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Abstract

There is urgency for the development of nanomaterials that can meet emerging biomedical needs.
Magnetic nanoparticles (MNPs) offer high magnetic moments and surface-area-to-volume ratios
that make them attractive for hyperthermia therapy of cancer and targeted drug delivery.
Additionally, they can function as contrast agents for magnetic resonance imaging (MRI) and can
improve the sensitivity of biosensors and diagnostic tools. Recent advancements in
nanotechnology have resulted in the realization of the next generation of MNPs suitable for these
and other biomedical applications. This review discusses methods utilized for the fabrication and
engineering of MNPs. Recent progress in the use of MNPs for hyperthermia therapy, controlling
drug release, MRI, and biosensing is also critically reviewed. Finally, challenges in the field,
potential opportunities for the use of MNPs towards improving their properties are discussed.
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1. Introduction

Micro and nanoparticles (NPs) made from lipids, polymers, and metals have been used in
biomedical applications for decades [1l. In recent years, various studies have demonstrated
the importance of the size of NPs on their function /n vivo. Recent advancements have
enabled the fabrication of NPs with low polydispersity and size as small as 10 nm in
diameter [2]. NPs of 10100 nm have gained significant attention in biomedical engineering
due to their physical and chemical properties [31. These NPs offer extremely high surface-
area-to-volume ratios. NPs larger than 100 nm can be consumed by immune cells; therefore,
large NPs have reduced availability in blood flow and tissues [4], whereas particles smaller
than 10 nm can easily be filtered out through the kidneys [®1. However, NPs in the size range
of 10-100 nm offer suitable residence time in the blood which grants high potential for
systemic therapies [6].

Magnetic nanoparticles (MNPSs) are an important class of NPs that are typically fabricated
from pure metals (Fe, Co, Ni, and some rare earth metals) or a mixture of metals and
polymers [7]. The utilization of MNPs has increased in many medical applications, namely
hyperthermia cancer treatment [8], controlled drug release [¥], magnetic resonance imaging
(MRI) (101 and biosensing [111. A key advantage of MNPs is their capacity to be
magnetically manipulated from an external magnetic field. Chemical composition, size,
shape, morphology, and magnetic behavior of the MNPs are the most important criteria in
determining their biomedical applications [12]. Additionally, magnetic properties and MNP
effectiveness /in vivo can be tailored by applying a safe and biocompatible coating to
increase their acceptability for a specific target in the human body [3]. This coating provides
surface chemistry that aids in the integration of functional ligands [141. Modifying the
surface chemistry can result in the multifunctionality of MNPs. For instance, chemical
modification provides multiplexed functionality such as combined hyperthermia-drug
delivery [23] and multimodal imaging [24].

In the 19t century, it was found that fever can negatively impact the growth of cancer cells
[16] It was shown that cancerous and non-cancerous cells display different behavior over a
temperature range of 42-45°C (i.e. hyperthermia). Healthy cells can withstand these
temperatures for a short period of time while cancerous cells undergo apoptosis [171.
Therefore, maintaining the temperature of the cellular environment in hyperthermia could
represent an effective method in treating cancer with fewer adverse effects [18]. MNPs hold
great potential for generating heat under an applied magnetic field and elevating the
temperature of the cancerous tumor to 42-45°C. Currently, hyperthermia is employed in
treating numerous cancers, namely prostate, uterine, lung, and neck cancers [19].

A key concern of current cancer chemotherapies is their inability, once systematically
administered, to distinguish between cancerous and healthy cells that often results in the
death of both cell types. Therefore, numerous research efforts have been dedicated to
identifying strategies to deliver drugs to only cancerous cells while maintaining the viability
of surrounding healthy cells [29]. MNPs have been identified as a potential solution to this
major challenge as they can modify the pharmacokinetics of drugs to decrease cytotoxicity
and increase the releasing time and half-life of drugs [?1]. In addition to the possibility of
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localizing MNPs at the cancerous area by a magnetic field [22], they can be decorated with
high-affinity ligands (i.e. biological molecules such as peptides and antibodies that have an
ability for detecting cancerous cells) to further improve their selectivity [23].

Another application of MNPs is in MRI to improve the image contrast of targeted tissues.
MNPs can be localized into the tissue site to increase proton relaxation and to enhance their
visibility [24]. Considered as a next-generation material in MRI, MNPs used for imaging
consist of nanocrystalline particles that can be further functionalized with biocompatible
coatings and ligands.

More efficient and precise measurement of biomarkers and cells is vital in rapid disease
diagnosis and cancer metastasis prevention. Cancer diagnosis in early stages can
significantly prevent cancer tumor growth and its metastasis to other tissues [2°]. Cancer
evaluation tools with high sensitivity in the detection of several diverse targeting moieties
that require minimal sample preparation contribute significantly to rapid diagnosis. Recently,
the application of the MNPs in biosensors has been extensively studied. These systems offer
unique advantages over traditional detection methods [26].

Although there are several review papers discussing the use of MNPs for cancer treatment
[27] strategies for pairing diagnosis and treatment have not been properly reviewed. In this
review, various methods for the fabrication of MNPs are briefly discussed, and the
advantages and shortcomings of MNPs are listed. Various utilization of MNPs in cancer
treatment through hyperthermia and targeted drug delivery and release are reviewed. Here,
we consider recent advancements in combined cancer treatments like hyperthermia and drug
release by the MNPs. We have shown that MNPs in different forms of micelles, liposomes,
and core/shell structures have demonstrated a significant capability in hyperthermia, drug
delivery, and MRI applications [28] (Figure 1). Additionally, the discussion of the potential
of MNPs in cancer diagnosis by magnetic resonance imaging and biosensors is provided.
Finally, the limitations of these therapies and potential areas that MNPs in their existing
form or improved versions can impact cancer treatment or diagnosis will be highlighted.

2. Methods for the fabrication of MNPs

One of the essential requirements when developing new materials at the intersection of
several fields like nanotechnology, biomaterials, and engineering is the ability to control and
tailor the properties of the system to the specific application. Reproducibility and
predictability of the synthesis and fabrication processes are equally important for their
clinical application. The production of MNPs with desirable morphology, particle size,
shape, and distribution has been extensively investigated [2%]. Among many approaches,
MNPs are primarily fabricated using co-precipitation [3%, microemulsion 311, and high
temperature based [32] methods.

One of the most frequently used methods, especially when trying to achieve spherical
MNPs, is co-precipitation from aqueous solution [33]. By this method, various oxidizing
agents oxidize ferrous hydroxide suspensions. It is reported that by using this method,
spherical MNPs can be achieved in the range of 30-100 nm [341. Furthermore, these two
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primary factors can significantly affect the chemical composition and electrostatic surface
charge of the formed particles. For example, NPs obtained by this method, due to large
surface-area-to-volume ratios, often strongly aggregate. Stabilizing NPs by coating their
surface with surfactants such as proteins [3%], nonionic detergents, or polyelectrolytes [36]
can prevent their aggregation. An alternative strategy to co-precipitation is based on water in
oil microemulsion systems where fine micro-droplet dispersions of one liquid with
surfactant molecules are placed in another immiscible liquid.

MNPs typically cannot carry compounds, so various composite systems made of polymers
or gels and MNPs have been synthesized to allow for easy manipulation /n vivo and to carry
hydrophilic or hydrophobic compounds. The surfaces of MNPs can also be functionalized
with molecules such as amine and thiol groups that facilitate the binding of drugs or
targeting ligands for targeting specific tissues and cell types. Table 1 provides an overall
picture of current types of MNP-based composite systems and their applications in cancer
diagnosis and treatment.

3. Cancer therapy

3.1

Hyperthermia

The induction of MNPs by exposure to an appropriate alternating magnetic field (AMF) is
being investigated in the application of targeted therapeutic heating of cancer cells [272 47],
Hyperthermia is a therapeutic technique where the temperature in a specific tissue or the
entire body is raised above normal physiological temperatures. The heat generated from
MNPs causes cells in a tumor to die [48]. Cancerous cells are sensitized to hyperthermia
compared to normal cells, due to the lowering of the pH at the cancerous microenvironment,
which results in decreased thermotolerance [49]. A disorganized vascular network and lower
blood flow within the cancerous tissue lowers the rate of convective cooling of the tumor
and cause the tumor to overheat. On the other hand, healthy tissue possessing organized
blood flow can dissipate extra heat to neighboring tissue through conduction and convection
[501. As a result, the viability of cells in the cancerous tissue significantly decreases between
41°C-46 °C, whereas healthy tissues are able to successfully dissipate the heat and the cells
there can survive [11. The generation of heat in standard hyperthermia treatment can be from
ultrasonic waves, radiofrequency, microwaves, infrared radiation, and hot water 521,
Although the hyperthermia techniques present a considerable advancement in clinical
procedures, they have several side effects including blisters, burns, pain, and unregulated
tissue growth 5201 Alternatively, localized hyperthermia by MNPs is shown to have fewer
adverse effects. Researchers have investigated the effectiveness of this approach in animal
studies and have devised strategies to locally increase the temperature of tissue as a means of
cancer treatment [3]. Inducing MNP based hyperthermia is also being investigated as an
adjuvant to conventional cancer therapeutic methods such as chemotherapy and radiation
therapy 241,

Hyperthermia therapy is used to increase temperature locally or systemically based on the
extent of the area under treatment. Ideally, local hyperthermia is used to only increase the
temperature of unhealthy tissue such as cancerous tumors. Most local hyperthermia methods
without the use of MNPs are not considered effective in treating cancer tumors because they
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fail to produce a homogenous distribution of temperature within and cause avert overheating
of deeply embedded parts of cancerous tissue [®°1. Accordingly, advances in nanotechnology
have led to improved safety, feasibility, and effectiveness of local hyperthermia therapy for
treating cancerous tissues [°61. MNPs with high levels of magnetism have displayed
excellent behavior in producing heat at regions of cancerous tissue [571. These MNPs can be
either inserted directly into the cancerous tissue by injection or localized at the area of tumor
from manipulation via a magnetic field. Then, the particles are heated by applying an AMF.
Concentrated heat at the cancerous site is generated by the directed MNPs in hyperthermia
treatment (magnetic hyperthermia), cancerous cell death occurs and can be considered as an
efficient method in treating tumors.

Recently, /n vivo experiments to study the influence of magnetic hyperthermia on the size of
cancerous tumors have gained considerable attention in cancer treatment. Basel et a/. [58]
generated pancreatic cancer tissue in mice via injection of murine pancreatic carcinoma cell
line Pan02 cells. After several days of tumor growth, monocyte/macrophage-like cells
loaded with IONPs were injected into the mice. After three days, the MNPs present in
cancerous tissue produced heat under an AMF stimulation. They reported a significant
reduction in tumor volume over time. Similarly, Araya et a/. 5% synthesized
superparamagnetic IONPs coated with carboxydextran for hyperthermia applications. A549
cells (i.e. non-small cell lung cancer cell line) were injected in BALB/c nu/nu athymic mice
along with exposure to AMF for 20 min (temperature inside cancer tissue was recorded 43—
45 °C). It was observed that tumor volume was notably decreased. Most of these studies
have shown positive effects of hyperthermia treatment in reducing cancer tissue volume
when MNPs are directly or intravenously injected in the tumor followed by AMF exposition
[60], Thorat et a/. developed highly dispersible Lag 7Srp 3MnO3 magnetic nanoparticles with
high self-heating capacity under external AMF [611, Magnetic hyperthermia has shown high
efficiency in suspending cancer cell growth. Kolosnjaj et a/. [62] showed the ability to
impede cancer growth by using MNPs in epidermoid carcinoma mice. They reported that
chemotherapy can be more effective by using MNPs. This way, drug penetration into cancer
cells is improved through the heat generation of MNPs under AMF. Enhanced tumor growth
impediment has been shown by using doxorubicin release along with magnetic hyperthermia
when compared to using either alone (more than a 7.5-fold reduction in tumor volume) [62],

3.1.1. Mechanism of heat generation using MNPs—Ferromagnetic materials are
composed of multi-magnetic domains called Weiss domains. They can produce heat because
of hysteresis loss during a magnetization cycle [631. By applying AMF on the ferromagnetic
materials, all the magnetic domains are forced to be parallel to the direction of the AMF to
reach a lower energy state. When the AMF is removed, the magnetization does not come
back to its original state (i.e. the state prior to the implementing magnetic field). To decrease
the lingering magnetization, an opposite magnetic field (coercive field) is applied. The
magnetization curve with a hysteresis loop in the ferromagnetic material is schematically
shown in Figure 2a where Ms, Mr, and Hc present saturation, retentivity, and coercivity
points, respectively. The area inside the hysteresis loop represents the hysteresis loss.

