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Abstract

Previous attempts to review the literature on magnetic nanomaterials for hyperthermia-based
therapy focused primarily on magnetic fluid hyperthermia (MFH) using mono metallic/metal
oxide nanoparticles. The term “Hyperthermia” in the literature was also confined only to include
use of heat for therapeutic applications. Recently, there have been a number of publications
demonstrating magnetic nanoparticle-based hyperthermia to generate local heat resulting in the
release of drugs either bound to the magnetic nanoparticle or encapsulated within polymeric
matrices. In this review article, we present a case for broadening the meaning of the term
“hyperthermia” by including thermotherapy as well as magnetically modulated controlled drug
delivery. We provide a classification for controlled drug delivery using hyperthermia:
Hyperthermia-based controlled Drug delivery through Bond Breaking (DBB) and Hyperthermia-
based controlled Drug delivery through Enhanced Permeability (DEP). The review also covers,
for the first time, core-shell type magnetic nanomaterials, especially nanoshells prepared using
layer-by-layer self-assembly, for the application of hyperthermia-based therapy and controlled
drug delivery. The highlight of the review article is to portray potential opportunities in the
combination of hyperthermia-based therapy and controlled drug release paradigms for successful
application in personalized medicine.
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1. INTRODUCTION

The etymological meaning of the word “Hyperthermia” is generation of heat and with
respect to cancer therapy, the term is used to imply treatment based on generation of heat at
the tumor site.[!] The approach involves raising the temperature of local environment of a
tumor resulting in changing the physiology of diseased cells finally leading to apoptosis.[2]
This treatment modality complements currently available treatments including
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chemotherapy, radiation therapy, surgery, gene therapy, and immunotherapy for cancer.
Depending on the degree of temperature raise, hyperthermia treatment can be classified into
different types. In thermo ablation, a tumor is subjected to high temperatures of heat >46 °C
(up to 56°C) causing cells to undergo direct tissue necrosis, coagulation or carbonization.
Moderate hyperthermia (41°C<T<46°C) has various effects both at the cellular and tissue
levels. Diathermia uses lower temperatures (T<41°C) for the treatment of rheumatic diseases
in physiotherapy. During moderate hyperthermia, which is traditionally termed as
hyperthermia treatment, cells undergo heat stress in the temperature range of 41-46°C
resulting in activation and/or initiation of many intra and extracellular degradation
mechanisms like protein denaturation, protein folding, aggregation and DNA cross linking.
With a single heat treatment, permanent irreversible protein damage can occur resulting in
protein aggregation and/or inhibition of many cellular functions.[3] The other cellular effects
of moderate hyperthermia include induction and regulation of apoptosis, signal transduction,
multidrug resistance and heat shock protein (HSP) expression. The tissue level effects
include pH changes, perfusion and oxygenation of tumor micro environment.[4: 5. 61 The
effectiveness of any hyperthermia treatment greatly depends on the temperatures generated
at the[t?rgeted sites of action, duration of exposure and characteristics of particular cancer
cells.l”

Hyperthermia is also categorized into local, regional and whole body hyperthermia
depending on the location of disease. Local hyperthermia involves subjection of heat only to
a small area of interest such as a tumor. Regional hyperthermia involves heat subjection to
larger areas such as whole tissue and organ. Whole body hyperthermia is applied only to
treat metastatic cancer cells when spread throughout the body. The challenge here is to heat
only the tumor cells without damaging the healthy tissues. Of these, local hyperthermia is
gaining much more attention due to involvement of intracellular heat subjection to a
specified region of interest. [8: 9

Traditionally, hyperthermia treatment was administered by using external devices to transfer
energy to tissues by either irradiation with light or electromagnetic waves. Currently
available techniques for induction of hyperthermia are ultrasound, radiofrequency,
microwaves, infrared radiation, magnetically excitable thermoseeds, and tubes with hot
water. However, each of these methods suffers from its own limitations. [1°1 Oncologists
often use the heat treatment in combination with radiotherapy or chemotherapy or both. The
combined approach results in eliminating many cancer cells in addition to making the
resistant cancer cells more vulnerable to other treatments. Some of the challenges in
traditional hyperthermia treatment are [111: 1) unavoidable heating of healthy tissue resulting
in burns, blisters and discomfort 2) limited penetration of heat into body tissues by
microwave, laser and ultrasound energy and 3) thermal under- dosage in the target region, a
nearly unsolved problem in the case of bone of pelvis or scull which shield deep tissues;
often yielding recurrent tumor growth.

