technique to prepare well-defined stable nanoparticles of precise shape
and size .”® Since the early 1980s, water in oil (w/0) or inverse microemulsion mechanism has
been utilized to prepare metal nanoparticles as well as minerals. The technique of microemulsion
has various advantages in dispersion medium over all other polymerization techniques and offers
the possibility to prepare a wide range of colloidal particles with diverse characteristics.®® This
approach is not successful at the industrial level owing to large oil (solvent) quantity usage,
surfactants, and poor nanoparticle yield. ® During the polymerization process, the low enclosed
quantity of IONPs is due to the inorganic nanoparticles, being desorbed. This approach leads to a
self-assembly method that was created and mainly used to enclose nanoparticles on seed
colloidal particles through simultaneous adsorption of oppositely charged polyelectrolytes and
inorganic nanoparticles. 8 Adsorption of polymer is through attractive electrostatic interaction,
by thiol groups, or via specific interactions (for example pairing of ion, dipole-dipole,
complexation, etc.). ¥ Some nanoparticles encapsulation in a polymer microsphere results in an
unavoidable phenomenon of aggregation. Among all, a double emulsion technique is the most
fascinating method that depends on the emulsification of aqueous phase into oily phase (w/o) or
in reverse (o/w). It was first developed for hydrophobic and hydrophilic active molecules

encapsulation. ® To acquire w/o/w emulsion, first of all, water was emulsified in oil and then



converted to the water phase. The hydrophobic MNPs encapsulation involves the full dispersion
of polymer in the organic process. The process and formulation parameters principally regulate
the size distribution, morphology, size, and zeta potential of these colloidal hybrid dispersions
that result in hybrid submicron particles.®> 3 All the factors concerning the properties of
colloidal hybrid particles were studied by encapsulating IONPs for in vivo bioimaging and
therapeutic applications (therapy and test tube treatment simultaneously). ® ® The double
emulsion method is considered as the most popular and appropriate technique to control the
process parameters for the synthesis of colloidal or composite stable systems consisting of
nanoparticles of small size and narrow distribution. ¥ In a double emulsion process of water-oil-

water (w/o/w), two aqueous phases are isolated by the oil phase.

THERANOSTIC APPLICATIONS OF MAGNETIC NANOPARTICLES

Magnetic nanoparticles carrying organic or inorganic surface coatings have attained increasing
consideration in the field of material sciences because the subsequent tools permit controllable
modalities for progressive biomedical applications from diagnostic and therapeutic to
bioseparations. Because of their stability and functionality, they have been principally exploited
to boost contrast and therapeutic performance of MRI, %% for targeted drug delivery and

application of hyperthermia %%

together with precise capture of selected nucleic acid with high
accuracy. * Molecular imaging is vital for characterizing biological methods to efficiently
exploit the magnetic colloids for diagnosis at the cellular and subcellular levels. The presence of
magnetic colloids in the body creates an additional field that increases the relaxation rate by
inducing local field inhomogeneities leading to contrast in the image. IONPs have been bound
with antibodies, peptides, proteins, and small molecules and proteins and are used for diagnosis
and therapy.®

Multi stimuli-responsive platforms, consisting of composite/hybrid core-shell systems,
resulted by incorporation of MNPs with polymers are used for both diagnosis and treatment. *
The core-shell structure combines the magnetic behavior of MNPs with the flexibility of
an organic coating that imparts new and specific properties such as stability in chemical and
physical properties, ecologically safe, biocompatibility. The capability of being regulated
through an external magnetic field offer convenient ways of labelling of biomolecules

magnetically following very efficient bio-separation, acute biosensing, imaging, contrast

o



improvement, hyperthermia, and also drug delivery to their specific sites bioproducts. *® A brief
overview of MNPs used in “conventional” biomedical applications associated to theranostics is

given below:

Magnetic Nanoparticles in Magnetic Resonance Imaging (MRI). New imaging
technologies have been evolved due to development in nanotechnology, cellular and molecular
biology, and imaging modalities. ® Biomedical imaging via MRI is used to image contrast
formed as a tissue response to the outside magnetic field that is directed by the proton density of
proton and magnetic relaxation time. Researchers explored the usage of MNPs to increase the
contrast of signal and advance the soft tissue image resolution as presented in Figure 3 for in

vitro MRI and in vivo MRI investigations.

T1 weighted
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Figure 3. T1 and T2 signal enhancement by magnetic nanoparticle as a contrast agent used
in in vivo MRI and in vitro MRI. Reprinted from ref . Copyright 2021 Elsevier.

At present, contrast agents have been investigated in over 30% of MRI studies. In clinical
applications, the high spatial MRI resolution and MNPs precision to target permits the tumor
imaging of size 2-3 mm. * SIONPs conjugated with monoclonal antibody C95 (SPIONs-C595)
having a hydrodynamic size of 87 nm were demonstrated as MRI imaging nanoprobes. They

showed a significant reduction in T,-weighted signal intensities. SPIONs-C595 nanoprobe has



the potential ability in T,-weighted MRI contrast agents towards recognizing breast cancer
(MCF-7) cells.*® The novel magnetic composite nanoparticle c(RGDyK)-PDA-SPIONs having
50 nm size exhibited a substantial signal decrease with the increasing nanoparticle concentration.
These composites were not toxic at lesser concentrations (5 to 20 ug/mL) and have a noteworthy
targeting outcome on liver cancer cells. Experimental data of animals proved that prepared
composites are potentially good T2 contrast agents that enhanced imaging of HepG2 human
hepatocellular carcinoma present in mice. *° Tailored-made MNPs with a 15 nm core size layered
by polyethyleneglycol (PEG) were uptaken by both macrophages and tumoral cells without any
toxicity in in vitro in addition to in vivo experiments.*** Prepared nanoparticles were effusively
taken by the tumor after injection presenting extraordinary potential as MRI real-time contrast
agents and for continuous monitoring of the development of a tumor. For the identification of
tumors in the body tissues, SPIONs were developed and tried for in vivo MRI as a contrast agent.
In one of the major study, extremely diluted magnetic emulsion (0.05 wt%) presented substantial
T2 contrast improvement in MRI images at the concentration of 500 uL, representing the
dispersal of magnetic colloids within body tissues, for instance, the spleen, liver, and kidneys of
rats (Sprague dawley). It is helpful for advanced examinations particularly in theranostic
applications of an emulsion comprising of magnetic nanoparticles as MRI contrast agents.'*

Recently some researchers also developed iron-based T1 MRI contrast agents showing a positive
contrast effect. The non-toxic and biocompatible melanin-like PEGylated nanoparticles
conjugated with ions of paramagnetic Fe** ((PEGylated Fe*3-MelNPs),) displayed a bright signal
with improvement after intravenous injection in spleen and liver of healthy mice.*® Silica-coated
SPIONs (FesO,@SiO;) of average size of 30-40 nm exhibited in vivo T1 contrast in the liver,
heart, bladder, and kidney with unusual ability to increase MR images of healthy mice. '* An
important role was played by surface ligands in enhancing the performance of MNPs in MRI
applications. A distinctive natural macromolecule (protein-bovine serum albumin, BSA) and a
synthetic macromolecule (poly (acrylic acid)-poly (methacrylic acid), PMAA-PTTM) were used
for functionalization of magnetite nanoparticles to prepare nanoparticles of Fe;04-BSA and
Fe304-PMAA-PTTM having comparable dimension and magnetization utilizing coprecipitation
method. They were investigated and equated in in vitro and in vivo MRI performances. Fe3Oq-
BSA showed a greater r,/r; ratio within the solution and dark signal for kidney and liver target

sites. Whereas Fe3O4-PMAA-PTTM presented a very low r,/r; ratio within a solution and a
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positive contrast in kidney and liver sites under T;-weight imaging in mice.'® The thickness of
the organic coating also affects the relaxometric properties of nanoparticles. Different types of
IONPs with various coating layer thickness, prepared via microwave-driven synthesis method.
IONPs having a thin layer of coating generated an excellent positive T1 MRI contrast in both
brain and body MRI images of healthy mice.'®® An in vivo MRI of the heart chamber and vena
cava of healthy mice by very small PEGylated IONPs (VSIONPs) having 3.5 nm sizes showed
positive contrast. *°” Magnetic latex particles were productively prepared through adsorption of
aminodextran (AMD) polymer over oxidized dextran; AMD was synthesized using chemical
grafting of hexamethylenediamine. The prepared magnetic nanoparticles demonstrated good
capability for in vivo diagnostic applications and confirmed greater T2 contrast-ability in
comparison with gadolinium in MR1.*% 1%