Superparamagnetism is a phenomenon that occurs in ferromagnetic NPs. Conventional bulk
ferromagnetic materials consist of several magnetic domains while NPs are considered as
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single magnetic domain particles because of their small size. They have a large magnetic
moment that contains all atomic magnetic moments in the structure of the NPs. The
superparamagnetic NPs have not shown any lingering magnetization after removing the
AMF which makes them suitable for biomedical applications (Figure 2b). The power of
MNPs to generate heat through exposure to an AMF is dependent on magnetization
saturation (Ms), coercivity (Hc), and the frequency of the magnetic field [641,

The heat produced in ferromagnetic materials that are exposed to an AMF can be described
by two different models: the relaxation (Néel and Brownian relaxations) and hysteresis loss.

The relaxing magnetism that occurs by quickly changing the orientation of magnetic
moments (internal dynamics) is known as the Néel relaxation theory. This relaxation is
prevented by an energy barrier (uniaxial anisotropy) which is accompanied by the heat
formation in the ferromagnetic materials [65]. The relaxation time from this theory is
determined by the equation below:

KV
TN=Toexp(—K 5 T)’ 1)

Where 75=10"% s, K'is anisotropy constant, V/presents the volume of the magnetic particle,
kpis Boltzmann constant, and 7 is the temperature (K). The size of NPs can strongly affect
Néel relaxation.

The Brownian relaxation mechanism is explained by relative friction produced from the
rotational diffusion of particles in a medium (external dynamics). In this theory, viscosity
prevents the free rotation of NPs in the external medium [66]. Equation (2) gives the
Brownian relaxation time:

3uVH
TB=(ﬁ)7 (2

here, 4, W4, kg, and T are the viscosity of the external medium, the volume of the particles,
the Boltzmann constant, and the temperature, respectively. The size and viscosity are the
most effective parameters in the Brownian relaxation theory [671. The rotations of particles in
a medium with higher viscosity are sluggish compared to a less viscous one. Generally, the
Néel relaxation is the dominant force for small particles while the Brownian relaxation is the
dominant one for large particles in the medium [65. 681 Therefore, the relaxation of MNPs
used in magnetic hyperthermia is primarily controlled with the Néel mechanism. The
mixture of Néel and Brownian relaxation time yields the following equation [65]:

T=(tg.TN)/(TB+TN) ©)
3.1.2. Delivery of MNPs to the tumor site—MNPs can be delivered locally via
injection using catheters or hypodermic needles. MNPs can also be managed consistently

and localized in the cancerous site by exposing them to an external magnetic field near the
target tissue. In the direct injection method, magnetic fluid with a specific concentration of
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MNPs is directly inserted into the cancerous tissue by injection. This method is the easiest
approach because it does not require any further intervention for the particle localization.
Therefore, the direct injection method is the most commonly employed approach in in vivo
applications such as clinical studies (9. Another advantage of direct injection is the
controllability of the concentration of MNPs at the tumor site. However, this method is
effective only when there is easy access to the tumor site. Additionally, MNPs tend to
agglomerate post injection which negatively impacts their homogeneity within the tumor
thus affecting the temperature distribution across the tumor. Accordingly, this approach is
limited for many types of cancers [7%. In systematic delivery, the MNPs are intravenously
injected. The concentration of MNPs increases in the bloodstream because of enhanced
permeability and retention (EPR) effects [71]. Tumors have a faulty vascular architecture
compared to healthy organs. Although the defective vasculature in tumor tissue can facilitate
nutrient and oxygen supply for growing tumor cells, it can also result in easy penetration of
macromolecules and NPs to the tumor site (Figure 3). Consequently, intravenous injection of
NPs leads to their transport from the bloodstream to the cancerous area. Deposited NPs in a
tumor have an extended retention time. The increased retention time is likely due to the ease
of transportation of MNPs within the vasculature. The retention time and easy transportation
of MNPs maintain stability and prevent agglomeration in the bloodstream. The diameter of
particles used in systematic delivery is recommended to be less than 200 nm and higher than
50 nm to pass easily through the liver and survive renal clearance, respectively [72].

Saito et al. [73] revealed that coating NPs can significantly impact EPR retention. They
coated superparamagnetic iron oxide with alkali-treated dextran magnetite (ATDM) and
carboxymethyl dextran magnetite (CMDM). The ATDM coated IONPs showed more
effective labeling of macrophages. The madification of protein adsorption and macrophages
labeling of NPs can be achieved by using an effective and suitable coating for MNPs [74],
Although using the systematic delivery of MNPs results in a more homogenous distribution
of particles at the tumor site compared to intratumoral injection, systematic delivery suffers
from difficulty in providing the sufficient dosing of MNPs required for effective treatment.
In addition, MNPs might accumulate in some healthy tissues.

To improve the localization of MNPs, they can be delivered to the tumor site through an
active delivery approach. This way, the surface of MNPs is modified by a targeting agent
that binds to cell receptors. By utilizing these interactions, higher concentrations of NPs and
cellular uptake can be achieved in targeted tumor cells. These targeted agents can be
antibodies [, antibody fragments [7®], receptor ligands [/7], peptides [8], and aptamers [79],
Pala et al. [80] fabricated ferric oxide NPs with a dextran coating and human epidermal
growth factor receptor (HER?2) aptamer surface conjugate. The synthesized MNPs in their
study were used as hyperthermia mediators. The results showed that the aptamer-tagged NPs
specifically targeted HER2-expressing cells. Furthermore, a 90-fold lower dose of the tagged
NPs was needed to attain ~50% cell death by hyperthermia treatment compared to that of the
non-tagged NPs. The aggregation of MNPs in tumors could be optimized by controlling the
external magnetic field 821, Similarly, Dormer et a/. [82] showed MNP guidance into the
inner ear of guinea pigs by using an applied magnetic field with an optimized strength. In
another study, AMF was used for passing MNPs through the blood-brain barrier and enable
MNP penetration into the brain.
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Overall, the active delivery of MNPs results in a better distribution of particles within the
tumor site. However, identifying the correct targeting agent is vital to this technique but can
be challenging depending on the phenotype of the cells in the tumor. The accessibility of the
particles to the secondary tumors and metastatic regions is also not clear. In the case of
multiple tumors, external magnetic fields are not able to be used to localize MNPs because
there is mostly only one magnetic focal point for the direction of MNPs.

3.1.3. MNPs for hyperthermia-based therapy—There are various kinds of materials
used for MNPs employed in hyperthermia therapeutics— namely Mn, Fe, Co, Ni, Zn, Gd,
Mg, and their oxides. The applications of pure metals, despite having the high saturation
magnetization, have been limited in biomedical engineering due to their instability in the
human body and potential toxicity [83]. Metal oxides are more stable /n vivo and exhibit
higher biocompatibility than metals; thus, they are a more attractive candidate for medical
applications [84]. Magnetite (Fe30,) is a well-known magnetic material that can become
stable by different ligands such as dextran [85], cationic liposomes [8¢], polyvinyl alcohol,
hydrogel, and lauric acid [87). Another group of MNPs is built upon ferrites, namely cobalt
ferrites (CoFe,04), manganese ferrite (MnFe,Q,), nickel ferrite (NiFe»0,), and lithium
ferrite (Lig 5Fep 504) [88]. Ferromagnetic NPs like doped Fe with Au and doped Zn/Mn with
iron oxides (ZnyMn1-x)Fe304) can be widely employed in hyperthermia applications [89],
FeCo metallic NPs have a high heating performance (1300-1600W/g) [9°]. IONPs can be
metabolized to produce blood hemoglobin and preserve iron cell homeostasis [911. The
chemistry, particle size, dispersity of NPs, and magnetic moment are the most important
parameters in determining the hyperthermic strength of MNPs [92].

Chemical optimization of IONPs is of great importance in their application as a heat
mediator in magnetic hyperthermia. Heat generation by the MNPs in hyperthermia
applications can be described by three mechanisms: susceptibility loss, hysteresis loss, and
viscous heating (magnetic stirring loss). Specific loss power (SLP) shows electromagnetic
power loss per magnetic material mass and describes the magnetic strength of NPs.
Recently, nano-ferrites have been extensively employed in hyperthermia applications
because of their high SLP value. For example, bulk-shape of jacobsite and manganese iron
oxide (MnFe,0y4) has a higher SLP amount (110 emu/g) in comparison with bulk-shape
magnetite (with SLP value of 92 emu/g). Spinels are a type of ferrites with the common
formulation of MFe,0, in which M is one of the divalent metal ions such as Mn2*, Fe2*,
Co?*, Ni2*, Cu?*, Zn?*, Mg?*, and Cd?*. The dispersal of ions in the spinel structure is a
key factor affecting their magnetization strength. In an inverse spinel structure, cations are
placed in the octahedral sites in parallel to the magnetic field. Also, net magnetization
strength is weakened by anions that are placed in tetrahedral sites. Doping MNPs with
cations by desirable distribution in octal- and tetrahedral sites is an effective way of tuning
their magnetic and physical properties with no effect on crystal structure [93].

Another important indicator in determining the heating power of MNPs is their size
distribution. Gonzales-Weimuller et a/. [94] studied the relation of SLP of monodisperse
IONPs with their size. They found a direct relationship between SLP and the particle size
wherein they measured the highest SLP (447 W/g at a field amplitude of 24.5 kA/m) for the
NPs with a size of 11.2 nm. Their results also demonstrated that increasing the particle size
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to ~12.5 nm results in higher heating rates. The size dependency of Fe,O3 NPs on
generating heat in viscous media was investigated by De la Presa et a/[%%]. They reported
that the highest generated heat in viscous media can be achieved by having a critical MNP
size of 12 nm. A key parameter in using MNPs as heat mediators in hyperthermia
applications is their specific absorption rate (SAR). A low dosage of MNPs with high SAR
value can generate a high amount of heat with lower magnetic field strength and frequency
lowering the potential side effects.

Particle shape can potentially affect the performance of MNPs for heat generation in
response to AMF. However, there is limited research on the influence of the shape of MNPs
on heating properties. In one example, Song et a/. [9] showed a strong relation of NP shape
with their thermal efficiency. They prepared MNPs with two different shapes: spherical
(average size of particle ~ 9.5 nm) and quasi-cubical (average size of particle ~ 9.6 nm)
shape. The MNPs with quasi-cubical shape showed stronger saturation magnetization
compared to the spherical-shaped particles.

Stabilizing the surface of NPs with a ligand agent leads to the improvement of their
performance by decreasing toxicity, preventing agglomeration, and improving heating
properties [9]. Pradhan et a/. [97] synthesized MNPs with two different coating layers: lauric
acid and dextran. Their results showed that lauric acid coatings can improve the cell-
compatibility of MNPs more than dextran coating. Li Liu et a/. [%8] produced monodispersed
Fe304 NPs coated with methoxy poly(ethylene glycol) (mPEG) to evaluate the effect of
coated surface properties on the SAR under AMF. Their research showed a direct
relationship between the thickness of coating and SAR where the SAR value decreases with
reducing the thickness of the coated surface.

Achieving MNPs that can be suspended and that have suitable magnetization properties have
recently been the matter of discussion for magnetic hyperthermia [%9. SAR is significantly
affected by particle size, shape, and chemical composition of the MNPs. First, tuning the
chemical composition of MNPs is an effective way of increasing the SAR value. Even
though metallic magnetic nanoparticles have a good potential ability in enhancing SAR
value [100] it has been reported that metallic particles are not stable at ambiance and using
heavy metallic particles may cause toxicity [1011. It has been reported that SAR is strongly
sensitive to the degree of colloidal stability and saturation magnetization [°8]. Engineering
MNPs with suitable shape and morphology without introducing any toxic material is of great
importance in magnetic hyperthermia applications [991. A unique magnetic structure can be
achieved by engineering ferromagnetic vortex-domain nanorings (FVDNRSs) with high SAR
value, negligible remanence and coercivity, and good suspension ability [99]. Under an AMF,
FVDNRs try to align with the field direction rapidly. FVDNRs are well-known for superior
heat induction capability of the suspension that makes them an attractive mediated agent in
hyperthermia treatment. In addition to FVDNRs, nanodiscs show much higher SAR value
compared to isotropic particles [102], It has been reported that parallel aligned nanodiscs
under an applied AMF have ~2 times greater SAR value compared to randomly oriented
nanodiscs [102]. Kim er a/. showed that Fe,oNigg microdiscs under the low-frequency
magnetic field can be assumed as a strong thermal seed for destroying cancer cells [103],
MNP assembling is another important factor that has a significant role in the heating ability
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of particles. Serantes et a/. showed that chain-like arrangement biomimicking magnetotactic
bacteria has good performancein magnetic hyperthermia applications [104]. The size of
chains and anisotropy of particles in the chains have an important role in generating
maximum heating [194]. The knowledge of tuning chemical composition, size, shape,
morphology, and assembly of MNPs opens a new perspective for engineering strong MNPs
in magnetic hyperthermia.