With the possibility to convert dissipated magnetic energy into thermal energy, the
application of magnetic materials for hyperthermia treatment of cancer was first proposed in
1957. [12] Since then the approach evolved into a well-researched field due to the
introduction of magnetic nanoparticles (MNPs). MNP-based hyperthermia treatment has a
number of advantages compared to conventional hyperthermia treatment. These,
schematically highlighted in Figure-1, are: 1) cancer cells absorb MNPs thereby increasing
the effectiveness of hyperthermia by delivering therapeutic heat directly to them, 2) MNPs
can be targeted through cancer-specific binding agents making the treatment much more
selective and effective, 3) the frequencies of oscillating magnetic fields generally utilized
pass harmlessly through the body and generate heat only in tissues containing MNPs, [13] 4)
MNPs can also effectively cross blood-brain barrier (BBB) and hence can be used for
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treating brain tumors, 5) effective and externally stimulated heating can be delivered at
cellular levels through alternating magnetic field (AMF), [141 6) with the possibility to obtain
stable colloids using MNPs, they can be administered through a number of drug delivery
routes, [151 7) MNPs used for hyperthermia are only few tens of nanometer in size and
therefore, allows easy passage into several tumors whose pore sizes are in 380-780 nm
range, [16] 8) compared to macroscopic implants, MNP based heat generation is much more
efficient and homogeneous,[*71 9) MNP-based hyperthermia treatment may induce
antitumoral immunity,[18] 10) last but most important aspect is that MNP-based
hyperthermia can also be utilized for controlled delivery of drugs (Section 4.0-6.0) and first
such nano construct for this purpose was made using layer-by-layer self-assembly
approach.[2®] This additional feature opens up possibilities for the development of
multifunctional and multi-therapeutic approaches for treating a number of diseases.

There have been an increasing number of investigations, in the past two decades, into
various aspects of magnetic nanomaterials for hyperthermia-based therapy. While there are
few review articles in the literature, their focus has been primarily on either iron oxide
nanoparticle or monometallic/oxide MNP-based hyperthermia. For example, in the most
recent review [20] an attempt was made to present the status and prospects of magnetite
nanoparticle-based hyperthermia covering only theoretical and experimental investigations
related to heat dissipation by Néel relaxation. There is a review that covers clinical
applications of MNPs for hyperthermia with focus on recent clinical trials conducted by
MagForce Nanotechnologies AG, Berlin, Germany.[21] In yet another mini review, Hergt et
al discuss how MNP properties and electromagnetic field parameters may be optimized for
cancer therapy based on magnetic fluid hyperthermia (MFH).[22] On the similar lines,
fundamental aspects related to the design of MNPs for cancer-localized hyperthermia was
reviewed; once again focusing on iron oxide-based MNPs.[23] While single domain MNPs
absorb much more power at tolerable magnetic fields and frequencies than those by
multidomain particles, optimization of MNPs for MFH is not yet well established.[24] There
is a strong need for the design of MNPs with enhanced magnetic properties specifically
tailored for hyperthermia related applications. There is also an unmet technical challenge to
design new MNPs which possess not only high thermal efficiency as heating elements but
are also biocompatible (nontoxic), and stable in aqueous solution. In addition, the
expectations are that they should have high capacity for accumulation inside the tumor cells
and with right Curie temperature (Tc) to provide local temperature control system. [25]