Researchers worldwide have also been working persistently for developing multimodal T1- and
T2 contrast agents, accompanied by high sensitivity along with an accurate resolution of MRI
imaging based on MNPs. Nitrodopamine-PEG grafted single-core truncated cubic IONPs (ND-
PEG-tNCIOs) were developed which were able to generate noticeable dual MRI contrasts in
MRI with better transverse and longitudinal relaxivities of 791 + 38.39 and 32 + 1.29 mM s ™,
respectively. 1*® Manganese-doped iron oxide nanocomposites (Mn-IONPs@PEG) were ultimate
candidates as dual T./T,contrast agents showing exceptional ryand r,in vitro and in vivo
experiments.™*

Recently MNPs have been combined with other nanoparticles for multimodal imaging methods
to enhance the imaging signal for the early detection and treatment of brain pathologies. MNPs
are so diverse and can be used for bimodal imaging. MNPs have been explored in computed
tomography (CT) as multimodal contrast agents in combination with other nanoparticles such as
gold, to diagnose diseases or internal injuries in blood vessels, bones, soft tissues, and other parts
of the body. The hybrid nanoparticles have the potential to be used as CT contrast agent to
enhance the contrast of biological and non-biological materials/samples because of high X-ray
attenuation and high density. Decoration of MNPs with functional groups not only reduces their
toxicity but also give them targeting properties where special organ and/or tissue can be targeted.
12A novel multimodal consisting of superparamagnetic gold-coated iron oxide nanoparticles
have been examined as contrast agents in phantoms for X-ray CT and T2-weighted MRI. The

gold coating could enhance the contrast of these nanoparticles when irradiated with X-rays and



magnetic content is a well-known source of negative contrast in MRI. As expected, for the X-ray
CT phantoms, there is a linear increase of contrast with concentration and T2-weighted MRI
images become substantially darker as the concentration of iron increases. The obtained results
and their comparative analysis show that these kinds of hybrid nanoparticles can effectively be
used as contrast agents in MRI and CT and could be an interesting starting point for future
applications as multimodal contrast agents for targeted imaging.**® The novel gold—iron oxide
janus magnetic—plasmonic nanoparticles were prepared as versatile nanoprobes for multimodal
imaging. The nanoparticles were characterized as contrast agents for different imaging
techniques, including X-ray computed tomography (CT), T2-weighted nuclear magnetic
resonance imaging (MRI). Particle size and morphology effects the performance of these
developed nanoparticles as contrast agents and showed the advantage of a Janus configuration.
The results obtained with these non-invasive techniques show the high versatility of these
nanoparticles, the advantages of a Janus configuration, and their high potential in multipurpose
biomedical applications. **

Hydrophilic and carboxyl-functionalized Fe;O,4 nanoparticles and amino-functionalized gold
nanospheres (Au- SH-PEG-NH,) were separately synthesized. The Au nanoparticles were
conjugated with hydrophilic Fe3O4 nanoparticles through an amide reaction to obtain Au-
Fe;04 nanohybrid composites. They show high r; relativity (157.92 mM*s™*) and a Hounsfield
units (HU) value (270 HU) at Au concentration of 8 mg/mL and could be practical as nanoprobes
for the dual-modal MR/CT imaging of a xenografted tumor model. This facile method can be
extended to prepare other multifunctional nanoparticles for dual-modal MR/CT imaging having
excellent T2 and CT performance.**® The synthesis of composite bismuth— dextran-coated iron
oxide nanoparticles (BION) are clinically approved as contrast agents for both CT and MRI.
BION CT phantom images revealed that the X-ray attenuation of the different formulations was
dependent upon the amount of bismuth present in the nanoparticle, while T2-weighted MRI
contrast decreased with increasing bismuth content. No cytotoxicity was observed in Hep G2 and
BJ5ta cells in in vivo experiments performed in mice using a micro-CT and a 9.4 T MRI system.
Thus, dextran coated BION are biocompatible, biodegradable, possess strong X-ray attenuation
properties and also can be used as T2-weighted MR contrast agents.**®* MNPs have been also
utilized in ultrasonic CT (UCT) imaging performed on a breast mimicking phantom and on an ex

vivo tissue model. It showed an improvement in contrast to noise ratio and can also serve as a



pre-screening platform for disease diagnosis. Moreover, it was suggested that these MNPs can be
applied for multimodal MRI-CT imaging purposes that allowed the detection of the particles
existence and location, in both raster-scan projection and UCT imaging.'” The theranostic agent
(Au/PPY @Fe3;04) based on the cointegration of gold nanorods (Au NRs) and superparamagnetic
iron oxide (Fe3O,4) into polypyrrole was developed. They produce high contrast for magnetic
resonance (MR) and X-ray computed tomography (CT) imaging. Cell viability assay showed that
these nanocomposites had low cytotoxicity and the cancer cells can be efficiently killed by the
photothermal effects of the Au/PPY@Fe3;04 nanocomposites. These nanocomposites
demonstrate highly versatile multi-functionality with a great potential in simultaneous
multimodal imaging-guided cancer theranostic applications. **® These bimodal agents provided
dual/multipurpose contrast enhancement and have strong potential to be able to take place in the
market. However, further research was needed to shed light on the clinical potential of metallic

nanoparticles.

Magnetic Nanoparticles for Hyperthermia Treatment. Hyperthermia has been
extensively explored using biocompatible MNPs as heat mediator for cancer therapy because of
high efficacy and with some degree of side effects. It became an innovative and new heat therapy
within which the heat-producing agents are MNPs. Magnetic treatment modality contributes to
presently existing methods for cancer treatments like gene therapy, chemotherapy, surgery,
immunotherapy, and radiation therapy. The heat generated by MNPs in a non-intrusive applied
alternating magnetic field (AMF) to tumor cells, contributes to cell death via irretrievable

physiological changes known as magnetic hyperthermia displayed in Figure 4. **°
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Figure 4. Magnetic hyperthermia principle. Magnetic nanoparticles are targeted towards
cancer cells in an alternating magnetic field (AMF). Afterward, the heat generated by the
magnetic nanoparticles, causes confined heating of cancer cells in the middle of 41 to 47 °C,
Reprinted from ref *°. Copyright 2020 Multidisciplinary Digital Publishing Institute.

The MNPs could be cast to the target area and heated up by an externally applied alternating
current magnetic field. As stated by Pankhurst, the rate of heat deposition is 100mW/cm® which
is usually needed, and the field frequency should be within the kHz range with an amplitude of a
few kA/m. ® Generally, iron oxides have their applications for hyperthermia treatment. Further,
MNPs that have stretched substantial clinical recognition are IONPs coated with either dextran
or liposomes. Wang et al. originated chitosan MNPs as T2 contrast agent encapsulating
doxorubicin and also plasmid DNA and focused on lung tissues prone to cancer.!** The
composites showed sharp T2 weighting contrast enrichment combined with enhanced tumors
imaging with commendable therapeutics delivery and capability for recording real-time
therapeutics. Many new IONP-derived products were established, some of them were approved
by the FDA and the European Commission (EC) for clinical use (Table 1). Moreover, the
growing number of clinical trials consuming these IONPs extended their potential hyperthermia
applications. 4

Hybrid nano-magnetic structures also showed higher SAR values as compared to bare



nanoparticles due to greater stability in aqueous solutions. Heat is delivered to tumor cells by
them without any harmful undesirable effect to surrounding cells in vitro and in vivo.*?