Strategies for engineering MNPs with high thermal energy transfer capability have been the
focus of several recent research studies on hyperthermia and drug delivery methods [63. 105],
Lee et al. [19¢] took advantage of the exchange coupling between a magnetically hard core
(CoFe,04) and a magnetically soft shell (MnFe,04) to improve SLP and enhance magnetic
thermal induction of synthesized NPs. Their results showed that synthesized
CoFe,0,@MnFe,O4 MNPs exhibit SLP values that are an order of magnitude larger than
conventional IONPs. /nn vivo experiments were followed by subcutaneous injection of
synthesized core-shell NPs into tumor tissue located in the abdomen of mice. An AMF of
500 kHz was applied for 10 min and the tumor size was monitored for up to one month. The
tumors that received the hyperthermia treatment with CoFe,O,@MnFe,04 MNPs were
eliminated significantly. In summary, exchange-coupled MNPs can be developed as a new
way of modulating magnetism for the enhancement of magnetic heat induction [106],

Janus particles are a relatively new class of heterogeneous particles that offer different
properties in distinct regions. These particles can be designed to perform various functions
without interfering with the functions of other regions or allow gradual exchange between
the regions [107], Liu er a/. [108] developed Fe30, NPs-graphene oxide magnetic Janus
amphiphilic nanoparticles (MJANPS) as high-performance NPs applicable in magnetic
hyperthermia applications. Their results confirmed that developed MJANPS have magnetic
heating efficiency and transverse relaxivity of 64 and 4 times higher than conventional
IONPs, respectively. High-performance MJANPs can be extensively applied in different
clinical diagnoses and therapeutic applications.

3.1.4. Self-regulated hyperthermia—A key concern in hyperthermia-based therapies
is temperature overshoot. As the desired temperature tolerable by healthy tissue for such
therapies is under 45 °C [199] increasing temperature beyond can negatively affect non-
cancerous tissues. Thus, finding methods for regulating the temperature and avoiding
overheating is essential. MNPs immediately lose their magnetic properties when their
temperatures reach the Curie temperature. Therefore, the saturation magnetization, Ms,
becomes zero at the Curie temperature and no heat is produced when AMF is applied. It was
reported that by choosing a suitable chemical composition and size of NPs, heating can be
managed and overheating of surrounding tissue prevented [110]. Ni-Cu, Ni—Pd, and Co-Pd
alloys are considered as top candidates for self-temperature regulating MNPs in
hyperthermia therapy applications. Chatterjee et a/. [60] synthesized polyethylene glycol
coated copper-nickel NPs by the polyol reduction method and by a physical melting process.
Their study showed that these NPs lose their magnetic properties in the range of 43-46°C to
control heat generation. Gd-substituted Mn—Zn ferrite NPs produced by the chemical co-
precipitation method [1111, Fe;_,Mn,Fe,O4 NPs synthesized by the co-precipitation method
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[112] ‘and Fe-Pt, Ni-Pd, Ni-Pt NPs [113] have promising behavior in self-regulating MNPs in
hyperthermia applications.

Apoptosis, an irreversible biological phenomenon, is the main agent of cancerous cell death
when exposed to MNPs in an AMF. Magnetic hyperthermia is a favorable nominee for
multimodal cancer treatments. In recent years, superparamagnetic iron oxide nanoparticles
(SPIONS) have been broadly employed in hyperthermia therapy. Higher biocompatibility of
SPIONs makes them more favorable in comparison with other magnetic materials, namely
cobalt and nickel [114]. Using MNPs with high SAR value can generate high amounts of heat
in lower strength magnetic fields and lead to fewer side effects. IONPs have
superparamagnetic properties in particles with sizes of less than 12 nm [115], At this size
range, they have an extreme tendency for agglomeration. Coating SPIONs by a non-
magnetic or magnetic shell is an alternate way to reduce aggregation phenomenon [115],
Overall, magnetic hyperthermia can be considered as an adjuvant to other techniques such as
chemotherapy and drug delivery [54].

3.1.5. Hyperthermia combined with radiotherapy/chemotherapy—
Combinatorial hyperthermia treatment is the simultaneous or continuous exposure of
cancerous tissue to thermal therapy along with another cancer treatment such as
chemotherapy and/or radiotherapy. As mentioned, hyperthermia is not an effective treatment
by itself. Hyperthermia in combination with radiation and chemotherapeutic agents has been
carried out for years with significant improvement in the treatment of various types of
cancers [116],

The combination of hyperthermia with chemotherapy and/or radiotherapy is categorized into
three various types: thermo-radiotherapy, thermo-chemotherapy, and thermo-chemo-
radiotherapy. One of the first examples of hyperthermia combination treatment was thermo-
chemotherapy for the treatment of advanced liver melanoma metastases carried out in the
early 1980s [117], Even though the combination of hyperthermia with other cancer treatments
has been developed in recent years, the combinatorial mechanisms are not fully understood
and have remained a matter of discussion. Altogether, the benefits of using hyperthermia
with chemotherapy and/or radiotherapy can be explained by the following synergistic
effects:

a. After cells are exposed to a specific dose of ionizing radiation, most cells go into
synthesis phase (S phase), and simultaneous or continuous exposure of
insensitive hypoxic cells to increasing temperature by hyperthermia therapy
prevents DNA damage repair and increases treatment efficiency (1181,

b. Hyperthermia increases cell sensitivity to chemotherapeutic agents and enhances
the uptake rate and accumulation of drugs in cancerous tissue [119].

A broad range of temperature elevations can be used in the hyperthermia method. For the
best efficiency, a combination of moderate hyperthermia in the range of 42—45 ° C with
chemotherapy and/or radiotherapy is preferred. It has been reported that the immune system
response can be significantly activated within this range of temperature [16]. The
combination of hyperthermia with chemotherapy and/or radiotherapy has been reported for
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the treatment of colorectal cancer [1201, prostate cancer [121], bladder cancer [122], cervical
cancer [1231 and peritoneal carcinomas [124],

While most of the MNPs used in hyperthermia therapy can be employed in the combination
of hyperthermia therapy/radiotherapy/chemotherapy, gold nanoshells have been reported as
an adjuvant to improve the efficacy of thermal therapy in combination with radiotherapy and
chemotherapy [125] because of their unique optical, electrical, and drug loading capacities
[126] MNPs integrated with chemotherapeutic agents can simultaneously release drugs and
selectively transfer heat to tumor cells. Combining hyperthermia with radiotherapy and
chemotherapy using MNPs suggests high cancerous tissue penetration, selective tumor
targeting, decreased toxicity effects, and improved therapeutic response.

3.2. Drug delivery vehicles

Each type of cancer requires a specific method of treatment due to the vast differences in the
large array of potential cancers and specific differences in each patient. Conventional
chemotherapy has several disadvantages including nonspecific distribution of drugs in
tumors and healthy tissues, rapid clearance of anti-cancer agents, significant toxicity of anti-
cancer drugs for normal tissues, and difficulty of choosing a suitable dose of drugs in the
cancer treatment [127], Consequently, understanding the molecular and cellular reactions of
different types of cancers and designing the specific drugs to treat them have recently drawn
noticeable consideration [128],

Based on these studies, various types of drug vehicles like polymeric NPs and micelles,
liposomes, carbon nanotubes, graphene oxide, MNPs, and silica and gold NPs with unique
properties have been developed for overcoming barriers preventing effective delivery of
drugs into cancerous tumors [28]. The hydrophobic properties of most drugs reduce their
bioavailability within the bloodstream. One of the advantages of encapsulating drugs in a
polymer structure is to improve their bioavailability in the body. These modifications can
control drug release at the tumor site over time [129],

One promising approach that has been widely studied is to engineer drug carriers that
respond to external stimuli (1301, Two classes of particles have received particular attention:
infrared (IR) responsive drug carriers and MNP-based drug carriers. The key advantage of
MNPs over IR responsive drug carriers is the ability of MNPs to be localized by employing
external magnetic fields prior to their activation. In addition, MNPs can combine both
hyperthermia therapy and sustained drug release.

3.2.1. Types of utilized drugs—The unique properties of MNPs make them attractive
candidates for drug delivery, diagnosis, and treatments of cancers [1311. Radiolabeling is a
well-developed and helpful method for quantitating biological uptake [132]. Positron
emission tomography (PET) or single-photon emission computed tomography (SPECT) are
highly-developed diagnostic methods relying on positron emitters nanomaterials [1331. Both
cancerous tissues and biological phenomena are distinguishable using radiolabeled MNPs.
Recently, alpha- and beta-emitter-labeled NPs have been extensively investigated for clinical
applications and some trials have presented excellent results on tumor treatment [134],
Altogether, biomolecules such as antibodies, peptides, and aptamer and small-molecule
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drugs can be labeled with MNPs for the best diagnosis and treatment of cancers. The
incorporation of various radionuclides on the surface of MNPs results in transporting alpha-
and beta-emitters to the cancerous tissues. Furthermore, MNPs can be labeled with different
functional molecules like cancer-targeting molecules such as antibodies, peptides, and
molecule ligands [13%]. This strategy leads to the development of multivalent MNPs
applicable in cancer therapy and diagnosis (Figure 4).

3.2.1.1. Chemotherapeutics: Chemotherapeutics, which are primarily small organic
drugs, kill cells that undergo rapid mitoses such as cancer cells, bone marrow, and hair
follicles [136]. Systematic chemotherapy, without controlled release, has several side effects
such as immunosuppression (myelosuppression), inflammation of the lining of the digestive
tract (mucositis), and hair loss (alopecia) [137]. But, their delivery to the targeted tumor by
MNPs can remove these unwanted side effects [138],

Kohler et al. [139] synthesized methotrexate-immobilized IONPs as a drug vehicle. They
conjugated synthesized NPs with methotrexate (MTX)—a chemotherapy drug-by poly
(ethylene glycol) (PEG) self-assembled monolayer. NP-PEG-MTX shows higher
cytotoxicity in 9L glioma cells than free MTX Jn vitro. Hua et al. [149] developed a nontoxic
drug nanocarrier in a core/shell form that encapsulated paclitaxel (PTX). Their results
showed that synthesized nanocarrier-bound-PTX has higher stability compared with free-
PTX under the studied conditions. Additionally, the bound-PTX nanocarrier is more toxic to
human prostate carcinoma cells (PC3 and CWR22R) compared with free-PTX, especially
under AMF.

3.2.1.2. Radiotherapeutics: Modern cancer therapies have been partially successful at
treating many common types of cancer and prolonging the lives of patients [1411, For
instance, radiotherapeutics can destroy cancer cells by damaging the DNA of cancerous cells
through the generation of free radicals. Recently, different targeting systems including
MNPs conjugated with antibodies and peptides have been developed to support direct
radionuclides away from non-cancerous sites, paralleling chemotherapeutic development
[142]_ This kind of treatment is different from conventional drug delivery tools and can act at
a distance of nanometers to microns from the tumor site. R-emitters (as radionuclides) can
attach to different radionuclide labeled MNPs (such as 188Re [143] and 111|n [144]) to be used
as therapeutic agents for treating cancer cells.

3.2.1.3. Antibodies and peptides: Antibodies can target certain antigens specifically
expressed or overexpressed on cancer cells. Scientists can design and rapidly replicate
monoclonal antibodies (mAbs) to target cancerous tissues. Ross et a/. [14°] prepared
Herceptin (commercially marketed as Trastuzumab) conjugated IONPs as heating mediates
for hyperthermia applications and as an agent in controlled drug release for breast cancer
treatment. They reported that the combination of MNPs and Herceptin significantly
increases their ability to kill Her2/neu expressing breast cancer cells.