Nanoparticles (NPs) offer an opportunity to create multifunctionality with potential for
innovative diagnostic and therapeutic modalities for a number of diseases.[26] Controlled
release of drugs with spatiotemporal control is the key for meeting a number of challenges in
drug delivery applications.[2”] Controlled release of drugs from NP based drug delivery
systems, triggered by a number of external stimuli, has been extensively studied. [28] While
the term “Hyperthermia” in the literature, so far has been confined only to include the use of
heat for therapy, it was found from the recent literature studies that MNP-based
hyperthermia can also be utilized to generate intense local heating within polymeric matrices
there by creating voids for the release of encapsulated drugs (Figure-1). The use of magnetic
fields to control drug release from large polymeric matrices was first reported nearly three
decades back. [29-31] These investigations conceptually demonstrated the utility of magnetic
field hyperthermia for controlled drug release albeit using millimeter size magnetic
materials. The very first report of potential opportunity to utilize MNPs as hyperthermic
agents for controlled drug release appeared in 2005. [19] The drug delivery system in this
case was prepared by using layer-by-layer self-assembly technique. Since then a number of
investigations have been carried out to demonstrate this concept in a number of materials
and for a number of application types. A broad range of frequencies of oscillating magnetic
fields, from 50 kHz to 10 MHz, were utilized to demonstrate the concept of magnetically
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modulated release of drugs using MNP encapsulated delivery systems.[19: 321 A possible
mechanism based on the creation of nanopores within a polymeric matrix through
generation of heat by switching on/off of magnetic moments was proposed. The effect was
also found to be physically reversible upon short-term field exposure and irreversible under
long term exposure. [19: 331 Similar to MNPs investigated for hyperthermia treatment,
majority of the investigations related to use of hyperthermia for controlled release have been
utilizing iron oxide NPs. In a recent review by Brazel, [34] an attempt was made to analyze
magnetothermally-triggered drug delivery systems. However, the scope of the article was
limited to MNP encapsulated polymeric systems.

In this review, we present a case for broadening the meaning of the term “hyperthermia” by
including therapy as well as magnetically modulated controlled drug delivery through
heating. We review current literature on MNP-based hyperthermia for both thermotherapy
as well as controlled drug release in order to provide a better understanding on the present
status as well as future perspectives. The review also focuses for the first time on the
application of core-shell type magnetic nanomaterials for hyperthermia-based therapy and
controlled drug delivery. For the purpose of this review, core-shell MNPs are those that have
a core and a shell made up of different metals or oxides. Polymers or surfactant stabilized
MNPs are not considered truly as core-shell MNPs under this definition. Since there are a
large number of review articles covering synthesis of core-shell MNPs, especially those
using layer-by-layer self-assembly approach, [3%] we will only make references to their
synthesis where the materials have been synthesized specifically for the purpose of
hyperthermia-based treatment or controlled drug release. We will dwell on targeted
hyperthermia and spatiotemporal drug delivery with potential opportunities for cancer
treatment. We will also discuss how the core-shell MFH offers a unique possibility to create
materials that combine the potential of magnetic properties with required hyperthermic and
biological characteristics facilitating a safe and effective treatment. Finally, we hope to bring
out a message that a combination of hyperthermia-based therapy and controlled drug release
paradigms has potential to succeed as “intelligent theranostics” for successful application in
personalized medicine.

2.0 MECHANISM OF MAGNETIC NANOMATERIALS-BASED
HYPERTHERMIA: IMPLICATIONS FOR THERAPY AND CONTROLLED
DRUG DELIVERY

The absorption efficiency of any material to generate heat due to AMF is measured in terms
of specific absorption rate (SAR) or specific loss power (SLP). These terms are generally
used to define the transformation of magnetic energy into heat. [36] For a majority of
applications, it is desirable to have higher temperature enhancement rates and MNPs are
proving to be far superior to micrometric particles due to their efficiency in conversion of
magnetic energy into heat even at low concentrations.[37]

For MNP based hyperthermia, a general procedure involves distribution of particles
throughout the targeted tumor site, followed by generation of heat to the tumor using an
external AMF. The dynamic response of a dipole with its magnetic moment in a single
direction due to an external AMF during the transformation of magnetic energy into heat is
governed mainly by thermal fluctuations that occur in a particle. While there are a number
of effects occurring in MNPs, the heat generation mechanism can be attributed to two
different phenomena: relaxation and hysteresis loss (Figure-2). The relaxation is of two
types: Néel and Brownian relaxation. Heat generation through Néel relaxation is due to
rapidly occurring changes in the direction of magnetic moments relative to crystal lattice
(internal dynamics). This is hindered by energy of anisotropy that tends to orient magnetic
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domain in a given direction relative to crystal lattice. Brownian relaxation is due to physical
rotation of particles within a medium in which they are placed (external dynamics) and is
hindered by the viscosity that tend to counter the movement of particles in the medium.[20]