Silica coated biocompatible IONPs were incorporated with antibodies (anti-avf6) to target av36,
an oral squamous cell carcinoma biomarker. The prepared antibody-targeting MNPs in an
externally applied alternating magnetic field caused thermal ablation of tumors. It offered a
favorable therapy for the targeted treatment of oral squamous cell carcinoma.'?® IONPs (15-35
nm) coated with silica induces magnetic hyperthermia in tumor cells (L929 and HeLa cells) and
effectively killed them in vitro under induction heating.*** Hydroxyapatite coated iron oxide (10-
HAp) nanoparticles showed a very high heating efficiency as nano heaters with 85 W/g SAR
value at 180 Gauss magnetic field strength with 409 kHz frequency. All of the MG-63
osteosarcoma cells under experimentation were killed in nearly 30 min exposure. The cellular
system was denatured and oxidized due to damage in nucleotides, proteins, and membranes by

® In vivo and in vitro

internalization of these nanoparticles leads ultimately cell death. *?
hyperthermia experimentation on nanofluids (Mg0.13-y-Fe,O3) was carried out for evaluation of
their heating capability. Mg0.13-y-Fe,Oz nanospheres (22.8 nm) showed significant heat
induction characteristics due to the dramatically enhanced magnetic susceptibility. It resulted
from the systematic distribution of Mg?®* cations in octahedral site of y-Fe;03."%° The in vitro
hyperthermia investigations of the polycaprolactone (PCL)-coated SPIONs on human liver
cancer cells (HepG2) cell viability in alternating magnetic field presented an innovative
therapeutic agent. These nano heating agents exhibit lower systemic toxicity, thermosensitivity,
and improved cytocompatibility in externally applied alternating magnetic field of different
frequencies. **" Heating efficiency of magnetic colloidal nanoparticles emulsified by sodium
dodecyl sulphate (SDS) aqueous solution was also evaluated, showing significant potential for
therapeutic applications. **® Water-soluble magnetite Fe;O, nanoparticles coated by Eudragit
E100 (amino methacrylate copolymer) encapsulating Doxorubicin drug were explored for
hyperthermia. The specific absorption rate values were also calculated and estimated to be 2.41,
2.71, and 4.28 W/g at the frequency of 259, 327, and 518 kHz and magnetic field strength of 22,
17, and 23 mT, respectively. The well-controlled SAR values of novel colloids specified their
forthcoming usage for hyperthermia. &’

Reactive Oxygen Species (ROS) play important vital roles in many cellular signaling paths under

both physiological and pathological conditions. Few evidences also showed an effect of



magnetic field on ROS levels depending upon its intensity/frequency/exposure time. *2° External
environment of MNPs alone or combined with magnetic field could influence ROS production in
cells leading to more cell injury and death.’*® Recent studies showed that the fundamental
mechanisms of temperature rise are not fully pronounced yet. It is difficult to measure the
macroscopic temperature rise in magnetic hyperthermia in cultures incubated with a low
concentration of magnetic nanoparticles and in an alternating magnetic field of low intensity.
Therefore, the invention of intracellular Reactive Oxygen Species (ROS) as a mechanism was
investigated to induce cell death under these conditions. The ROS effect on the viability of
HepG2 human hepatoma cells was in the presence of alternating magnetic fields using
hyperthermia agents, such as biomimetic MNPs (BMNPs) intervened by magnetosome MamC
protein from Magnetococcus marinus MC-1. The results demonstrated an increase in
intracellular ROS production up to ~90 in AMF leading to loss of cell viability (up to ~40%
reduction) deprived of the rise in temperature. %

However, the improvement of effective and better heat nanomediators exhibiting an
extraordinary specific absorption rate (SAR) value remains required for quantifiable clinical
applications. They are essential to overcome the numerous restraints encountered before because
of the high amount of nanomaterial mandatory aimed at operative treatment. The values of SAR
are effected by the morphology and composition of the MNPs, also be effected by the property
of magnetic field such as frequency (f) and amplitude (H). Therefore, for accomplishing an effect
of hyperthermia to tumors, the magnetically mediated nanoparticles must show the high SAR
and low (f)/(H) in the low content. SAR values of SPIONs can be improved by increasing either
(f) or (H) (or both increases) during the measurements. *°

Clinical hyperthermia of prostate cancer remains a challenging problem. Clinical studies of
intratumorally delivered MNPs for the application of thermotherapy in humans were initiated in
2007 and have been successfully conducted for patients with glioblastoma and prostate cancers.
IONPs fluid transperineally was injected into the prostate of ten patients who received six
thermal therapies of 60 minutes duration at weekly intervals. There is a maximum temperature
rise of 55°C in the prostate with a medium temperature of 40.7 °C within the tumour and
40.2 °C in peritumoural zones. They confirmed the practicability of the methodology with no

2

major late treatment-related illness.®? Later, they performed an altered clinical assay

representing that interstitial heating using IONPs was possible and well accepted in patients with
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locally recurring prostate cancer, and the retention of nanoparticles in the prostate was highly

133 The hyperthermia treatment can control the more aggressive component of the tumor

resilient.
and stop or delay the need for radiotherapy or surgery in patients with regular glioblastoma
multiforme. In this trial, patients received four to 10 treatments, attaining a temperature of
44.6 °C. It was observed that IONPs were tolerated well by all patients with minor or no side
effects. 13 Hyperthermia in patients with metastatic bone tumors has been carried out through
initial surgical intervention followed by the implantation of a mixture of “bare” magnetite
nanoparticles and calcium phosphate cement, which is a biocompatible bone substitute. 32% of
injuries were reduced and obtainable visible bone formation, 64% presented no advanced injuries
for more than three months and just 4% presented a poor response to the treatment, indicating
well-being and efficiency. ** Following these clinical trials, MagForce conducted a randomized,
controlled trial (DRKS00005476) to control the effectiveness and safety of hyperthermia in
combination with radiotherapy vs. radiotherapy alone to treat glioblastoma multiforme.
Despite promising results of magnetic hyperthermia therapies, it is still in its very early stages.
Numerous limitations must be fixed through advancements in biological and technical
techniques before this new therapy becomes part of the standard of care for some cancers. So far,
preclinical trials (Table 4) frequently apply field strengths, frequencies, or concentration of
MNPs that are away from what is clinically possible, and thus, advance research is necessary for
the areas of design, delivery, and the heating of nanoparticles, to accomplish clinical translation
in the future. ™Future preclinical investigations should be focused on designing MNPs that can
target and heat tumors more efficiently and successfully. Additionally, various hyperthermia
enhancers should be assessed in combination with magnetic hyperthermia, with the eventual
objective of attaining clinical practicability.