Peptides are molecules with amino acids linked by peptide bonds through the dehydration-
condensation reaction. Veiseh et a/. [146] synthesized a nano-system vehicle—amine-
functionalized PEG silane conjugated superparamagnetic iron oxide—for the delivery of a
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peptide, chlorotoxin (a natural amino acid identified from the venom of a scorpion to
diagnose glioma and prevent tumor invasion, CTX). Their results showed a more than a two-
fold improvement of the cancer invasion inhibition rate by binding CTX to the surface of
synthesized NPs. Figure 5a represents the mechanism of inhibiting tumor cell invasion by
NP-PEG-CTX. Figure 5a also shows that the nano-system carrier is composed of IONPs as
the core, PEG polymer as an agent for increasing biocompatibility and ligand binding sites,
and CTX as the peptide. A necessary component for glioma cell invasion is the MMP-2
endopeptidase complex. The synthesized NPCs prevent the activity of the MMP-2
endopeptidase and result in limiting cell invasive activities.

3.2.1.4. Oligonucleotides: Oligonucleotides are short DNA or RNA molecules, oligomers,
with numerous applications in various fields, especially in genetic research [147]. Gene
therapy is one of the most suitable methods for treating inherited diseases. This method has
many limitations such as biocompatibility of viral vectors along with the unsatisfactory /in
vivo efficiency of non-viral vectors [1481. Attaching nucleic acids to MNPs could potentially
overcome these limitations. Most researchers use cationic polymers such as PEI and
polyamidoamine to make a bond between MNPs and nucleic acids [14%1. The ionic bonding
between cationic polymers and nucleic acids can protect the nucleic acids against enzymatic
degradation. Medarova et a/. [15%] developed an adeno-associated virus (AAV) attached to
magnetic microspheres. They showed that these complex microspheres can increase the
transduction efficiency both in vitroand /n vivo.

3.2.2. Remote controlled pulsatile drug release—On-demand release systems have
drawn significant attention for the treatment of various diseases as they potentially allow the
delivery of the correct drug quantity at the correct time [1511. Pulsatile release of drugs can
be caused by either specific molecules around drug-loaded systems or applied specific
stimuli from outside of the body [152], Responsive materials are a class of materials that react
to specific changes in the surrounding environment [£53]. A combination of MNPs in a
responsive hydrogel matrix can present unique properties such as the ability of actuation
from outside of the body by light or magnetic field. These systems can show an on-off,
switchable drug release using external AMF control. A combination of inorganic materials
such as MNPs in the polymer network will affect intrinsic characteristics of the polymer
substrate such as mechanical properties and gelation time [154],

Firstly, Langer et al. developed a controlled on-demand insulin release system composed of
ethylene vinyl acetate and embedded magnets [155]. Gao et al. developed ferromagnetic
vortex-domain iron oxide (FV10) combined into chitosan hydrogel by the grafting-onto
technique (1561, Their results showed that a 17-fold lower concentration of FVI10s (0.6
mg/mL) is needed compared to SPIOs (10mg/mL) for reaching the same heat-inductive
effect. /n vivo experiments showed that their magnetic hydrogel significantly improved
efficiency of chemo-thermotherapy technique and could extremely kill residual cancer cells
and arrest breast cancer cell proliferation. Such on-demand therapeutic release systems can
potentially overcome the limitation of conventional SP10s and drug-containing hydrogel
systems because of their high inductive heating capability [156],
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3.2.3. Multifunctional magnetic nano-systems for hyperthermia and drug
delivery applications—By using hyperthermia treatments and chemotherapy
simultaneously, the effectiveness of the therapy can be improved. Recently, pH-sensitive and
thermal-responsive nanocarriers have been implemented in drug delivery and placed under
AMF. Among these multifunctional systems, polymeric carriers, polymeric core/shell NPs,
liposomes, and micelles have attracted the most attention in the field of cancer therapy.
Generally, NPs used in thermo-chemotherapy applications are synthesized from inorganic
metals and ceramics, organic polymers and lipids, and organic/inorganic hybrid NPs;
therefore, they can be classified as reported in Figure 5b. Here we discuss important
magnetic nano-systems for application in thermo-chemotherapy.

3.2.3.1. Core/shell MNPs: A wide range of studies has focused on developing MNPs
encapsulated in polymeric NPs for hyperthermia and drug delivery applications [151. By
using polymeric NPs, the shape, size, surface charge, biocompatibility, and structure can be
tailored.

Core-shell NPs with a magnetic core and organic polymer shell loaded with drugs have dual
applications in hyperthermia and drug delivery. By using this system, the biocompatibility,
conjugation with other bioactive molecules, circulation time in the bloodstream, and
thermal/chemical stability can be significantly improved while simultaneously reducing
agglomeration 1571,

Polymers can be stuck to the surface of MNPs by two mechanisms [158], The first method is
called “grafting to”, where an end-functionalized polymer is directly attached to the surface
of the NPs. The second mechanism, “grafting from,” is where the polymerization initiates
from the surface of MNPs by an initiator. The polymer can also attach to the surface of NPs
by non-covalent interactions, such as electrostatic or Van der Waals interactions.

In one study, Taratula et a/. [37] synthesized a multifunctional tumor-targeting delivery
system with IONPs as a core (for mild hyperthermia) and polyethylene glycol and
Luteinizing hormone-releasing hormone (LHRH) peptide as a shell (for loading
doxorubicin, improving biocompatibility and tumor target acquisition). Their synthesized
core/shell system presents a relatively uniform size distribution of NPs without
agglomeration (Figure 6a). The TEM image shows that the iron oxide core has a diameter of
27.7 nm with a shell thickness of 8.7 nm. This size range for both the core and shell of NPs
makes them favorable for cancer therapy. Due to their small size, nanoparticles can pass
through various physical barriers and penetrate into cancer cells [159]. A faster drug release
from the nanocarrier was achieved in acidic conditions (a tumor-like environment) (Figure
6b). The magnetic iron oxide core produced heat after exposure to an AMF, where the heat
was managed by turning the field on and off (Figure 6c¢). Their results confirmed that the
simultaneous use of chemotherapeutic drug and mild hyperthermia leads to more than 95%
cancerous cell death /in vitro (Figure 6d).

3.2.3.2. Liposome/magnetic nanoparticles hybrid nanoparticles: A liposome is a
vehicle with a spherical shape consisting of at least one lipid bilayer and an aqueous core.
The liposome is used as a vehicle for carrying nutrients and drugs [16%. For instance,
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researchers can attach hydrophilic chemotherapeutic drugs to the aqueous section of the
liposome or encapsulate hydrophobic drugs in the lipid membrane. Drug delivery by
liposome can protect and increase the circulation time of drugs in the bloodstream and
prevent drug removal via renal filtration and reticuloendothelial system that results in
increasing deposited drugs in the cancerous site through the influence of EPR 1611, MNPs
can be incorporated into the drug-filled liposomes, either in aqueous core [162] or in the lipid
membrane [163] to form magnetoliposomes. Using a temperature-sensitive polymer in the
lipid layer can make smart liposomes that release drugs as temperature increases.

Employing a thermo-responsive polymer in liposome structure can result in a smart drug
release carrier. Temperature-sensitive polymers have a phase transition temperature and
critical solution temperature (CST). Under this critical temperature, drugs are retained
within the liposomes and are released when the temperature increases; this is accomplished
by disrupting the lipid bilayer through their sensitive solubility in water with respect to the
temperature [1641. At a temperature lower and higher than CST, the structures are soluble and
insoluble in water, respectively, which results in efficient drug release [165]. Poly
(Nisopropylacrylamide) (pNIPAAm), highly temperature-sensitive, is considered amongst
the most attractive polymers for drug delivery systems due to its LCST of 32 °C in water.
Stoychev et af. [166] revealed that the LCST of pNIPAAm is able to be altered by using
different ratios of hydrophilic/hydrophobic co-monomers. By tuning LCST in the range of
employed temperatures in hyperthermia therapy, the drug can be maintained in the polymer
structure until hyperthermia temperatures induce drug release. The pH-sensitive polymers
can also be used for smart drug delivery. The pH changes based on the location in the body
and the type of tissue. The pH is more acidic in the cancerous site than in a healthy site.
Liposomes as pH-sensitive drug delivery systems can be used to release a payload of drugs
at a specific pH value.

Qui et al. [167] developed a magnetoliposome with SIONPs embedded in a membrane. They
employed the supercritical carbon dioxide method for synthesizing their particles. Their
experiments showed that the payload within liposomes can be controlled released when
exposed to AMF (Figure 7a and b). The ability to control drug release allows for improved
cancer treatment due to increasing control of dosages, site specific release and time of
release. The ability to control drug release allows for improved cancer treatment due to
increasing control of dosages, site specific release, and time of release.

3.2.3.3.  Micelles: Micelles are lipid molecules that self-assemble into spherical form in
aqueous solutions. They contain a hydrophilic head and a hydrophobic tail. They have a
core/shell structure formed by amphiphilic block copolymers [168]. Generally, they have both
hydrophilic and hydrophobic properties due to the polar head groups and the long
hydrophobic chain structures, respectively. Hydrophobic drugs are encapsulated within the
hydrophobic core of the micelles. Micelles have numerous advantages in drug delivery
applications because of their ability to increase factor circulation time in bloodstream,
enhancing drug deposition through the EPR influence in cancerous tissue, and protecting
drugs from clearance by the renal and reticuloendothelial processes. Micelles, similar to the
liposomes, have the ability to become sensitive to temperature by coupling them to thermo-
responsive polymers in the head or tail section [169].
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Kim et al. [3% synthesized poly (N -isopropylacrylamide-co-acrylamide)-block-poly (e-
caprolactone) random block copolymer micelles with a multifunctional thermo-responsive
property for magnetic hyperthermia-mediated payload release of doxorubicin (DOX). They
added IONPs (11 nm in diameter) in the synthesized micelles where the diameter of the
SPION-loaded micelles and their LCST were ~70 nm and ~43°C, respectively. The
topographic atomic force microscope image and TEM images from their synthesized
micelles are presented in Figure 7c and d. For comparison, they measured DOX release from
micelles in two different modes: in a water bath and magnetically induced heating. Their
results showed that the magnetically induced heating leads to a three-time increased released
of DOX at 43° C compared with the water bath (Figure 7e).

Photodynamic therapy (PDT), as a multifunctional diagnosis and treatment method, has
been extensively developed in the past decades. In this method, photosensitizers (PS) are
irradiated using a specific wavelength of light resulting in the formation of toxic singlet
oxygen (SO) that kills cancer cells [170]. To achieve the best efficiency of PDT, several
challenges need to be overcome. First, some PSs are insoluble and have a tendency to
agglomerate in an aqueous media. Second, single-modality imaging cannot provide more
specific information in a practical clinical application. Third, developing suitable carriers for
high PS loading is challenging and has been of major focus in recent years. One way to
overcome these problems is the delivery of PSs by different nanocarriers such as micelles
(1711 liposomes [172, MNPs [173]  and quantum dots [174] for diagnostic imaging and PDT.
Even though these carriers meet some requirements for a high delivery of PSs, there are still
several limitations that need to be solved.

4. Cancer Diagnosis

4.1.

Imaging

Medical imaging is often employed to study biological phenomena, detect abnormalities,
and monitor the progress of diseases [174]. State of art techniques for imaging is constantly
being developed to improve the resolution of medical images. These techniques include
magnetic resonance imaging (MRI), positron emission tomography (PET), computed
tomography (CT) and single-photon emission computed tomography (SPECT), optical
fluorescence imaging, ultrasound (US) imaging, and photoacoustic (PA) imaging 1751,

MRI employs strong magnetic fields and radio waves to take a picture of specific organs and
tissues [1761. Often, MRI is the best choice due to its accuracy, the ability to produce 3D
images, excellent spatial resolution, providing good contrast with soft tissue, excellent
signal-to-noise-ratios, and the lack of harmful radiation. However, it has some disadvantages
such as long processing times and the large capacity of the generated data [177].