The internal (Néel) and external (Brownian) sources of friction that lead to a phase lag
between applied magnetic field and the direction of the magnetic moments tends to generate
thermal losses. By using linear response models with known Néel and Brownian relaxation
times, one can easily predict SPL values for MNPs. [38] One predominant heating
mechanism that governs heating capacity of a given MNP is based on the induction of rapid
variation of magnetic moments. In general, the SPL values increase with frequency of
applied magnetic field and are proportional to the square of magnetic field intensity. SPL
values are measured in terms of rise in temperature per unit time and per gram of magnetic
material, multiplied by calorific capacity of a sample. Figure-2 shows that magnetization, M
lags in phase behind applied field, H (a) and relaxation happens through two major pathways
(b & d). One can also see that the real part, i’ or the in-phase component and the imaginary
part, x” or the loss component of the susceptibility is a function of frequency, v (c) and " is
maximum when the angular frequency o(=2av) = 1/t where 7 is the relaxation time. [57]

Generally SPL values depend on parameters such as MNPs structure (Size), magnetic
properties (magnetic anisotropy and temperature dependence of magnetizations) and
amplitude (H) and frequency (f) of AMF. [39. 40, 411 Reduction in SPL values with
polydispersity of MNPs is observed and this can be due to decrease in the proportion of
particles contributing to total heat generation. The heating power of many MNPs also
change with surrounding environment e.g. for those particles internalized within the cells. In
such cases, the nuclear endosomes and/or other intracellular components generally hinder
the movement of the particles resulting in total heat contribution largely coming only from
Néel relaxation. [42] Therefore, for intracellular MFH, Néel relaxation is the major
contributor for heat release. The most effective AMF parameters reported to date for
hyperthermia applications, where the highest SLP was obtained, are a frequency of 500 kHz
and at the field amplitude of 10 kA/m. [43]

In the case of MNPs for hyperthermia—based controlled drug delivery, one can postulate two
distinct types of mechanisms (Figure-3). In the first type, a drug molecule is attached to
MNP through a linker and on application of an AMF, the drug molecule is released due to
heating of the linker molecule attached to the NP’s surface.[*4] By varying the power of
electromagnetic field (EMF) pulses, it is possible to arrive at complex release profiles to
release multiple drugs in series, or in combinations. This approach, represented
schematically in figure-3a, can be termed as hyperthermia-based controlled drug delivery
through bond breaking (DBB). In the second type, release of drugs takes place from within a
polymeric matrix (hano/micro particles/thin films) encapsulated with MNPs on application
of AMF/EMF (figure-3b).[19. 291 A possible mechanism for this type of hyperthermia-based
drug delivery is formation of crevices or cracks of nanometer scale within a polymeric
matrix due to local heat generated by the MNPs, thereby releasing encapsulated drugs. The
second type of controlled drug release can be termed as hyperthermia-based controlled drug
delivery through enhanced permeability (DEP). Depending on the nature of the polymer,
hyperthermia-based drug release can be due to creation of a mechanically force openings or
thermally responsive openings in the case of thermo responsive polymers. [341 The change in
dimension of nanocrevices to a certain degree is physically reversible upon short-term field
exposure. However, following long-term exposure, the nanocrevices further enlarge to
nanometer-scale cracks that propagate along the spherical shell structure and ultimately form
irreversible deformations. Having absorbed sufficient amounts of magnetic energy, the shell
ruptures resulting in increase of both pore volume and surface area. As for the frequency
dependency of permeability, the aggregates rotate or oscillate under the action of magnetic
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field with elastic deformation of capsule walls. At high frequencies, they will not follow
variation of magnetic fields and the deformation will be minimal leading to a decrease in
permeability. This is similar to the case of forced oscillation of a pendulum at frequencies
above the resonance frequency.