Table 4. In vivo investigation of biologically targeted hyperthermia. *°

Target Field Frequency Concentration Targeting Results
strength (kHz) of MNPs mechanism
(KA/m) delivered
Squamous 38 980 1700 mg/kg Enhanced Durable
Cell Permeability ablation of
Carcinoma and Retention tumors in 84 %




(EPR) of hyperthermia
group

Melanoma 5 366 13.30 mg/kg EPR + Porphyrins ~ Tumor volume
was smaller in
the
hyperthermia

group
Breast 56-113 153 150 mg/kg EPR +Antibody Tumor size
Cancer targeting integral increases
membrane significantly
glycoprotein except for the
groups that

received the

lowest energy

Magnetic Nanoparticles in Drug Formulation for Drug Delivery. Magnetic drug
delivery systems consisting of a therapy component bound to MNPs superficial or enclosed in
composites of MNPs and polymer. The significance of targeted drug delivery is that it delivers
drugs directly to the center of disease in an external magnetic field, under varying constraints
like an electric current, magnetic fields, temperature, light, and ultrasound without affecting the
body shown in Figure 5. The therapeutic beneficial properties of magnetic nanoparticles are
attractive and also interesting, counting their surface charge, charge density, chemical
conformation, shape, inner morphology, size, degradation, and sensitivity to stimuli for the

treatment of diseases. % 1%
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Figure 5. An illustration of the release of drug by a nanocomposite in an external magnetic
field under varying constraints (pH, light, temperature, electricity, and magnetics).
Chertok et al. effectively transported polyethyleneimine (PEI)- magnetic nanoparticles (GPEI) to
having a saturation of 93 emu/g to cancer cells of the brain with low cellular toxicity. **" A
magnetic drug delivery composite was designed with doxorubicin (DOX) attached to Fe3O4
nanoparticles chemically. **® They are then immersed in polyethylene glycol (PEG) stabilized
porous silica shell (Fes04-DOX/pSiO,-PEG). A protective coat of porous silica gel present on
drug molecules surface also acts as a thin obstruction for DOX escape from the composite
carrier.
Eudragit is a pH-dependent polymer frequently used for the coating of colon-targeted drugs for
the delivery of drugs and can be regulated to transport a drug at any other target site. **°
Superparamagnetic nanoparticles coated with Eudragit, encapsulating doxorubicin produced by
double emulsion technique using ethanol as a solvent were investigated for in-vitro drug release
studies. ®” These colloidal particles showed initially sustained releases followed by the slow and
exponential release of drug by sustaining a therapeutic level for a longer period relative to an
unbounded drug. IONPs coated with aminosilane were inoculated in an intravenous tumor

model of rats and then increasing the temperature of a tumor to about 43 °C initiating tumor



reversion in an alternating magnetic field.'*® Zhao and co-workers witnessed that in an
alternating magnetic field, introducing IONPs solution directly into head and neck cancer cells of
mice died in 30 minutes, did not affect normal cells. *** Besides, this complex was permitted to
slip away the reticuloendothelial system by biocompatible polymer PEG, hence permitting the
drugs to be supervised over extended periods. Poly (N-isopropyl acrylamide) enclosing FezO4
magnetic nanostructure (MNS) was also present in which DOX was filled into the hydrogel via
absorption. Due to the thermal activation of MNS, drug release in an RF field was found to be
two times greater than in the absence of the radiofrequency field (RF) field. In the test tube, local
drug transport of the DOX-filled hydrogel-MNS composite with HeLa cell lines showed that
more than 80 % cells were dead in RF field while 40 % cells were dead without RF field.
142 MNPs encapsulated inside the polycaprolactone (PCL) microsphere along with ciprofloxacin
were used as media to initiate the drug release immediately by magnetic stimulation. *** A single
emulsion method was utilized to develop a novel nanocarrier, containing magnetite nanoparticles
with doxorubicin inside PLGA (poly (lactic-co-glycolic acid)) biocompatible shell. They were
used for intratumoral administration to release a drug in a controlled manner.*** Microbubbles
were also prepared by encapsulating Fe3O, nanoparticles and doxorubicin as multifunctional
theranostic agents that deliver a plan for imaging and chemotherapy of primary tumors. *** Dual
anticancer theranostic agents were developed by loading paclitaxel (PTX) and SPIONs inside
PLGA nanoparticles for imaging and cancer treatment by monitoring drug release.**®
Doxorubicin-loaded magnetite nanoparticles were prepared and modified with PLGA-PEG
copolymer through a double emulsion method. These polymer-drug composite nanoparticles are
used as a controlled drug release system.'*’ 5 (fluorouracil) FU-encapsulated MNPs modified
with biocompatible copolymers PCL-PEG-PCL by double emulsion technique, was used as a
carrier for release of drugs in a controlled mode for in vivo as well as in vitro investigation.**®
Superparamagnetic magnetite nanoparticles with oleic acid coating are encapsulated in uniform
size PLGA nanospheres by a modified double emulsion method as a diagnostic and therapeutic
agent for MRI studies. *** PEGylated curcumin was utilized to physically decorate magnetic
nanoparticles surface to form composites MNP@PEG-Cur to instantaneously get benefit from
magnetic targeting characteristics of nanocomposites. The nanoparticles indicated the release of
the drug depending on pH, with more release inside the acidic medium (pH=5.4). Also,

hemolysis assay and cell viability established MNP@PEG-Cur biocompatibility in physiologic
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pH close to 7.4.° As an innovative drug delivery system, methotrexate (MTX) was bonded
to iron oxide MNPs with arginine capping, utilized as a vehicle in delivery of the drug in a
controlled way and as a contrast agent in MRI. Certainly, no cytotoxicity was shown by the
prepared nanoparticles to cell lines of MCF-7, 4T1, and HFF-2. *** The targeted drug delivery
structure was developed by stabilization of magnetic Fe3O4 nanoparticles using chitosan and
Imatinib. Fe3sO,@CS acts like a pH-responsive nanocarrier to release Imatinib molecules and
unveiled a cytotoxic effect against breast cancer MCF-7 cells. It is an efficient pH-responsive

%2 Silica-coated iron oxide

delivery system advantageous to conventional chemotherapy. *
nanoparticles act as a very good dopamine delivery agent to kill cancer cells. Fe3O4 nanoparticles
loaded with dopamine (DA)and coated with silicon dioxide (SiO,;) showed a substantial
enhancement in the release of drug in the acid medium compared to the typical pH of 7.4. > The
availability of anticancerous, slightly water-soluble drug camptothecin (CPT) became upgraded
through the incorporation of MNPs with it. The drug incorporation with magnetic nanoparticles
in a composite allows the controlled drug release used to study cancer-fighting in live creature's
bodies. ** Thus, magnetic nanoparticles are used as an effective carrier system with attractive
biomedicine and biotechnology applications.

Poly(lactide-co-glycolide) (PLGA) nanocomposite particles containing 5-fluorouracil (5-FU) and
gold-decorated magnetite nanoparticles with a raspberry-like morphology were developed as
multidisciplinary probes in drug delivery systems and cancer therapy with high performance and
minimum side effects. With the coexistence of gold and Fe3;O4 nanoparticles, the final probe
provided enhanced dual magneto and photothermal responses. The drug release profile of the 5-
FU-loaded nanocomposite particles demonstrated their controlled release at 37 °C in phosphate-
buffered saline solution and indicated their potential in cancer therapy by photothermal to treat

DU145 prostate cancer cells.>

However the biodegradability and safety risks of
photoresponsive magnetic composites are still questionable. **® Additionally, UV light cannot
penetrate tissues deeper than ~10 mm due to its absorption by endogenous chromophores such as
oxy- and deoxy-hemoglobin, lipids, and water; and prolonged UV irradiation can be
cytotoxic. Therefore light-responsive nanotherapeutics should be used restrictively to the eye,
skin, and other mucosa surfaces. **” The novel dual-stimuli-responsive nanocomposites based on
silica-coated iron oxide/polyaniline (Si-MNPs/PANI) have also been developed for biomedical

applications. Results showed that Si-MNPs/PANI nanocomposites displayed both magnetically
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and electrically-responsive characteristics. Moreover, in vitro cytocompatibility and
hemocompatibility of these composites suggesting their use in certain doses for controlled-drug
delivery.™® Despite their flexibility and low-cost advantages, there is a risk of damage to healthy
tissue from an electric source due to deep tissue penetration (attenuation of a stimulus) using

electrical stimulus, which limited their use for biomedical applications.°

Magnetic Nanoparticles for Magnetic Separation and Purification. Magnetic
separation offers exceptional prospects in the field of biomedicine with sensitive, selective, and
target capture in a controlled manner. Isolation and purification of bioanalytes including
enzymes, nucleic acids, antibodies, and proteins depend on complex, lengthy, chromatographic
and electrophoretic procedures that involve multiple steps. These methods involve the interaction
of biomolecules of interest, immobilized on solid matrix. An alternative to these techniques is to
utilize MNPs conjugated with affinity ligands to separate biomolecules from the mixture in
respect of labor, time, and yield. An ideal and competent platform for separation having high
magnetophoretic mobility is magnetically reactive. They also react fast to the magnetic field
externally applied, and this characteristic is influenced by the magnetic susceptibility and size of
materials. **° A schematic representation of several steps of bioseparation of bioanalytes bound

to MNPs using a magnetic field is presented in Figure 6.
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Figure 6. Representation of bioseparation using magnetic nanoparticles. (The bioanalytes
of interest conjugated to MNPs are pumped into separated column controlled by a
magnetic field having a filter. The first step is to retain the conjugated bioanalytes and
elimination of contaminants by switching on the magnetic field. Then unbounded
bioanalytes are eliminated by fresh washing buffer solutions entering column and through
continuous switching on and off of magnetic field. The particles are recollected from the
washing buffer and recovered by passing elution buffer with magnetic field off. Finally, the
eluted product is purified with the help of magnetic field).