CT is an X-Ray based technique to create detailed images of internal organs, bones, soft
tissue, and blood vessels [178]. lonizing radiation (X-Ray) is an important disadvantage of
the CT method [179],

A PET scan uses a nuclear technique for imaging. This technique provides insight into
movement and absorption of chemicals into specific tissues to diagnose diseases [180]. This
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method is built upon the detection of emitted pairs of gamma rays by a positron-emitting
radionuclide in a biologically active molecule. The use of ionizing radiation (Gamma and
Beta rays) is considered as the main disadvantage of this method. Beyond its disadvantages,
a PET scan has great superiority in its ability to detect cancerous and non-cancerous tissues
in early stages of growth, a lower probability of infection from medical procedures, and a
more effective ability to diagnose early stages of some neurological illnesses like
Alzheimer’s disease [181],

SPECT is a nuclear medicine tomographic picturing method that also works with gamma
rays [182]. This technique is the same as conventional CT imaging except this method is
working with the detection of nuclear energy using a gamma camera. For this reason, a
gamma-emitting radioisotope material (such as an isotope of gallium (111)) is introduced into
the bloodstream. Usually, the radioisotopes are attached to a specific ligand to make a
radioligand, and this ligand binds to tissues of interest. This attachment allows the
combination of ligand and radiopharmaceutical to be delivered and bound to the desired
place in the body, where the ligand concentration is seen by a gamma camera. Like CT and
PET techniques, ionizing radiation (Gamma-Ray) has the same issues of radiation exposure
due to employing gamma rays [183],

High contrast images of small biological tissues in complex environments is an important
tool for disease identification. For this reason, recent developments have been made to
enhance these techniques. One of the most attractive methods is using multimodality
imaging to eliminate the disadvantage of a single imaging modality. Using imaging agents
such as MNPs overcomes inherent instrument and machine limitations and can work as
contrast agents to meet the requirements of the imaging process.

4.1.1. MRI contrast agents—MRI is an attractive imaging method and a powerful
cancer diagnosis tool that has excellent abilities such as high contrast in imaging soft tissue,
high spatial resolution [184], and less radiation exposure in comparison to CT and PET [185],
The principles of MRI and nuclear magnetic resonance (NMR) are the same. In this
technique, a strong magnetic field is applied to a patient or specimen where the orientation
of hydrogen nuclear spin is in the same or opposite direction of the applied magnetic field to
obtain a lower or higher energy state, respectively. Irradiation of resonant radiofrequency
results in the absorption of energy by the nucleus and increases the number of the spin to a
higher-energy state (the opposite direction compared to the applied magnetic field) which
leads to a non-equilibrium state. Therefore, the excited nuclei reduce their energy state to
reach equilibrium or relaxation state by emitting a weak but detectable radiofrequency.
Several atoms can be used for the magnetic resonance signal, but hydrogen nuclei located in
the desired site are usually identified to make a cross-sectional magnetic resonance image.
Increasing the magnetic field strength can lead to improved contrast, sensitivity, and
resolution of MR images. However, increasing the magnetic field strength increases the
power of the radiofrequency. Due to the radiofrequency energy that is absorbed in the body
of the patient, the radiofrequency emission can result in increased body temperature.
Therefore, for MRI techniques in biomedical applications, the most common magnetic field
strength ranges from 1.5-3 T.
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Protons of 1H, 11B, 19F, 13C, and 3P atoms that are prevalent in molecules that compose
tissues can be used as a source for the MRI signal. Of all protons, hydrogen (*H) is
employed as a primary source of MRI signal due to high availability in tissues [186], There
have been two main relaxation processes used in MRI including longitudinal (spin-Ilattice
relaxation) and transverse relaxation (spin—spin relaxation) [1871. Switching off the external
magnetic field (Bg) returns the excited protons to the lower energy state (equilibrium or
relaxation state). The longitudinal magnetization of protons recovers slowly (longitudinal
relaxation). Ty is the relaxation time for recovering longitudinal magnetization from zero to
63% of pre-magnetization levels [188]. The proton simultaneously and independently spins
with a Larmor frequency of wq = yBg (where -y is the gyromagnetic constant). By
implementing a radiofrequency pulse of wq, the direction of proton nuclear spins becomes
the opposite direction of By, and by decreasing the longitudinal magnetization, transverse
magnetization is produced. Upon removing radiofrequency pulse, the excited water protons
return to their relaxed state (parallel to the direction of Bp). During this process, the protons
emit the observed energy from the RF pulse. The needed time for lowering the
magnetization from a maximum value to 37% (1/e) of its excited state is called T». T,
presents the decaying or dephasing of transverse components of magnetization [188],

The principle of contrast agents in MRI techniques is based on T4 (longitudinal relaxation)
and T, (transverse relaxation). Generally, these relaxation processes can be recorded and
modified into grayscale images. MR contrast agents improve contrast by reducing the MR
relaxation times and can affect T1 and T, by dipole-dipole interactions [189], The rate of
longitudinal magnetization recovery and transverse magnetization decay can be evaluated by
r, (the inverse of T1) and ry (the inverse of T,), respectively. In T;-weighted mode in MR
images, T1 relaxation time is short and longitudinal magnetization is recovered fast. In this
condition, tissue appears bright. Oppositely, in To-weighted mode in MR images, targeted
tissue quickly loses its transverse magnetization and appears dark. MR is primarily
dependent on the changing of local proton relaxation times, which is extremely influenced
by the water content of tissues and the ability of hydrogen molecules to move. There are
different water proton densities in various tissues. This issue has a strong influence on the
rate of water proton relaxation and can lead to depict recognizable MRI contrasts in different
biological tissues [190],

In clinical applications, the highest resolution images are created using T4 because it
produces a bright signal. Dark signals created by T, can be confused with interior conditions
like air, hemorrhage, and blood clots [1911. Paramagnetic ions near the protons can affect T;
contrast agents. Gd3* with seven unpaired electrons has the best effect. Gd-
diethylenetriaminepentaacetic acid (Gd-DTPA) and tetraazacyclododecanetetraacetic acid
(Gd-DQOTA) are primarily only employed in clinical applications due to the toxicity of free
Gd3* [192] Additionally, Gd3* causes side effects like nephrogenic system fibrosis 193, For
this reason, Mn2* compounds have been developed [1%4]. However, their biocompatibility
has not been fully assessed, and they can induce side effects such as neurotoxicity [195],
SPIONSs are attractive agents to improve contrast and clarification. They have shown high
biocompatibility and lower probability of rejection [19],
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The ability to accelerate relaxation rates is described by relaxivity coefficients (r, or ry (mM
~15-1y). To achieve the optimum T, MR image contrast, high r, values are preferred (high
ro/ rq ratio). Compared to T,, T1 MR image contrast should show a high ry value (low ry/ry
value). Selecting suitable MNPs can affect T1 and T, MRI contrast agents and optimize the
ro/rq value. Size, composition, surface state, and shape of MNPs are considered as the
important parameters in adjusting ry/rq ratio (Figure 8a).

4.1.1.1. Size: Since the electrical properties of atoms on the surface of MNPs are
completely different from those located in the inner surfaces, the total magnetic moment of
MNPs is an integrated sum of magnetic spins on the boundaries and at the center of MNPs
[270]_ Several studies have shown that saturated magnetization (M) and diameter (r) affect
T, relaxation enhancement [197]1,

MNPs with larger sized diameter have higher M; values [198]. Cheon et al. reported Ms
values of 25, 43, 80, and 102 emu.g iron for IONPs with the diameter size of 4, 6, 9, and 12
nm, respectively [1%8]. Smaller sized MNPs expose a higher number of metal atoms on the
surface for water proton proportion and chemical exchanges [27°]. Lu er a/. showed that
small-sized IONPs are effective T1 contrast agents for achieving high-resolution MR
angiography in beagle dogs [199],

Kim et al. [290] demonstrated that the particle size has a significant impact on the magnetic
properties of MNPs. They synthesized homogenous extremely small iron oxide
nanoparticles (ESIONs) with different diameter sizes (1.5, 2.2, 3, and 12 nm). The
magnetization of synthesized ESIONSs tended to decrease by reducing the particle size
(Figure 8b). The spin canting effect states that the spins of surface atoms possess are never
fully aligned. If it is assumed that the spin canting layer of iron oxide particles is 0.8 nm,
93.6% of spins in 3 nm-sized IONPs will be canted. For the IONPs with the diameter of 12
and 2.2 nm, 38.6% and 99.4% of spins are canted, respectively (Figure 8c). The magnetic
moment per particle sharply decreases when particle size reduces. As Figure 8d shows, after
injection of 12 nm-sized ESIONs into a rat via its tail vein, blood vessels are more visible on
the T, weighted MRI showing that ESIONSs are able to improve T; relaxation in the
circulation system.

4.1.1.2. Composition: Composition of NPs affects their total magnetism and, therefore,
their role in MRI contrast agents [2011. The magnetic strength of NPs is influenced by the
introduction and distribution of metal dopants in the structure of NPs. The position of iron
ions in octahedral or tetrahedral sites of MNPs affects its magnetic strength [202]. The iron
ions in octahedral sites of magnetite structure induce ferromagnetic properties while the
magnetic ions in tetrahedral sites are in an anti-ferromagnetic position. Since there are equal
amounts of iron ions in octahedral and tetrahedral sites within the magnetite structure, their
magnetic spins neutralize each other. One way to tune magnetic strength of MNPs is doping
iron ions with other transition metal ions such as Co2*, Mn2*, Zn2* and Ni2* and, thus,
make magnetism-engineered iron oxide (MEIO) NPs (MFe,04, M = Ni, Co, Fe, and Mn)
[203], By doping iron ions in a magnetite structure with Ni, Co, and Mn, the saturation
magnetization (Ms) value becomes 85, 99, and 110 emu/g and the r, value is 152, 172, and
358 mM~1s71, respectively.
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Zho et al. 1] showed that T, contrast effects are improved when a rare-earth element (such
as gadolinium) is doped in IONPs. They synthesized gadolinium-embedded iron oxide
(GdIO) NPs and evaluated the doping effect on T; MRI contrast. They showed that by
embedding gadolinium in IONPs, the interior spins of NPs are dispersed, and the thickness
of the spin canted layer is increased. This behavior can strongly affect Ty MR image contrast
and improve image brightness (Figure 9a). They also investigated /n vivo T1 MRI of mice
after injection of 4.8 nm gadolinium-embedded iron oxide of a 2.0 mg (GdIO)/kg (mice)
dose at various time periods (0, 10, 30 and 60 min) (Figure 9b). As can be seen, injecting
GdIO NPs enhances the contrast of images from the heart, kidneys, and bladder at 10 min
following injection. A decreasing signal can be visible in the heart while the increasing
signal has been observed for kidneys and bladder over time.

Physical-vapor-infiltration was employed for synthesizing mesoporous silica nanoparticles
(MSNs) embedded with USP10 NPs [204], Due to the unique metal-ligand coordination
bonding between the Fe species and anticancer drug molecules, the synthesized MSNs-
IONPs were employed to simultaneously improve T; MRI contrast and as a ground for the
loading and stimuli-responsive release of anti-cancer drugs. It was believed that the bonding
between Fe and drugs encapsulated within the mesopores would be stable under
physiological conditions because iron species and protons were Lewis acids, whereas DOX
was a Lewis base. Therefore, a synthesized MSNs-iron oxide system could act as a pH-
sensitive drug releasing system. /n vivo MRI tests were done by inserting MSNs-IONPs
inside mice and MR images were recorded at different time intervals (Figure 10a). The T1-
weighted images indicated that the positive signal intensities in cancerous tissue greatly
improve after the injection of an MSNs-iron oxide nano-system. To-weighted images did not
reveal considerable improvement following injection. The /in vitro DOX drug release showed
that releasing DOX drugs from an MSNs-iron oxide system was strongly dependent on pH
(Figure 10b). Under neutral conditions (normal physiological human body), only 14.4% of
the DOX drug was released in 24 hours, while by decreasing the pH value to 4 (pH near
cancer tissue), DOX release reached 67.2%. The /in vivo MRI experiments were followed by
injection of MSNs-DOX-IONPs inside mice and then were subjected to MR imaging at
different time intervals (Figure 10c). After the injection of MSNs-DOX-IONPs, a decreasing
pH value near the cancer tissue induces the cleavage of the bonds between Fe and the drug.
This decreasing pH value exposed the Fe paramagnetic centers to water molecules.
Therefore, releasing the drug from MSNs-IONPs improved the intensity of T;-weighted MR
images (Figure 10c).