3.0 MAGNETIC NANOMATERIALS FOR HYPERTHERMIA-BASED THERAPY

A number of types of magnetic nanomaterials, ranging from well known and well
investigated iron oxide-based nanomaterials to metallic NPs such as Mn, Fe, Co, Ni, Zn, Gd,
Mg, and their oxides have been investigated for their hyperthermic potential. Some of the
well known hyperthermic agents based on iron oxide are magnetite NPs (Fe30,) stabilized
by a variety of ligands such as dextran, [4%] cationic liposomes, [4€] polyvinyl alcohol, hydro-
gel, 471 Jauric acid [25 48] and maghemite NPs (y-Fe,03) [47] stabilized by ligands such as
dextran. [43] Yet another category is based on ferrites such as cobalt ferrites (CoFe;0y),
manganese ferrite (MnFe,0y), nickel ferrite (NiFe,Oy), lithium ferrite (Lig sFep 504), mixed
ferrites of nickel-zinc-copper (Nig g5Zng 35Cuqg 1Fe1 gO4) and cobalt-nickel ferrite
(CoxNi(1-x)Fe204). 12548, 4% There are also ferromagnetic NPs such as Fe doped Au, Zn-Mn
doped iron oxides (ZnyMn(y_y)Fe304) and Mn-Zn-Gd doped iron oxide
(MnyZn,GdyFe(5.504) composites. [50] Very recently, extremely high heating performance
of 1300-1600 W/g was reported based on FeCo metallic NPs. [?1] However, iron oxide-
based MNPs continue to attract attention due to their lack of toxicity, excellent
biocompatibility, and in addition to the fact that they can be metabolized by heme
oxygenase-1 to form blood hemoglobin and hence maintain iron cell homeostasis by

cells. 52531 |n addition, magnetite was found to be superior to cobalt NPs with respect to its
high Curie temperature, saturation magnetization (Ms) (90-98 emu/g, or ~ 450-500 emu/
cm?3) and lower toxicity in preclinical tests.[2% 48] Deger et al tested a combination of
hyperthermia with 3D conformal radiotherapy using Co-Pd thermo seeds for the treatment
of prostate cancer and the intra-prostatic temperatures achieved were about 42-46°C with no
side effects. [54] There are theoretical studies predicting that hyperthermia is dependent on
particle size, size distribution, magnetic properties such as magnetic moment and magnetic
anisotropy, and viscosity of fluid in which they are dispersed. (5% It is instructive to see how
the influence of these features has been validated experimentally as well. A number of
factors influencing the design of MNPs for optimizing their hyperthermic potential have
been reported and these are reviewed as described below.

Size and size-distribution

The heating power of MNPs is governed by magnetic energy dissipation, and therefore, is
dependent on the size of MNPs. Size-dependent hyperthermia of highly crystalline and
monodisperse iron oxide NPs showed that the heating rates with highest SLP of 447 W/g
was achieved for 14 nm particle when particles in size range 5-15 nm were screened with a
field amplitude of 24.5 kA/m and a frequency of 400 kHz. [36] Figure-4 shows the effect of
size and size-distribution in magnetite nanocrystals of four different sizes. The size and size-
distributions, shown in figure-4(a), were obtained based on TEM and from fittings of the
magnetization curves. The variation in their SPL values on application of oscillating
magnetic field of 400 kHz is shown in figure-4(b). It is interesting to see an agreement
between experimental and theoretical values of SLP as a function of particle size and
polydispersity indices (figure-4(c) and (d)).[571 On the other hand, at the same field
amplitude of 24.5 kA/m but at a higher frequency of 700 kHz, maghemite crystals showed
size-dependent SLP with the particle size of 16.5 nm having the highest SLP of 1650 W/g.
In comparison, cobalt ferrite of 12 nm showed highest SLP of 420 W/g when sizes 6-15 nm
were compared for their SLPs. Extending the size-dependent studies to larger particles (with
sizes in the range 15-50 nm), the heating efficiency shows a maximum of 950 W/g for a 15
nm particle.[4”] These results are once again in consistent agreement with both theoretical
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predictions as well as experimentally generated size-dependent magnetization values for
highly crystalline and monodispersed iron oxide nanocrystals.[>8]