Currently, MNPs have been widely utilized in bioseparation because of their stability, good
biocompatibility, magnetic characteristics, and high binding capacity. MNPs separate biological
analytes from raw specimens, and lessen the non-specific adsorption of interfering bioanalytes
lacking any damage to sample. **® MNPs are highly suitable for separation purposes due to their

low cost and have high removal capacity, reusability, high surface-volume ratio, and reactivity
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towards eluent compounds. It is also efficient than filtration and centrifugation. Due to the poor
solubility of MNPs, they are modified with various kinds of materials to protect their outer
surface from strong pH, high temperature for successful immobilization and separation of
protein, nucleic acid, antibodies, enzymes, targeting agents, and additional biomolecules.**

A novel system was developed PNIPAAmM functionalized gold (Au) and magnetite (Fe3Oy)
nanoparticles for separation of streptavidin (model protein) from human plasma. Gold
nanoparticles functionalized with positively charged PNIPAAm carry biotin, an affinity ligand,
against streptavidin. PNIPAAmM was used as a stabilizer ligand in the synthesis of
Fe3O4 nanoparticles. Aggregation of particles is caused by the incubation of Au-PNIPAAmM-
biotin and Fe304,-PNIPAAmM along with streptavidin spiky plasma at the temperature of 45
°C. Au-PNIPAAm-biotin attached streptavidin became concentrated utilizing magnetic
separation and quantified into smaller volume devoid of any extra handling with lateral flow

immuno-chromatography test.*

Magnetic separation was performed for efficient islet cell
separation using dextran, heparin, or siloxane-coated SPIONs. The labeling of islets by SPIONs
remains advantageous in islet separation for transplant purification and also for in vivo imaging
next to transplantation.®® The preformed silica-coated Fe;O, nanoparticles with amine terminal
groups bonded with antibody (anti-CD133) are particular to cluster of variation biomarkers
(CD133) in neural stem cells. They were vaccinated into the region of cerebrospinal fluid of the
brain of a rat in the magnetic field, externally applied. Stem cells from the endothelial lining
along with the MNPs were released and collected with a syringe or by a magnet probe. **
Protein A coated magnetic nanoparticles are exploited in preparatory refinement of antibodies
(19Gs) from a cell culture. *® DNA adsorption and desorption mechanism on temperature-
sensitive  PNIPAM-co-AEMH  (poly (N-isopropylacrylamide-co-aminoethylmethacrylate))
coated magnetic nanoparticles were consumed in separation microsystem for extracting, refining,
and concentrating nucleic acid. These dual responsive particles were used as rigid support in the
separation of DNA from biological blends for diagnosis that offer pronounced potential for
emerging separating versatile tools. *®°

The separation techniques based on MNPs have become repetitive quantitative and qualitative
tools for diagnosis in biomedical applications. Integrated with additional detection methods like
microscopy, magnetic separation becomes a fast, appropriate, careful, and delicate method for

decontamination, enhancement, and detection of cells and biomolecules. It can also be
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engineered as an essential part of microfluidic devices. In the future, MNPs can be used for in
vivo biomolecules separations for diagnostics and removal of pathogens, tumors, antigens locally

or systemically.

Magnetic Nanoparticles for Chemotherapy. Chemotherapeutic treatment mostly used
to treat cancer mainly to kill tumor cells has no abilities of specific cell-targeting and possess
cytostatic and cytotoxic effects. MNPs possess the ability to be tailored for targeting a particular
site after internalization. These nanoparticles are loaded with therapeutic compounds that were
released to the cytoplasm of cell to perform the preferred function. The therapeutic compound is
formed by conjugation of chemotherapeutic drug agents with MNPs that are inoculated into
blood and operated by magnetic field externally applied to target specific tumor site.’®” The
chemotherapeutic remedies start with the release of drug to destroy the cellular structure of
cancer cells. Impact of magnetic field on MNPs for transportation of drug safely to the internal
microenvironment and also enhances the biodistribution. MNPs permit the usage of therapeutics
at sufficiently low doses which consequently decreases the toxic effect of drugs. These
therapeutic compounds have many benefits over orthodox for drug delivery systems like an
increase in hydrophobic solubility, enhancement in intracellular infiltration, and long drug
circulation time. **® Controlled delivery systems for drugs reduce the nonspecific uptake, have
better targeting ability, controlled drug release, more operative, and provides suitable routes of
administration (pulmonary, oral, transdermal, and parenteral). *°®® The engineered nanocarrier
based on IONPs functioned as a real and operative transport carrier for the drug, doxorubicin. It
could Kill cancer cells distantly by generating heat in an AMF (alternating magnetic field). The
prepared polyethylene glycol (PEG) coated nanocarrier functionalized with Luteinizing
Hormone-Releasing Hormones (LHRH) peptide increases their stability in physiological
media and makes them able to target cancerous cells. ** Thus the developed IONPs-based

system is robust for ovarian cancer treatment by combinatorial approach as shown in Figure 7.

FF



Drug delivery Heat delivery

oxide ™, J{ﬁ}-HRHﬁi /

N 2 / AMF off

\ |
atuLe (:C

¢

\ AMF on

34
0 10 20 30 40 50 60
Time (min)

%’*
‘a')\:
.“s\.
| 4
T mger

Figure 7. Nanocarrier for combined chemotherapy and hyperthermia due to the release of
therapeutic drug and heat respectively. Reprinted from ref **°. Copyright 2020 Elsevier. A
multifunctional magnetic-based nanocarrier as a proficient doxorubicin delivery vehicle
has also the ability to kill cancer cells in an AMF. The prepared nanocarrier verified the
rapid release of drug in an acidic medium that mimic tumor surroundings. Mild
hyperthermia (40 °C) produced by the developed nanocarrier in AMF synergistically
enhances the cytotoxicity of doxorubicin delivered to cancer cells.

A delivery system for the model drug was developed from Doxorubicin-loaded magnetic
alginate—chitosan microspheres for breast cancer (MCF-7) treatment. Magnetic hyperthermia
agents (SPIONs) were used as to stimulate drug release, doxorubicin. MCF-7 cells exhibited
substantial cell death in vitro analysis as compared to only chemotherapy or magnetic
hyperthermia. In vivo investigations of antitumor showed the disappearance of remaining tumor
in twelve days when combined with chemo-thermal treatment. ° The polyethyleneimine-
functionalized graphene oxide (GO)-coated Fe3O4 nanospheres, loaded with doxorubicin, were
developed to investigate the tumor—cell—killing efficiency. In vivo as well as in vitro
investigations proposed a system (DOX-GO/IONP/PEI) for drug release that effectively caused
the death of tumor cells due to chemotherapeutic agent effects, without adversely affecting
surrounding healthy tissues.'”* Doxorubicin has also been encapsulated inside microspheres
consisting of poly (lactic-co-glycolic acid) (PLGA) coupled with further functionalized by y-
Fe,O3 nanoparticles for the examination of its ability to inhibit tumor growth. The MNPs inside
the shell induced both the heat effect and enhance the permeability of the shell to release drugs.