Ultrasmall ferrite nanoparticles (UFNPs)-based Tq contrast agents have been extensively
used, in recent years, for reaching to high-resolution MR images [199: 2051 Compared to the
Gd-based T4 contrast agent, UFNPs with sizes smaller than 5 nm present a higher T{ MR
value [206] and lower toxicology level [297]. Among UFNPs, ultrasmall manganese ferrite
nanoparticles (UMFNPSs) have been shown to have elevated r; relaxivity value (up to 1.7
times higher) compared to maghemite NPs of the same sizes [208]. UMFNPs (with chemical
formula of MnyFe3.4O4) have the highest and lowest T relaxivity at x = 0.75 and x = 1.57,
respectively [2091. However, increasing manganese doping content to x>1 has a significant
adverse impact on the biocompatibility. High release of Mn2* may potentially induce
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toxicity that should be optimized. Recent studies have shown that MnyFe3 ,O4 (x = 0.75-1)
NPs presents optimal T; MR value and biocompatibility [208],

4.1.1.3. Surface characteristics: As it was mentioned in the proceeding section, a coating
that provides increased biocompatibility with suitable thickness around MNPs can lower
toxicity, increase circulation time, decrease agglomeration, and modify drug release abilities
[210] However, this type of coating can also affect the r,/r; value. Polyethylene glycol (PEG)
coated IONPs have been prepared for use as contrast agents in Ty MR images by Tromsdorf
et al. [211], They showed that the r; value is not dependent on the chain length of PEG, while
r, is strongly dependent on the PEG chain. Schwaminger et a/. [212] confirmed that the
oxidation layer reduces magnetization and strongly effect charge, reactivity, biocompatibility
and catalytic properties of IONPs.

4.1.1.4. Assembly: The assembly of superparamagnetic NPs strongly affects the contrast
of T, MR images [213]. NPs have a high tendency to agglomerate and cluster. Each cluster is
composed of several MNPs that are assumed to be a single large magnetized sphere, and its
total magnetic moment has a direct relationship with its size (the number of NPs inside the
cluster). Poselt er al. [214] synthesized PEG-coated IONPs for contrast agents in T, MR
images. They synthesized four differently sized NP clusters with different hydrodynamic
diameters of 51, 70, 79, and 141 nm (Figure 11a). They employed dynamic light scattering
(DLS) measurements to obtain hydrodynamic diameters (dnyq) (Figure 11b). Transverse
relaxivity, rp, is sensitive to the diffusion length of water molecules into the particles. The
transverse relaxivity of NP clusters showed three different regimes dependent on cluster
size: the motional averaging regime (MAR), the static dephasing regime (SDR), and the
echo-limiting regime (ELR). The value of r, increased in the MAR region, stayed constant
in the SDR region, and decreased in the ELR region (Figure 11c). The best value of r, was
obtained in the SDR region where the size of IONPs clusters was around 100 nm. Therefore,

controlling the agglomeration of NPs was important for obtaining maximum r, relaxivity
[215]

While most MNPs have a high tendency to localize at diseased tissues, conjugation with
affinity ligands—such as antibodies, peptides, and aptamers—is of great importance in their
detection ability. MNPs decorated with ligands accumulate in cancer cells and generate
significantly higher MR signals compared to those without ligands [2161. It is widely
accepted that the T relaxivity values of MNPs are strongly dependent on ligands attached to
their surfaces [216]. Covarrubias et a/. [217] decorated IONPs with two different kinds of
ligands targeting two different upregulated biomarkers on the tumor endothelium, P-selectin
and fibronectin for focusing and imaging of breast cancer in mouse models. They showed
that single-ligand nanochain attached IONPs have a 2.5-fold higher intratumorally adhesion
compared with IONPs. MR signals generated by IONPs conjugated by affinity ligands
showed more detectable MR signals.

The sensitivity and contrast of MRI could be improved by contrast agents like MNPs. While
plenty of isotopes are employed as MRI contrast agents (such as ’Li, 13C, 83Kr, etc.), the

dominant approach in MRI is based on the hydrogen content from water in the human body
[218] By applying an electromotive force (EMF), the magnetic moments of hydrogen nuclei
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are forced to align in the orientation of the magnetic field and a radiofrequency is generated.
After removing radiofrequency perturbation, the hydrogen nuclei try to come back to their
initial state at the original equilibrium by relaxation process [219]. The rates of relaxations
are determined by longitudinal relaxation time (T1) and the transverse relaxation time (T>).
In order to improve image quality in an MRI, the relaxation process should be accelerated.
Recently, Gd chelates and IONPs are synthesized as clinical contrast agents of T1 and To,
respectively. However, several types of researches have improved contrast agents with higher
increased contrast potential. The most important properties of MNPs affecting their
magnetism and contrast effect are their size, composition, and assembly. It was found that
the strength of magnetism is improved by decreasing the size of NPs. The introduction and
distribution of metal dopants such as Co?*, Mn2*, ZnZ*, and Ni2* in NPs structure can affect
their magnetic properties. T1 and T, contrast agents can produce bright and dark signals.
Applying T1-weighted or To-weighted MR images causes the loss of some detail from
diseased tissue. In the next section, T1—T, dual-mode MRI contrast agents that present
valuable information from unhealthy tissues, with special focus on cancer tissues, will be
discussed.

4.1.1.5. Shape: The strong and separate parts of MNPs are magnetic moments that are
affected strongly by the shape of colloidal NPs [220]. The conventional electrodynamic
theory confirmed that only ellipsoidal-shaped particles have homogenous magnetization and
any distorting of the shape will lead to inhomogeneous magnetization [272]. The shape of
MNPs strongly affects their magnetization. For example, cubic MNPs have concentrated
spins at the corners of cubic like a flower state [270]. This will lead to water molecules
association and relaxation locally around the cubic particles. This significantly induces r;
values enhancement in cubic MNPs compared to spherical ones [27°]. Hyeon et a/, [221]
prepared cubic IONPs with a critical edge length of 22 nm and a greatly high r, value of 761
m.M-L1.s-1, Phospholipid polyethylene glycols coated cubic IONPs can be used as high
sensitive MRI contrast agent in pancreatic islets [222],

The octapod IONPs also showed extremely high r, value of ~ 761 m.M1.s71 [197] presented
great potential ability as an MRI contrast agent of liver tumors in small mice. Other studies
showed that hallow shaped manganese oxide NPs have higher both T, and T» relaxivities
compared to water-soluble manganese oxide NPs that make them attractive as MRI contrast
agents [223], These results strongly confirm that shape modification of MNPs is one of the
best ways to prepare MNPs for MRI contrast agents.

4.1.2. Magnetic particle imaging—Magnetic particle imaging (MPI) is an emerging
tomographic technique with the ability to take high-resolution, excellent sensitivity, and real-
time images from targeted tissues which lead to diagnosic imaging and guided therapy [2241.
This technique uses the non-linear magnetization of MNPs tracer to generate maps of tracer
distribution [225]. Over the past decade, MPI has been developed for cell tracking, cancerous
tissue imaging, and angiography [226]. Even though MPI scanners are in the clinical trial
stage, the efforts toward the development of MPI tracers for human imaging are ongoing.
Because MPI relies heavily on tracer quality, its future success depends on MNPs
development. Thanks to having no background signal from tissue and using low-frequency
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magnetic fields, MPI exhibits excellent imaging contrast and has no effective depth
attenuation.

The contrast imaging of MPI is strongly dependent on the characteristics of iron-based
tracers. Superparamagnetic iron oxides (SP10s) were first developed as MRI contrast agents.
Because of the safety and biodegradability of SP10s, they were gradually employed as MPI
tracers [227], SPIONs have a long retention time in the human body from hours to days. In
PET and SPECT, employed tracers have shorter retention time, so high-energy probes are
required in PET [228]_ There are numerous MPI tracers that have either been approved by the
Food and Drug Administration (FDA) or are in clinical trial phases [22%]. Most approved
MRI contrast agents can be used as MPI tracers. Ferucarbotran (Resovist) and ferumoxytol
had been historically used as clinically-approved contrast agents for MRI of liver/spleen
[230] In recent years, synthesis, development, and optimization of MPI tracers have drawn
significant scientific interest.

The image resolution in the MPI technique is strongly affected by particle core size and size
distribution of employed tracers. It has been reported that using SPIOs with 25-30 nm in
diameter has the best performance in MPI quality and resolution [231]. It is important to note
that the development of MPI tracers needs further consideration for circulation time, cellular
uptake, distribution, biocompatibility (2321, crystal structure [233] and surface quality [234].

4.1.3. Multimodal imaging—A single imaging modality is usually incapable of
providing detailed results about a tissue. CT-MRI images are used to give us detailed
information about specific tissue [1841. Both accurate and sensitive images can be obtained
by a combination of different medical imaging techniques such as MRI, CT, PET, and
optical fluorescence [235]. Multifunctional NPs should be used for giving detailed
information from different imaging modalities [236]. In the next sections, the advantages of
using multimodal imaging such as T1-T, MR imaging, CT-MR imaging, and MRI-PET/
SPECT dual-modal imaging are explained.

4.13.1. T,-T,dual-mode MRI contrast agents: T4 and T, contrast agents can generate
bright and dark signals. However, there are several endogenous artifacts that can strongly
affect the sensitivity and accuracy of MR images, namely fat, hemorrhages, blood clots, and
air [237], High-quality MR images can be achieved by minimizing the effects of these
endogenous artifacts.

Complementary Tq-weighted and To-weighted MR images can be used to dominate
ambiguities with obtained MR images from diseased lesions. However, this requires the use
of both T1-weighted and T,-weighted MRI agents (Figure 12a). T1-weighted MRI signal
(positive signal) and T,-weighted MRI signal (negative signal) are available simultaneously
by using dual-mode NP contrast agents (DMCA). There are different ways to make these
DMCA s such as labeling T1 signal agents on the surface of NPs, embedding T4 contrast
agents inside MNPs, and magnetically decoupled T and T, contrast agents [238].

In order to increase contrast and clarification, direct and simple conjugation of T1-weighted
MRI contrast agents on the surface of To-weighted MRI agents is the simplest way to
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develop a T1-T, dual-mode MRI agent. Bae et a/. [239] developed gadolinium-labeled
magnetite nanoparticles (GMNPs) as T1-T» dual-mode MRI agents (Figure 12b). In the
synthesized GMNP structure, gadolinium acts as a Tq-weighted and magnetite acts as a To-
weighted MRI contrast agent. The TEM image of the synthesized GMNPs shows a spherical
morphology with high dispersion in deionized water (Figure 12¢). The magnetic properties
and crystal structure of the MNPs are not considerably altered after labeling with
gadolinium. /n vivo MRI experiments have been carried out to show the capability of a
synthesized nano-system to act as a T1-T» dual-mode MRI agent. Three types of MNPs were
inserted into dorsal flanks of nude mice: 1) Magnevist (gadopentetate dimeglumine, a
commercial T;-weighted MRI contrast agent containing gadolinium oxide), 2) Feridex
(Ferumoxides suspension, a commercial To-weighted MRI contrast agent containing iron
oxide), and 3) synthesized GMNPs as a compound containing gadolinium and iron oxide
and T;-T, dual-mode MRI agent. Figure 12d shows that the injection of Magnevist increases
the bright area in T1-weighted MR images. Dark signals in To—weighted MR images are
enhanced by injection of Feridex (Figure 12e). In addition, Figure 12f and g show that the
bright signal increases and the signal drops significantly at the injection site of GMNPSs on
T1- and To-weighted MR images, respectively. The rq of synthesized GMNPs was measured
to be 11.17 mM~1s~1, which is significantly higher than the r; value for Magnevist (5.39
mM-1s-1). It can be concluded that synthesized NPs show the promising ability for dual T4-
and To-weighted MRI.

Another method to make T1-T, dual-mode MRI agents is embedding T, paramagnetic
agents into T, MNPs (Figure 13a). The magnetic strength of both T, and T, contrast agents
increases at the same time by embedding the T, contrast agent inside the T, contrast
material. Zhou et a/. [42] embedded Gd,O5 (as Ty contrast agent) inside the IONPS to
develop a T1-T, dual-mode MRI agent. TEM images of synthesized GdIO particles showed
a monodisperse dispersion of 14 nm diameter NPs (Figure 13b). Their results also revealed
that the magnetic strength of synthesized GdIO NPs is much weaker than MNPs with a
similar size. /n vivo experiments were performed by intravenous injection of synthesized
GdIO NPs into BALB/c mice with a dose of 2 mg Fe/kg mouse for studying the
performance of NPs as T1-T» dual-mode MRI contrast agents. These contrast agents
generated significantly brighter signals at T,-weighted and darker signals at T,-weighted
MR images for a mouse liver (Figure 13c and d). The in vivo experiment was followed by
injection of GdIO NPs into nude mice. Then, HepG2 liver cancer cells (with a dose of 2 mg
Fe/kg mouse) were orthotopically inoculated (Figure 13e and f). The ratio of tumor-to-liver
contrast is greatly increased to approximately 83 and 137% in the case of T;-weighted and
To-weighted MR images, respectively.