Overall, the size-dependent investigations reported to date clearly demonstrate that single
domain iron oxide MNPs with monodispersed size of 14-16 nm are the most superior.
However, what is surprising is the finding that bacterial magnetosomes consisting of ~30 nm
v-Fe,03, unlike those synthesized in the laboratory, have the highest SLP value of 960 W/g
(at 410 kHz and 10 kA/m) reported to date. (591 Yet another recent study [69] also showed
high magnetic field induction heating of aqueous dispersions of meso-2,3-
dimercaptosuccinic acid stabilized single-crystalline iron oxide NPs. In this case, SAR
increased with increasing particle size until it peaked for particles with an average diameter
of 10.5 nm and then decreased for particles with an average diameter of 12.1 nm.
Theoretical calculations of the effect of particle size on the heat generation were in
agreement with this trend as well. These studies also showed that there was a decrease in the
contribution of Brownian relaxation to the heating, leading to a decrease in the SAR with
larger particles. Extending size-dependent investigations to alloy NPs, one can predict that
the heating potential of FePt and NiPd NPs is likely to change with their size. [38]

Carrier Viscosity

The heating rate in MFH is also dependent on carrier viscosity.[20] Surprisingly, not much
work is reported on the influence of viscosity. In a recent publication, SLP of
monodispersed particles of maghemite and cobalt ferrite in two different solvents, water and
glycerol, was investigated. With field amplitude of 24.8 kA/m, it was demonstrated that SLP
decreased with increase in viscosity with the effect being more pronounced with cobalt
ferrite than with maghemite NPs.[40]

Magnetic Anisotropy

Yet another factor that is important for MNP-based hyperthermia is to increase the
anisotropy of NPs (shape or magnetocrystalline) or increasing the applied magnetic field
strength used for treatment. Even though high-quality MNPs with much higher anisotropies,
such as Co and Co-based alloys are readily synthesized, their known toxicity prevents their
utility in in vivo applications. [25: 61]

Stabilizing Ligand

In order to study the influence of stabilizing ligand on biocompatibility and cellular uptake
in vitro, Pradhan et al used different coatings of dextran and lauric acid on Fe304 NPs. In
their observation, there is a lesser biocompatibility and higher uptake of lauric acid-coated
magnetite NPs in comparison to that of dextran-coated NPs in L929 mouse fibroblast cells.
This is likely due to different cellular interactions caused by the coating material.[>3] In a
similar study by Jordan et al with coatings of dextran and silane on magnetite NPs,
differential endocytosis occurred in terms of uptake due to the coating material. The study
once again confirms that biocompatibility is dependent on the nature of the coating material
and NP-cell interaction.[62]

Ability for tumor size reduction

While optimization of physical properties of MNPs to arrive at higher SLP values is
important, it is also critical to evaluate their performance with respect to tumor size
reduction. Recently, a number of in vivo studies using animal models were undertaken
where MNPs were injected into a tumor followed by AMF exposure and resulting changes
in the tissue and organs were investigated. These include C3H mouse mammary
carcinoma [%3], mouse EL4 T-lymphoma [11], MX11 mouse sarcoma [84], human prostate
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cancerous and bone marrow cells in transgenic mice [46], EL4 mouse T-lymphoma [6°], T-9
rat glioma cells [66], B16 mouse melanoma [67], MM46 mammary and skin carcinoma [68],
murine B16-F10 mouse melanoma [%9], cat mammary tumor gland [7%1, Os515 hamster
osteosarcoma [72], V/X-7 squamous cell carcinoma in rabbit tongue [72], DMBA induced rat
mammary carcinoma [73], and human glioma cells. [74] Most of the studies though provided
positive evidence for decrease in tumor size due to hyperthermia, there is a clear lack of
complete information on host and material response. Host response corresponds to influence
of living cells on the magnetic nanomaterial and vice versa for magnetic nanomaterial’s
response on cells. [75] Also, the effect of MNP uptake by healthy cells and their fate before
and after the application of oscillating magnetic field is not clear. A better understanding of
MNPs and their interactions with tissue, and organs are of greatest importance for
optimizing hyperthermia treatment in clinical setting.