The hyperthermia coupled with chemotherapy is favorable for in vitro breast cancer cell (4T1)

GG



apoptosis.’

MNPs and carmustine (lipophilic drug) were loaded in the lipid core of oleosome
for cancer treatment. The burst release of the drug from these magnetic oleosomes in magnetic
field leads to anti-cancer activity.'”*Combinatorial therapies including thermotherapeutic and
chemotherapeutic effects have an imperative role in treating local pancreatic cancer treatments
(BXPC3 and PANC-1). The incorporation of Gemcitabine and/or NucAnt (N6L) with MNPs
resulted in a controlled release of chemotherapeutics in a magnetic field due to generation of
heat, locally, that strongly inhibits cell growth.™ A silica-coated magnetic nanoparticle
multifunctional system was synthesized encapsulating a chemotherapeutic agent having
magnetic core, coated with specific “Heat Shock Protein Inhibitor” against the lung cancer stem
cells (CSCs). These nanoparticles were administered systematically for combined chemotherapy
and thermotherapy utilising alternating magnetic field applied externally. Lung CSCs were killed
up to 98% in vitro within 30-min because of combined chemotherapeutic drug and hyperthermia
treatment. This collective therapy considerably inhibited metastasis and growth of tumor in lung
CSC xenograft-bearing mice in vivo models, having negligible side effects.'”> Novel hydrogel
consisting of SPIONs and loaded with doxorubicin showed a controlled drug release pattern and
sustainable therapeutic ability. This unique hydrogel formulation showed firm potential for
prevention of relapses of numerous cancers.*"

Nanoparticles, with Fe3O,4 core, in an alternating magnetic field have ability to produce sufficient
heat for active hyperthermia in corporation with chemotherapy by the doxorubicin release of
from alginate shell. Folate was bonded to these nanoparticles that aid the developed
nanocomposite to pass in and remain in tumor cells for longer period of time. In
vivo experimentation revealed the practicality of mutual treatment for lung cancer in mice,

particularly because of the presence of folate factor. "’

Magnetic Nanoparticles for Gene Therapy and Enzyme Immobilization. A delivery
platform, comprising of MNPs incorporated with gene, is a favorable approach for treating both
genetic and acquired human diseases. It involves MNPs contain viral, polymeric, and non-viral
platforms that enhance its cellular uptake to treat genetic diseases. *’® The main idea of the
proposed therapeutic system is the introduction of an exogenous gene containing with a
functioning gene to encode the practical protein to treat the disease-causing mutation. These

platforms are advantageous concerning gene delivery like the capability of particular tissue or

HH


https://www.sciencedirect.com/topics/medicine-and-dentistry/gemcitabine

cells targeting, improve DNA stability, protection of target gene from nuclease degradation, and
intensify the transformation effectiveness or care. ™ Gene therapeutics along with MNPs was
assimilated as gene vectors for the preservation of nucleic acids against enzymatic deterioration
and for endosomal deliverance subsequently after cellular internalization. *'®

Magnetofection is the integration of MNPs with gene vectors for the improvement of gene
transfer in a magnetic field. Gene therapy is used in genetic deficits and additionally other
complex illnesses, like viral infection, autoimmunity (rheumatoid arthritis), artery and coronary
diseases, diabetes, neurodegenerative conditions, asthma, AIDS, and uncountable genetic

diseases which effect humanity.'*°

Magnetic nanoparticle-based gene transfection improves in
vitro complete transfection levels in human bronchial epithelial cells. A novel DNA nanovector
was formed by the covalent bonding of DNA on naked MNPs directly resulted in a tremendously
robust gene delivery system. It was liable for the improved cellular uptake and enhanced the
transfection efficiency in mesenchymal stem cells. MNPs were conjugated with therapeutic gene
carriers to overcome the poor targeting of conventional gene therapy protocols.®: MNPs with
diverse surface variations can boost hemagglutinating virus Japan envelope (HVJ-E) -based gene
transfer through adjustment of charge with size, that potentially assist in overcoming essential
restrictions to in vivo gene therapy. A combination of magnetite particles and protamine sulfate
considerably improved transfection efficiency in an in vitro cell culture system consisting of
BHK21 cells, irrespective of decrease in quantity of HVJ-E. '®2 PEI modified MNPs gene
delivery systems increases concentration of DNA and prevents its degradation. MNPs can
efficiently deliver the exogenous gene inside somatic cells of mammal with extremely constant
gene expressions demonstrated by intracellular tracking.'*® Thus magnetically-guided targeting
of gene by MNPs is promising technique for transfection of multiple tissue explants and cell
lines for gene therapy. Theranostic MNPs encapsulated within polymers exhibit imaging
properties and can efficiently deliver numerous genes for therapeutic purposes (Figure
8). Polysaccharide-based MNPs were fabricated for magnetofection-based gene delivery systems
were favorable contestants for playing roles as therapeutic agents and as imaging contrast agents.
They can further be bioconjugated with agents for cell-targeting. '**
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Figure 8. lllustration of in vivo and in vitro delivery of gene by magnetofection (on the left
corner of the image, grey color patterns signifies the path of MNPs movement due to the
effect of a magnet). Reprinted from ref '**. Copyright 2020 Hindwai.

MNPs were also used to design an efficient enzyme delivery system to control the mechanisms
of cell-specification, suitable in clinical treatment. MNPs modified with a reactive
biocompatible polymer, poly (2-vinyl-4,4-dimethyl azlactone) acts as appropriate carriers for
immobilization of enzyme L.Asparaginase. The prepared enzyme L.Asparaginase reactor has
long-term stability and potential capability to treat acute lymphoblastic leukemia.*®
Serratiopeptidase, a therapeutic enzyme intended for inflammation and pain was covalently
immobilized on chitosan amino-stabilized MNPs by glutaraldehyde. The prepared conjugates
showed enhanced anti-inflammatory effect in vivo in rats.'®® The magnetic (Fe;0.) nanoparticles
functionalized with alkyl trimethoxy silane having proper alkyl length were exceptional
candidates as operative carriers for immobilization of lipase for effectual recycling and recovery
of an enzyme.™®’ Trypsin enzyme immobilized on magnetite nanoparticles through noncovalent
bonding to preserve the enzyme activity for successive reuse.’® MNPs have been conjugated
with biotin and (strept)avidin for protein immobilization that significantly caused the reduction

of the risk of denaturation or degradation of protein. ¥ First, magnetic nanoparticles were
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prepared by chemical coprecipitation technique, and functionalized with protein fluorescien
isothiocynate (FITC)-labelled streptavidin by carbodiimide activation. Next, gold-coated glass
slides were modified with biotin self-assembled monolayers of biotin-HPDP. Schematic of this
process is shown in Figure 9. In the next step, the modified nanoparticles precisely bound to

biotinylated gold surfaces which were used for biosensing.
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Figure 9. Illustration of immobilization of protein over magnetic nanoparticles for
biological recognition wusing (strept)avidin—biotin technology. MNPs were first
functionalized with protein fluorescien isothiocynate FITC-labelled streptavidin and gold-
coated glass slides were modified with biotin self-assembled monolayers of biotin-HPDP.
Then modified nanoparticles precisely bound to biotinylated gold surfaces which were used
for biosensing.

MNPs have developed as adaptable and multipurpose tool to create exceptional supports for
immobilization of enzyme because of large surface area and small size. Different MNPs have
been synthesized with appropriate surface functionalization, and successfully employed for
immobilization of enzyme/protein, that already showed promising properties in many real-world

applied bioapplications.