4.1.3.2. CT/MRI dual contrast agents: MRI is one of the best imaging techniques with
unique abilities in providing high-resolution images especially from soft tissues [240]. CT
provides geometrically accurate scans and gives high-quality images from hard tissues such
as bone and less valuable information about the soft tissues, compared with MRI. Although
MRI gives precious details about special defects and their effect on adjacent structures, both
MRI and CT may be used to determine the best location for doing biopsy [24] and to
provide in-depth information about some tumors such as pituitary and brain tumors [242]. CT
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imaging is based on how different tissues attenuate X-rays. Elements with high atomic
numbers—such as gold, iodine, tantalum, and lanthanides are preferred to improve contrast
[243], Because MR images are generally more sensitive than that of CT images, the total
amount and concentration of CT contrast agents should be higher than the amount of MRI
contrast agents in the final CT/MRI contrast agent compound [244],

4.1.3.3. MRI-PET/SPECT dual contrast agents: The nuclear imaging techniques for
diagnosis are generated from gamma-rays emitted from decaying radioisotopes: %8Ga, 1241,
64Cu, and 18F for PET applications and 111In and 13| for SPECT applications. Despite these
methods providing high image sensitivity images, they are limited by relatively poor spatial
resolution [245], The combination of MRI and PET or SPECT methods allows for obtaining
highly sensitive, high quality, and accurate information for a specific tissue [246].

Arsenic (As) is one the most attractive radioisotope elements employed in PET applications
because it has four positron-emitting ("%/71/72/74As) and three electron-emitting (74/76/77 As)
components with a suitable half-life (52.6 min to 17.8 days). Chen et al. [247] labeled
superparamagnetic iron oxide (as an MRI contrast agent) with As (as PET contrast agent)
(*As-SPION) by mixing water-soluble SPIONs with *As!!! or *AsY species (Figure 14a).
The Jin vivo experiments were carried out by injection of two different NPs into BALB/c
mice: *As NPs, a control sample, and modified PEG-coated SPIONs (*As-SPION@PEG)
NPs. The PET images depict fast renal clearance and almost no liver uptake of *As (Figure
14b), while there is a strong radioactive signal from the liver (Figure 14c and d) in the case
of *As-SPION@ PEG (or *As-SPIONs). MRI showed darker images from the liver and no
notable change of signal from the kidney (or bladder) after the injection of synthesized NPs
(Figure 14e).

Advances in imaging techniques will continue developing, but MNPs tools that will lead to
several advancements of their own. Among imaging techniques, MRI has been considered as
a high-contrast method to image tissues and organs without side effects. The combination of
MRI with other imaging methods like CT, PET, and SPECT offers excellent detailed images
from cancer tissue. Overall, iron oxide, gold, and As NPs have been extensively used in
recent research as contrast agents of MRI, CT, and PET imaging methods, respectively. High
valuable information from target tissue can be obtained by a combination of various medical
imaging techniques such as MRI, CT, PET, and optical fluorescence using multiple contrast
agents. In this way, GMNPs, iron oxide/gold hybrid NPs, as labeled iron oxide NPs are
extensively used as T1-T, dual-mode MRI, MRI/CT, and MRI-PET/SPECT contrast agents,
respectively.

Biosensors

Early detection, diagnosis, and staging of cancer can significantly improve human life and
impact clinical practice. Obtaining useful information about the early stages of cancer
growth can help in the prevention of its growth and metastasis [234]. The tuning ability of
MNPs makes them a suitable candidate for diagnostic tools with better sensitivity, easier
operation, and systemic sampling. For example, MNPs can remain within the circulatory
system and can interact with and collect protein samples of various tissues [248]. The MNPs
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can later be localized by applying magnetic fields and even retracted for further analysis
[249] MINIPs can also be used /n vitro for continuous monitoring of cell cultures without the
need to have a continuous flow system. MNPs can increase the signal strength of absorbed
proteins to promote more accurate measurements in turbid samples (such as blood or urine)
with no preparation [26],

Several techniques are being employed to detect biomarkers and cells using MNPs:
superconducting quantum interference devices (SQUIDs) [250] magnetoresistive sensors
[251] and Hall sensors [252], These techniques are based on measuring the magnetic field
emitted from magnetically-labeled biological targets. In conventional detection methods by
magnetometers, MNP-labeled targets should be close to the sensing elements. Diagnostic
magnetic resonance (DMR) uses NMR. In NMR magnetic fields, MNPs produce local
magnetic fields that can affect the relaxation rate of surrounding water molecules [9]. DMR
detection via NMR detectors has a high sensitivity for fast and multiplexed detection in the
range of microliter sample volumes. Development of a multifunctional and sensitive DMR
system can be employed in the detection of bacteria, identifying small numbers of cells,
increasing the performance to analyze molecular levels in real time, and measurement of a
series of protein biomarkers [2531. By using this technique, it is possible to detect nucleic
acids at clinically relevant concentrations [254], bacteria [203], and tumor cells [25],

MNPs in the form of clusters have poor remnant magnetic moments without having an
external magnetic field; remnant magnetic moments could be significantly enhanced in the
presence of an external magnetic field [2%6]. If MNPs do not spontaneously aggregate under
physiological body solutions, they do not have any superparamagnetic property. In addition,
the ease of distribution of the MNPs and the possibility of immaobilization of specific
targeting reagents enable the detection of small size tumors at stages where the tumors are
undetectable by many imaging modalities and the disease is asymptomatic.

NPs including a ceramic magnetic core surrounded by a biocompatible shell are the most
common NPs used for detecting molecules. Aligned and local magnetic dipoles in aqueous
solution ruin the coherency of spin-spin relaxation of water protons. This phenomenon
affects the magnetic resonance signal that is evaluated by decreasing the T, and T»
relaxation times. Since the transverse relaxivity of MNPs is higher than their longitudinal
relaxivity, T, is more practical in biosensing applications [257]. The MNPs with higher r,
relaxivity values are more capable to create tangible T changes [258].

DMR assays use targeted MNPs to evaluate the spin-spin T, relaxation time of biological
targets. Small biological specimens such as proteins and oligonucleotides are detected by
magnetic relaxation switching (MRSw) effects [253]. MRSw is based on changes in the
spatial state of MNPs in solution. By aggregating MNPs in solution, the r, changes and
affects the corresponding T, value. An increase in the T, value occurs by reverse switching
caused by enzymatic cleavage of preformed clusters.

The MNPs used in biosensors should show superparamagnetic characterizations, high
stability in aqueous solutions to prevent their spontaneous aggregation, good surface
chemistry to be easily modified for binding affinity molecules like peptides, and high
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magnetization and transverse relaxivity [259]. It has been reported that Mn-, Co-, or Ni-doped
ferrite NPs [2030. 2601 and iron core MNPs [261] have suitable properties to use in the
biosensors applications.

The MNPs employed in DMR applications should have the ability to improve DMR
sensitivity. For this target, MNPs need to have high r, relaxivity. The r, relaxivity of MNPs
has a direct relation with M2.d2 (M and d is magnetization strength and diameter of MNPs,
respectively) [2621, MNPs with strong magnetization ability and a large magnetic core meet
the requirements for having high r, relaxivity values. Additionally, it has been recommended
that the hydrodynamic diameter of MNPs is less than 50 nm for biosensor applications in
order to promote biological activity for binding to a cell surface [263]. Furthermore, small
MNPs are more stable in physiological environments and have excellent superparamagnetic

ability to prevent the spontaneous magnetic aggregation that occurs with larger MNPs
[203b, 260]

Elemental NPs made of iron have higher chemical stability in aqueous body media, rp
relaxivities, and magnetization strength than metal oxides [264]. Because of the high
oxidation potential of the iron core, it should be protected by a coating that improves
biocompatibility. To enhance the biocompatibility of iron, cross-linked iron oxide
nanoparticles (CLIONPS) are generated as the main class of engineered compounds
employed in DMR industries due to their chemical stability and biocompatibility [254].
Mostly, CLIONPs are composed of a SPION core (magnetite (Fe304) or maghemite
(Fe203)) and biocompatible dextran coating.

MFe,04 (M can be a ferromagnetic element such as Mn, Co, or Ni) has excellent
magnetization strength and displays promising properties for use in biosensing applications.
Among all the alloys, manganese doped ferrite (MnFe204) has excellent magnetic strength
and high r, value [264]. 1ssadore et a/. [265] developed a microfluidic biosensor system using
MnFe,04 NPs in order to detect cells at low concentrations (i.e. <100 cells per ml whole
blood). Their findings show that using MnFe,O4 NPs in their developed biosensors are able
to screen a large number of cells (i.e. on the order of 107 cells) in 1 min.

Lee et al. [118] ysed manganese doped ferrite NPs with high transverse relaxivity, high
magnetization strength, and suitable diameter (i.e. less than 16 nm) for the magnetic core.
They used a small-molecule 2,3-dimercaptosuccinic acid for the coating in the NMR probe
for improvement of signal-to-noise ratio (SNR). They targeted Mn-MNP to cancer cells by
conjugating monoclonal antibodies (against HER2/neu, EGFR, or EpCAM) to the surface of
the particle. The hydrodynamic diameter of synthesized particles was increased by attaching
10 antibody molecules per particle. The synthesized compound NPs had long-term stability
under /n7 vivo conditions. Detection sensitivity is evaluated by SNR of an NMR setup. The
NMR probe has a solenoidal micro-coil embedded in a microfluidic structure to improve the
SNR (Figure 15a). Modification of an old planar micro-coil system using a solenoidal coil
resulted in a 350% improvement in NMR signal levels (Figure 15b). Lee et a/. [118] showed
that their developed NMR system and high strength magnetic Mn-doped ferrite NPs result in
improved detection sensitivity (Figure 15c¢). Using developed DMR system with MnFe;04
NPs could improve detection systems to diagnose single-cell levels (~2 cells in 1L
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detection volume) (Figure 15d). These results confirm that this detection system is highly
sensitive and capable to provide accurate biological diagnosis systems.

Obtaining valuable information about the early stages of cancer growth is of great
importance in order to have improved cancer treatment outcomes. MNPs with critical size
could potentially circulate in blood and gather important information from different tissues,
especially cancerous or diseased environments. The DMR detection method using NMR is a
fast way to provide high sensitivity for multiplexed detection in the range of microliter
sample volumes. The MNPs with high r, relaxivity and dynamic diameter less than 50 nm
are the best choice to use in DMR applications.

5. Combined cancer diagnosis and therapy

Synchronizing imaging and therapeutic agents is a great way of targeting disease sites
without affecting healthy tissues. Employing MNPs applicable as both therapeutic and
contrast agents may provide the advantages of imaging-guided therapy (IGT). IGT enables
us to collect valuable information about the size and location of cancerous tissue before
treatment and help clinicians evaluate the therapy efficiency during surgery [266]. Imaging
modalities such as MRI, PET, SPECT, and CT are currently employed in IGT applications.

IGT can be employed through two different approaches: One is encapsulation or conjugation
functional agents such as drugs and imaging contrast materials into a single NP. Another
approach uses multifunctional agents that can act as imaging and therapeutic agents
simultaneously [267]. All mentioned MNPs applicable as contrast agents in MRI, PET, CT,
and SPECT can be potential multifunctional nanomaterials in the IGT approach.

One of the most commonly IGT approaches is the combination of the hyperthermia method
with imaging techniques to augment treatment efficiency and avoid harm to normal tissues.
This is because imaging modalities can show valuable information about a tumor site and
distinguish it from surrounded normal tissues. Iron oxide NPs can be considered as the most
commonly used agent in IGT. Some other NPs such as Gdg g2Fe2 9504 have been reported as
modified iron oxide NPs with higher SAR value applicable in hyperthermia and MRI
techniques [268],

6. Conclusions and future directions

MNPs show great potential in cancer diagnosis methods such as biosensors and imaging
applications and later cancer treatments like hyperthermia and drug release methods. Size,
chemical composition, shape, and assembly of MNPs can strongly affect their magnetization
behavior and biomedical applications. Low biocompatibility, insufficient magnetic strength,
low drug loading capacity, and difficulty in tuning their size for special biomedical
applications limit clinical translation of MNPs. Surface modification of MNPs with the
proper coating material and ligand has a great impact on cancer diagnosis and treatment
capabilities.

Tuning MNP properties for the best performance in biomedical applications has been of
great importance in recent years. The biocompatibility of MNPs is the main matter of
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concern. One of the best ways for enhancing the biocompatibility of MNPs is
functionalization with a generally safe coating. Inherent properties of the coating material
and subsequent NP-cell interactions often determine the biocompatibility of MNPs.