Self-regulated hyperthermia

A highly desirable form of hyperthermia is one that is self-regulated. Self-regulation is
possible with MNPs that have Curie temperature at around therapeutic temperature range.
With such particles, similar to traditional hyperthermia, they are heated when AC field is
applied. However, once they reach the Curie temperature, the Ms of particles drops to zero,
and heating stops. Thus, if the Curie temperature can be fixed by a judicious selection of
particle composition and size, hyperthermia can be applied and carefully controlled;
preventing from reaching excessive temperatures. Some of the obvious choice of materials
for such a self-regulated therapy includes Ni-Cu alloys, Mn-Cu ferrites, Ni-Pd alloys and
Co-Pd alloys. Recent studies on polymer encapsulated Cu-Ni NPs, [76] Gd-substituted Mn-
Zn ferrite NPs, [77] Fe;_,Mn,Fe,04 NPs, [78] and FePt, NiPt, NiPd [79] NPs are very
promising in this direction. The Curie temperature of these alloy systems can be tuned by
changing their composition especially since Fe,7Pt73 and NipgPd7, alloys have Curie
temperature near 45 °C.[79 The Curie temperature is also expected to change with size and
certainly with composition of MNPs. The methods to make FePt and NiPd NPs of different
sizes (2-9nm) are already available. [79-82] Therefore, by extending the known
compositional dependence of Curie temperature (T¢) for the face centered cube (fcc)-phase
at high Ni concentrations, one can expect metastable FeNi alloys to have low T¢’s in the Fe-
rich region of the phase diagram. Thus making them suitable for self-regulated radio
frequency (Ry) heating in cancer hyperthermia. [83]

Multi-functionality

Demonstrating potential opportunities that exist for combining hyperthermia with diagnosis,
a multifunctional NP (< 50 nm) with a Fe,O3 core and labeled with a targeting agent
luteinizing hormone releasing hormone (LHRH) was designed. The multi-functionality of
the nanoparticle ensured specific targeting to cancer cells of breast and prostate in addition
to having a two-photon fluorescent probe to aid in optical tracking.[84] Such a
multifunctional NP, termed as “nanoclinics” was used for magnetocytolysis of MCF-7 and
UCI cancer cells using a DC magnetic field in addition to providing optical imaging
capability. Since the magnetocytolosys was performed using a 7 Tesla magnetic field NMR
instrument, it is not clear what the frequencies of oscillating magnetic field are. In any case,
this investigation is a step in the right direction to bring multifunctionality to traditional
MFH.

4.0 MAGNETIC NANOMATERIALS FOR HYPERTHERMIA-BASED
CONTROLLED DRUG DELIVERY

Drug release from the surface of NPs was previously accomplished by external stimuli such
as electric current, magnetic fields, temperature, light, and ultrasound and so on. In
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particular, the concept of using external magnetic fields to achieve pulsatile release from
polymer composites was first demonstrated using millimeter size magnetic particles. In this
investigation, an externally controlled on-demand insulin release was demonstrated from a
magnetic composite of ethylene vinylacetate by application of low frequency oscillating
magnetic field. [29] This concept did not gain attention till recently where modulation of
permeability of polyelectrolyte microcapsule embedded with MNPs, fabricated using layer-
by-layer self-assembly, was first demonstrated. [19] Since then there have been a number of
reports in the literature related to application of magnetic nanomaterials for hyperthermia-
based controlled drug delivery. These can be classified into two major types.

Hyperthermia-based controlled drug delivery through Bond Breaking (DBB)

The first successful demonstration of this concept was reported using radiofrequency EMF
activation of release of fluorescein-labeled 18 bp in a model tumor near the posterior
mammary fat pad of mice (Figure-5). [44] As shown in the figure, first MNP bound
biomolecules through a heat labile linker are mixed with matrigel and injected
subcutaneously near the posterior mammary fat pad of mice, forming a model tumor (A). On
application of EMF, the fluorescent biomolecules were released into surrounding tissue (B)
when compared to unexposed controls (C, scale bar = 100 micrometers). On further
examination of the mice using a 7 T MRI scanner, one can see an image contrast due to the
presence of NPs (arrow). This magnetically stimulated platform for controlled drug release
demonstrates ability to remotely trigger release of a biomolecule, if necessary in a sequence,
from the surface of MNPs. Yet another report [85] confirms similar concept by triggering
release of fluorophore bimane amine from the surface of superparamagnetic iron oxide
nanoparticles (SPIONSs) in presence of oscillating magnetic fields.

Hyperthermia-based controlled Drug delivery through Enhanced Permeability (DEP)

Unlike the concept of DBB, hyperthermia-based controlled drug delivery through enhanced
permeability (DEP) involves release of drug from within a polymeric nanoparticle (PNP)
wherein MNPs and drug are encapsulated. DEP has been found to be reversible under
certain conditions and is dependent on frequency of the oscillating magnetic field and the
applied magnetic field strength. Such a release was demonstrated from polymers, hydro gels
and thermo responsive polymers.