Magnetic Nanoparticles for Photothermal Therapy (PTT). Magnetic nanoparticles are

a good alternative for use as a photothermal agent in the treatment of tumors (Figure 10). Such
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nanoparticles are used in combination with other substances or used themselves as photothermal
agents. The combination of magnetic nanoparticles with other photothermal agents adds more
capabilities to the therapeutic system. Among the magnetic particles with dual functions of
magnetism and NIR absorption, iron oxide nanoparticles stand out as nanoparticles suitable for
PTT. They have great potential for use in biomedical applications because they can be directed
magnetically to the site of interest (the tumor) and their distribution in tumors and other organs

can be imaged. **

NIR-I 650-900 nm
NIR-I11 1000-1700 nm

ra

Magnetic
nanoparticles

Heat Heat

Cancer cell Cancer cell with magnetic nanoparticles Cell death

Figure 10. Schematic illustration of cell death by injecting nanoparticles as photothermal
agent for the treatment of tumor cells.

The combination of an alternating magnetic field and infrared absorption into a single composite
will make it possible for the nanoparticles to be guided until the tumor. They can also work in
MRI for visualizing the location of cancer, or in thermal imaging for real-time monitoring of the
treatment. This would also increase the heating efficiency of iron oxide nanoparticles. **

For effectively treating tumor related-bone defects, MNPs modified-porous scaffold was
reported firstly for effectively treating tumor-induced bone defects. Fabricated
biomaterials consisting of SrFe;,019 nanoparticles modified-mesoporous bioglass (BG)/chitosan
(CS) porous scaffold (MBCS) showed excellent bone regeneration and antitumor function. The
SrFe;12019 nanoparticles in MBCS have improved the photothermal conversion property under
the irradiation of near-infrared (NIR) laser. The elevated temperatures of tumors co-cultured with
MBCS triggered tumor apoptosis and ablation. Thus these magnetic nanoparticles in the scaffold
not only accelerated the stem cell proliferation, osteogenic differentiation and new bone
regeneration, but also improved photothermal therapy efficacy against bone tumors.'® For the
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first time a platelet-cancer stem cell (CSC) hybrid membrane-coated iron oxide magnetic
nanoparticle [CSC-P] MNPs has been presented, e for the enhanced photothermal therapy of
head and neck squamous cell carcinoma (HNSCC). The [CSC-P] MNPs possess superior
characteristics for immune evasion, active cancer targeting, magnetic resonance imaging, and
photothermal therapy. As compared to single cell membrane—coated MNs, [CSC-P] MNPs, they
exhibit prolonged circulation times and enhanced targeting abilities. Their photothermal ability
provides inhibits HNSCC tumor growth, particularly in an immunocompetent Tgfbrl/Pten
conditional double knockout HNSCC mouse model that is parallel to the human HNSCC
microenvironment. Together, this biomimetic multimembrane-coated nanoplatform enhanced
antitumor the efficacy in the complex tumor microenvironment. 3

The core-shell Fe;O,@Au magnetic nanoparticles (MNPs) were prepared, further C225 was
absorbed to fabricate Fe;O,@Au-C225 composite-targeted MNPs. After characterizations, the
glioma-destructive effect of magnetic fluid hyperthermia (MFH) united with near-infrared (NIR)
hyperthermia mediated by Fe;0,@Au-C225 composite-targeted MNPs was estimated by in vitro
and in vivo experiments. The inhibitory and apoptotic rates of Fe;O,@AuU-C225 composite-
targeted MNPs-mediated combined hyperthermia (MFH+NIR) group were significantly higher
and suppress the tumor growth compared with other groups in vitro and in vivo. FesO,@Au-
C225 composite-targeted MNPs have great potential as a promising nanoplatform for human
glioma therapy and could be of great value in future for medical use.™** Poly(L-lactic-coglycolic
acid) nanoparticles were loaded with oleic acid-Fe3O4 and triphenylamine-divinylanthracene-
dicyano further modified by anti-VEGF antibodies to form anti-VEGF/OAFe;04/triphenylamine-
divinylanthracene-dicyano@poly(L- lactic-co-glycolic acid) NPs. This system has capability to
recognize the overexpressed VEGF-A as low as 68 pg/ml in different cell lines with good
selectivity and photothermal therapy effect. These ultrasensitive theranostic nanoparticles were
able to identify tumor cells by fluorescence imaging and MRI, and destroy tumors under near
infrared illumination.®

A magnetic nanoparticle delivery system was constructed by the combination of photothermal
therapy (PTT) with immunotherapy. This delivery system is consisted of Fe;O4magnetic
nanoparticles (MPs) as the core to load indocyanine green (ICG) and coating of polyethylene
glycol polyphenols (DPA-PEG) to load R837 hydrochloride (R837), that formed R837 loaded

polyphenols coating ICG loaded magnetic nanoparticles (MIRDs) which provides an effective
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strategy in cancer treatment (Figure 11). Afterward intravenous injection, results showed long
circulation, magnetic resonance imaging (MRI) guides, and magnetic targeting. Once targeting to
the tumor, the MIRDs with the near-infrared (NIR) irradiation triggered tumor ablation and
resulted in tumor-associated antigens releasing to induce the body's immunological response,

which was markedly improved it to attack the tumors with the R837 releasing from the outer

DPA-PEG. The combination of the PTT and immunotherapy inhibited tumor growth and caused
196

potent anticancer therapeutic effects with few side effect.

Figure 11. Magnetic nanoparticles coated with polyphenols for spatio-temporally
controlled cancer photothermal/immunotherapy. A magnetic nanoparticle is used as a
carrier for magnetic tumor targeting and provides a visible treatment by MRI. Magnetic
accumulation of ICG in tumor and controlled release of R837 enhances the PTT effect.
Once targeting to the tumor, the MIRDs with the near-infrared (NIR) irradiation triggered
tumor ablation and resulted in tumor-associated antigens releasing to induce the body's
immunological response, which was markedly improved it to attack the tumors with the
R837 releasing from the outer DPA-PEG.Reprinted from ref °® . Copyright 2021 Elsevier.

Multifunctional nanocarriers based on PAMAM dendrimers fixed to polydopamine (PDA)

coated magnetite nanoparticles (FesO4) were successfully applied to combined chemo- and
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photothermal therapy (CT-PTT) of the liver cancer cells. The supportive effect of the modalities
mentioned above led to higher mortality of cancer cells as compared to their individual
performance. The in vitro studies revealed that the application of dual therapy triggered the
desired cell death mechanism-apoptosis. Additionally, performed tests using Magnetic
Resonance Imaging (MRI) indicated that our materials have reasonable contrast properties. The
functionality of dendrimers has been extended by merging them with magnetic nanoparticles
resulting in multifunctional hybrid nanostructures that are promising smart drug delivery system
for cancer therapy. %’

Thus MNPs appear as promising photothermal agents because of excellent magnetic properties,
good compatibility, and absence of toxicity and can be used either in combination with other
photothermal agents or by themselves. Their magnetic properties permit them to be magnetically
targeted and used as contrast agents in MRI. They have proven to effectively induce site-specific
cell death in both in vivo and in vitro treatment with few side effects. However, MNPs still have
some disadvantages such as a high dose of irradiation required for complete ablation of the
tumor. In some cases, the irradiation exceeds the safe limit for cutaneous tissues. Further studies
with MNPs must address the preparation of platforms with high thermal efficiency and total

absence of side harmful effects.