Magnetic hyperthermia, heat generation in cancer tissue by MNPs such as Mn, Fe, Co, Ni,
Zn, Gd, Mg, and their oxides, is one a promising way for cancer treatment. Using MNPs
with high SAR value can generate a high amount of heat by using a lower magnetic field
strength, which results in fewer side effects. IONPs have superparamagnetic properties in the
particle sizes less than 12 nm.

One alternative way to overcome the limitations of chemotherapy is targeted drug delivery at
the site of diseased tissue. Polymeric NPs and micelles, liposomes, carbon nanotubes,
graphene oxide, MNPs, silica, and gold NPs with unique properties have been developed for
overcoming barriers preventing effective delivery of drugs into the cancer tumors.

MNPs have an important role in increasing imaging resolution in methods such as MR,
PET, SPECT, CT, and multimodal imaging. Gd3* compounds, MnZ* compounds, and
SPIONSs are attractive agents to improve contrast and clarification.

Despite significant progress in the diagnosis and treatment of different kinds of cancers,
there are several important challenges that prevent the proper treatment of cancer.
Potentially, various MNPs can be differentiated in the body using imaging modalities to
enable the quick phenotyping of cancer cells. Such analysis will facilitate the selection of
anticancer drugs and better predict potential targets for metastasis. Another important area
that can significantly increase patient life expectancy is the prevention of further metastasis.
One potential solution is to utilize MNPs circulating in blood flow for capturing or binding
to circulating tumor cells in order to direct the cancer cells to a planned region or an
implanted device for their extraction. The affinity of modified MNPs to circulating tumor
cells also enables localized delivery of anticancer drugs.

MNPs can be used as nanobiopsy systems for taking samples from remote tumors that are
not easily accessible or located in critical places; such nanobiopsy systems can help with the
design of treatment regimens to improve therapeutic outcomes. Another area that has
recently drawn significant attention is cancer immunotherapy. Current strategies are based
on the subcutaneous injection of vaccine carrying materials or the extraction of a patient’s
cells in order to train the cells outside the body and reinjection of the trained cells. However,
both strategies are challenging and can lead to complications. The use of MNPs for the
delivery of vaccines and their ability for removal at any given timepoint make them an
attractive tool for such treatments. Even though some applications of MNPs in cancer
therapy such as hyperthermia treatment are controversial, MNPs are a strong clinical tool for
reducing patient pain, enhancing their life expectancy, and increasing the success of cancer
therapies.
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Figure 1.
Different forms of the MNPs with considerable potential in hyperthermia, drug delivery,

imaging, and biosensing for cancer treatment and diagnosis.
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Figure 2.
Schematic drawing of (a) a hysteresis loop of a ferromagnetic material and (b) typical plot of

a superparamagnetic material.
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Figure 3:
Schematic representation of the EPR effect in normal and cancer tissue.
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Figure 4:

Multifunctional MNPs in cancer therapy and diagnosis.

Adv Healthc Mater. Author manuscript; available in PMC 2021 May 01.

Page 44

Gamma-ray




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Farzin et al. Page 45

(a) (b)

Nanoprobe Inorganic NPs Organic NPs
CTX

Polyethylene
glycol
coat

Iron oxide

Extracellular sp:
Core

Polymeric

20 MMP-2 complex

S

oy
¥

Figure 5.
(a) Schematic illustrations of NPC inhibiting tumor cell invasion. Different elements of NPC

are stuck to the surface of glioma cells and the effect of NPCs on cell morphology;
Reproduced with permission from Veiseh er al. [146] Copyright (2009) Wiley-VCH. (b)
Schematic representation of different nano-systems for application in thermo-chemotherapy.
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Figure 6.
(a) TEM image of DOX loaded NPs modified with PEG and LHRH peptide. (b) Release

curve of DOX from iron oxide- DOX-PEG-LHRH nano-system incubated at 37°C at
different pH levels. (c) The dynamic temperature profile of the synthesized core/shell system
under AMF (33.5 kA/m and 393 kHz). (d) Viability of A2780/AD ovarian cancer cells after
curing with the following: (1) control (no treatment), (2) exposed only to AMF, (3) including
only synthesized core/shell nano-system, (4) 44°C hyperthermia for 30 min: incubation of
cells with IONPs-PEG-LHRH nano-system and exposure to AMF (33.5 kA/m and398 kHz),
(5) 40°C hyperthermia for 30 min: incubation of cells with IONPs-PEG-LHRH nano-system
and exposure to AMF (21.2 kA/m and 393 kHz), (6) chemotherapy: cells treatment with
IONPS-DOX-PEG-LHRH, and (7) combinatorial treatment: chemotherapy and
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hyperthermia (40°C for 30 min). (a-d) Reprinted with permission from Taratula et a/. [37]
Copyright (2013) Elsevier.
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Figure 7.
(a) Schematic representation of drug release from liposomes with hydrophobic MNPs in

lipid bilayer. (b) The release rate of calcein-loaded magnetoliposomes vs. time over three
successive on/off cycles under external AMF at room temperature (Reprinted with
permission from Qiu et a/. [167] Copyright (2013) Elsevier). (c) Topographic atomic force
microscope image from the loaded micelles with magnetic iron oxide. (d) A TEM image of
synthesized micelles. (e) DOX cumulative drug release vs. temperature from synthesized
micelles in a hot water bath and magnetically induced heating. (c-e) Reprinted with
permission from Kim et a/. [391 Copyright (2013) American Chemical Society.
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Figure 8.
(a) Various properties of MNPs affecting the rp/rq ratio and consequently on MR image

contrast. (b) Magnetization curve of magnetic IONPs of different diameters (1.5, 2.2, 3 and

12nm). (c) A schematic of the spin canting effect of different sizes of IONPs. Red and black
colors correspond to the magnetic core and disorder shell, respectively. (d) MR images from
a rat after injection of IONPs at various time periods. (b-d) Reprinted with permission from

Kim et al. [290] Copyright (2011) American Chemical Society.
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Page 50

30 min

(a) Schematic representation of spin canted phenomena in small-sized GdIO and 10 NPs.

Embedding Gd in IONPs increases the thickness of the spin canted layer and this

phenomenon improves T1 MR image contrast and brightness. Adapted with permission from
Zhou et al. 1411 Copyright (2013) American Chemical Society. (b) /7 vivo T1.weighted MR
images of mice after injection GdIO NPs with a dose of 2.0 mg GdIO NPs per kg of mice at
different time points. Blue arrows, red dot, and red dashed squares correspond to heart,
Bladder, and kidney, respectively. Reprinted with permission from Zhou et a/. [41] Copyright

(2013) American Chemical Society.
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Figure 10.
(@) /n vivo MR images from a mouse body after injection of MSNs-IONPs. (b) DOX drug

release from MSNs-iron oxide pH-responsive carrier systems at different pH values. (c) /n
vivo MR images from a mouse body after injection of MSNs-DOX-IONPs. (a-c) Reprinted
with permission from Wu er a/. [204 Copyright (2014) Wiley-VCH 2014.
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Figure 11.
(a) TEM images from single and clustered SPIONs reveal that dynamic diameter is (i) 51

nm, (ii) 70 nm, (iii) 79 nm, and (iv) 141 nm. (b) DLS volume distributions of PEI-b-PCL-b-
PEG micelles with 9.8 nm superparamagnetic iron oxide (SP1O) crystals. Volume
distribution of a series of different sized micelles with 9.8 nm SPION shows the average
hydrodynamic of different micelles can be assumed between 51 and 141 nm. (c) Ther,
relaxivities of single and clustered IONPs versus the hydrodynamic diameters. The organic
layer of the SP10O nanocrystals with a measured thickness of 0.25 nm (--), 0.5 nm (- --), 1
nm (—),2nm (.. .), and 5 nm (——-). (a-c) Reprinted with permission from Pdselt et a/.
[214] Copyright (2012) American Chemical Society.
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Figure 12.
(a) Schematic presentation of the ability of T, and To-weighted MR image contrast agents.

(b) Schematic illustration of synthesized GMNPs. (c) A TEM image of synthesized
gadolinium-labeled MNPs. (d) T1-weighted and (e) T, —weighted MR images after injecting
Feridex (orange arrows) and Magnevist (green arrows). (f) T1-weighted and (g) T, —
weighted MRI of a mouse following the injection of synthesized GMNPs (the injection site
is remarked by blue arrows). (c-g) Reprinted with permission from Bae er a/. [239],
Copyright (2010) American Chemical Society.
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Figure 13.
(a) Schematic of embedded Tq MRI contrast agent inside To MRI contrast NP. (b) A TEM

image of synthesized Gd,O3 (as T; contrast agent) inside the IONP. (c) T1-weighted and (d)
To-weighted in-vivo MR images before and after injection of synthesized GdIOs NPs inside
a BALB/c mouse (top: coronal plane, bottom: transverse plane). (e) Tq-weighted and (f) To-
weighted in-vivo MR images by injection of synthesized GdlOs NPs inside nude mice. Grey
arrows: gallbladder, black arrows: liver, white dotted circles and white arrows: liver tumor.
(a-f) Reprinted with permission from Zhou et a/. [421 Copyright (2012) Wiley-VCH.
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Figure 14.
(@) Schematic illustration of synthesized *As-SPIONSs as dual MRI/PET contrast agents. /n

vivo PET images of BALB/c mice following injecting (b) free *As, (c) As- SPION@ PEG,
and (d) *As-SPIONSs. (e) /n vivo To*-weighted MR images from mice before and after
injection of radiolabeled As SPION. (a-e) Reprinted with permission from Chen et a/. [247]
Copyright (2013) Wiley-VCH.
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Figure 15.
(a) Schematic illustration of a DMR system with higher sensitivity developed by Lee et a/.

[11a] (b) The modification of the old planar micro-coil system by solenoidal coil embedded
in a microfluidic system results in a 350% improvement in signal level. (c) Changes of r, =
1/T, by using BT474 cells (human breast tumor cells) labeled with CLIO NPs and
developed MnFe,04 NPs. Results show x 10 better detection sensitivity by using MnFe,O4
NPs. (d) Using MnFe,O4 NPs in DMR system enhanced sensitivity detection to a single-cell
level (~2 cells). This developed DMR system has excellent properties compared to older
ones such as cytology and histology. (a-d) Reprinted with permission from Lee et a/, [112]
Copyright (2009) United States National Academy of Sciences.
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Table 1:

Examples of MNPs employed in cancer therapy and diagnosis.

Page 57

Nanoparticle composition Size (nm) Loaded drug Application Ref.
Composite polymeric nanoparticle composed pH-sensitive and thermally responsive for
of MnFe,O,4 and poly-N isopropylacrylamide- 172 Curcumin hyperthermia and targeted drug release [15]
co -poly glutamic acid
Core: Iron oxide nanoparticle Shell:
polyethyleneglycol and Luteinizing 36.5 Doxorubicin Chemotherapeutic drug and mild hyperthermia | [37]
Hormone—-Releasing Hormone (LHRH)
peptide
Core: iron oxide Drug delivery to brain cancer cells
Shell: chitosan 50 Temozolomide [38]
Poly (N -isopropylacrylamide- Hyperthermia (high efficiency of direct energy
co-acrylamide)-block-poly (e-caprolactone) 70 Doxorubicin heating) and temporal and spatial drug release [39]
copolymer micelles with loaded iron oxide
Drug releasing vehicle under an external
Core: iron oxide 75 Doxorubicin magnetic field for treating breast and cervical [40]
Shell: polyvinyl alcohol (PVA) Paclitaxel cancer models
Gadolinium-embedded iron oxide (GdIO) 4.8 None T, MRI contrast agent [41]
Gd,03 embedding in iron oxide nanoparticles 14 None T1-T, dual-mode MRI contrast agent [42]
Apurinic Drug delivery to brain cancer cells; the sSiRNA
Core: iron oxide 40 endonuclease 1 decreases performance of an enzyme [43]
Shell: chitosan, PEG and PEI suppressing siRNA implicated in radiation resistance in tumors
Hybrid nanoparticle (iron oxide and gold 10 None Dual MRI and CT contrast agent
nanoparticle) [44]
Iron oxide None T, MRI contrast agent
35 [45]
Core: iron oxide Photodynamic therapy and dual-mode
Shell: APTES 15 None fluorescence/MR imaging of epithelial [46]

cancerous cells
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