LIMITATIONS OF USING MAGNETIC NANOPARTICLES

MNPs show great potential in theranostic applications and are an auspicious research
field with huge and increasing interest. Representative examples of results in the diagnostic and
therapeutic field have also been summarized. But some challenges remain to be overcome. The
tendency to aggregate or the poor magnetization is one of the biggest challenges of the MNPs,
used in biomedical applications. Chemical modification, size, shape, and assembly of MNPs
strongly affect the properties of MNPs for biomedical applications. The choice of the appropriate
synthesis technique is among the most essential aspects because it strongly affects the
characteristics and functionality of MNPs. Therefore, it is vital to develop proper synthetic
protocols with precise control of the size and shape of the different MNPs, as well as their
biofunctionalization. Different approaches have permitted the synthesis of nanoparticles with
wide variations among different research protocols; therefore a direct comparison of the results

obtained cannot be done. Interdisciplinary approaches are needed for refinement/standardization
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of protocols of synthesis and functionalization before in vivo testing, targeting to produce
nanoparticles with suitable stability, size-control, biocompatibility, and bioavailability. This
should ensure that experimentations accomplished in a laboratory can more clearly match the
estimated conditions that would be faced in vivo, letting proper steps to applications.
Nevertheless, iron oxides are relatively less toxic as compared to other semiconductor
nanomaterials or transition metals, still, some issues regarding toxicity, low biocompatibility,
insufficient magnetic strength, and low drug loading capacity limit clinical translation of MNPs.
1% These issues need to be resolved soon through clear and well-established procedures for great
impact on cancer diagnosis and treatment capabilities. The long-term stability of the
functionalized MNPs is important before they can be widely introduced for their clinical use.
Mathematical modeling of smart complex systems can also be done to understand complex
interactions in the final analysis so that a given biomedical approach can be successfully used.*®
The future applications and challenges in using MNPs pass through the conclusive interpretation
of the toxicological features at nanoscale for both in vivo and in vitro trials.?*

After several positive results in animals despite technical difficulties, few studies of
magnetic drug delivery are presently undertaking initial human trials. However, it will take time
before they are clinically available because they did not receive an active distribution and wide
development.?®> 22 Despite the promising and effective outcomes of preclinical trials of
magnetic hyperthermia, there are numerous complications in this area. These comprise of
establishing optimum limits of magnetic field strength and frequency, with their association with
the period of treatment. The presence of specific ligands on magnetic nanoparticles improves the
accumulation of MNPs in tumor cells and already proven to be effective in animal trials, but
such nanoparticles remains inaccessible to humans.*® The homogenous distribution of MNPs and
therapeutic temperature, and minimization of peritumoural tissue damage, need to be addressed,
before hyperthermia treatment can progress to clinic. *> Tissue engineering is highly fascinating
areas, in which robust research efforts have been devoted highlighting novel diagnosis and
therapeutic strategies. The application of MNPs in tissue engineering has attained preliminary
realization, though the interaction mechanism between MNPs, magnetic fields, and osteoblasts is
not yet clear. The mechanism and principle of action need to be further clarified in the future.?®
In conclusion, concerning the usage of MNPs, most of clinical trials conducted have focused on

MRI so far, so that clinical valuation of other applications is probable in the near future. %

PP



When magnetic nanoparticles present are used alone for PTT one of the limitations is their low
molar absorption coefficient in the near infrared region. This can be fixed by controlled
clustering of the nanoparticles by combining them with photothermal agents to form nano-hybrid
nanocomposites thus the absorption of the indicated radiation is higher and the conversion of
energy in heat is more efficient than in individual nanoparticles. *** MNPs can be designed as a
therapeutic system, in which the heat generated by magnetic nanoparticles after irradiation with
infrared light can release a drug attached to the nanoparticles in a controlled manner which also
seems to be a promising tool of chemo-phototherapy. For such purpose, large and industrial-
scale production of appropriate MNPs is an important challenge to be overcome. A lot of
research for the application of magnetic nanoparticles for biosensing still has to be done. The
functionalization of the magnetic nanoparticles to apply in blood purification have to be
developed in such a way that remove a wide range pathogens and additionally remain inert to
any other cell or molecular entities in blood. Even though the progress of using magnetic
nanoparticles for biosensing in possible clinical applications is visible, risk considerations may

not be left out. They need to be safe for handling and treatment. 2%

SUMMARY AND FUTURE PRESPECTIVES

This review summarizes the importance of nanotechnology in developing inventive and
advanced approaches for treatment and diagnosis with the effective nanosystems conception.
Theranostics signifies a vital innovation in the progress of cancer diagnostics and
therapeutics. This study shortly recaps magnetic nanoparticle's importance, synthesis, and
stabilization through surface modification. In this review, we have delivered a summary on state-
of-the-art of magnetic nanoparticles meant for in vivo and also in vitro experimentations used in
theranostic applications. In biomedical application MNPs, particularly SPIONs have emerged
with a range of formulations for bioimaging and therapeutic applications. The research work on
the fabrication of tremendously active nanovectors for in vivo and in vitro investigations carried
out practically exclusively with magnetic nanoparticles is reasonable and understandable and has
been established and explored since many years. Their stability, ability to targeting dispersibility,
and biocompatibility can be enhanced by functionalization of surface with biocompatible
polymers, to modify the particle chemical functionality and physical properties. Reliable

protocols are available for the surface modification and functionalization for reduced
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cytotoxicity. Nevertheless, significant efforts have been conducted for preliminary clinical trials
of hyperthermia manipulating magnetic colloidal mediators. Substantial research was done for
surface stabilization of magnetic nanoparticles to prove their safety, bio distribution, stability,
and toxicity by incorporating suitable natural or synthetic polymer.

In conclusion, our review describes the potential applications of the nanometer-size platforms
that accomplish numerous tasks instantaneously. Noticeably an extraordinary level of obstacle in
magnetic nanoparticle is to attain multimodal imaging or collective theranostic abilities. MNPs
are routinely used as a contrast agent with association with drug delivery that allows researchers
to envision great advances. The foremost development to improve and advance nanomaterials is
to fabricate them multi-functional controlled by signals externally applied or by local
surroundings turning them into smart and functional nanomaterials. MNPs are engineered as
essential constituents of assays, therapeutics, imaging agents, multifunctional devices and
sensors. To attain extensive recognition in medical applications, more scientific and technical
research is required to apprehend the physical and chemical characteristics of MNPs. MNPs have
not being completely grasped their optimum well-being and safety for in vivo applications for
routine qualitative and quantitative theranostic tools yet. Their limitations can be overpowered
through the upgrading of magnetic targeted carriers by continuous research and pre-clinical
experimentation. A recognizable cooperative conciliation between biochemistry, materials
science, nanotechnology, and medical investigation is essential to accomplish the required goals
and objectives completely.

Hence, magnetic nanoparticle and biomedical approaches signify a broad and strong
interdisciplinary research and application field. Significant advances have been accomplished in
the improvement of suitable MNPs and their functionalization. Remarkable proofs-of-concept in
a large variety of theranostic areas have confirmed the full potential of this research area,
demonstrating an important evolution in the entire biomedical field. The future is hopeful as well
as thought-provoking and novel research concepts are needed to be worked out to avoid its
limitations for theranostic applications. MNPs own a strong candidature for non-aqueous/ageous
phase solubility and are promising for in vitro and in vivo applications. To achieve this target
numerous factorsplay a key-role including suitable precursors, pH of the medium, coating agents
and solvents for the synthesis of MNPs. Aqueous phase solubility can be expressively enhanced

by using water-soluble surface functionalization agents by thermal decomposition, co-
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precipitation, and microwave and high-temperature methods.

The scientific information collected in this review unlocks innovative perceptions into the role of
MNPs to develop nanohybrid composites to escalate their efficacy especially in the area of
disease diagnosis, early detection, cellular and deep tissue imaging, drug/gene delivery as well
as modern-day theranostics. The present importance of molecular medicine is to advance new
unique tools for early-stage disease diagnosis and more of point-of-care diagnostics. Integration
of MNPs especially IONPs, encompass the fabrication of theranostic platform that syndicates
therapeutics with diagnostics. Such efforts would mainly make the diagnosis processes simple,
speedy and less invasive. Personalized medicine is also attaining consideration and it is
predictable that the integration of nanotechnology could effect in overarching conclusions. In
near-term, multifunctional MNPS would be an eye-catching material for theranostic applications
and may change the usual business model of pharmaceutical industries. We consider that these
progressive reports will direct the academic researchers and industries to precise the
contemporary translational stage for the further applications using these multifunctionalized
MNPs.
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