Remotely controlled pulsatile drug release for a number of different drugs as well as for
different “on- off” durations of oscillating magnetic fields was demonstrated from
temperature sensitive poly (N-isopropylacrylamide) hydrogels incorporated with

SPIONSs. [88] Other hydrogel-based DEP systems are poly(N-isopropylacrylamide)
(PNIPAM) microgel containing MNPs with the ability to tune magnetic and
thermoresponsive properties of individual components (NPs and microgels). [87] Extending
this concept further, an approach to the development of artificial membranes with stimulus-
responsive opening was recently demonstrated.[38] On-demand “on-off” release of sodium
fluorescein over multiple magnetic cycles was successfully investigated using prototype
nanocomposite membranes based on thermosensitive, poly(N-isopropylacrylamide)-based
nanogels and magnetite NPs upon the application of an oscillating magnetic field. The
concept is schematically represented in Figure-6. The figure shows magnetic triggering and
differential flux of sodium fluorescein out of membrane-capped devices as a function of
time over successive on/off cycles of the external magnetic field. Similarly, a novel
magneto-active gel based on iron oxide NPs within a temperature sensitive PNIPAM was
used as an externally tunable flow controller inside a micro fluidic channel. [89 This opened
up avenues for the development of devices such as magnetic micro/nano pumps, magnetic
field controlled drug delivery devices and magnetic switches. Such controlled release was
also reported from magnetic lipid NPs. [90]
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In addition to relatively fluidic polymeric gels, the concept of DEP was also demonstrated in
high density organic and inorganic polymeric particles incorporated with MNPs. Examples
using organic polymer particles include those made from poly-lactic acid (PLA)P1],
poly(ethylene glycol) ethyl ether methacrylate-copoly(ethylene glycol) methyl ether
methacrylatel92], Pluronic F127 (F127)[%3, poly(methylmethacrylate) (PMMA)®4], poly-n-
isopropylacrylamide (PNIPAM)[5. %61 poly(ethyleneimine)-modified poly(ethylene oxide)-
poly(propylene oxide)-poly(ethylene oxide) (PEQ-PPO-PEO) block copolymer[®7] and
nanoparticle-assembled capsules (NACs) using Poly(allylamine hydrochloride), disodium
phosphate, and citrate bound MNPs.[%8] An example where the behavior of drug release is
found to be significantly different depending on whether the applied field varies sinusoidally
or in a step-function manner with time was reported using iron oxide core-chitosan shell
microspheres. [99 In yet another example, inorganic polymer NPs such as those made from
silica are utilized. In this case, zinc-doped iron oxide nanocrystals are encapsulated within a
mesoporous silica framework that was surface-modified with pseudorotaxanes.[100] |n
addition to magnetic-polymer particles, magnetic liposomes [101. 102] are also suitable as
DEP-type drug delivery systems.

Extending the concept of DEP, radio-frequency magnetic-field heating of NPs was used to
remotely activate temperature-sensitive cation channels within cells. [103] In this example,
superparamagnetic ferrite NPs were targeted to specific proteins on the plasma membrane of
cells expressing TRPV1 (also known as Capsaicin receptor), and heated by a radiofrequency
magnetic field. High localized induction of temperature increase was noted using
fluorophores as molecular thermometers leading to the activation of opening of TRPV1. As
shown in Figure-7, streptavidin—-DyLight549 (orange)-coated superparamagnetic
nanoparticles (grey) were prepared and the AP-CFP-TM protein was bound to the NPs
through biotinylated AP domain (green box), which is anchored to the membrane by the TM
(blue box) and CFP (cyan box) domains. On the application of oscillating magnetic field, the
NPs are locally heated resulting in heat (red)-induced opening of TRPV1. Novelty of this
approach is that it can be generalized to stimulate other cell types in addition to the
possibility to remotely manipulate other cellular machinery for novel therapeutics. It is
noteworthy that use of similar inductive heating effects were also utilized for controlled
release of drugs by switching the high frequency magnetic fields (HFMF) on and off from
folic acid (FA) and B-cyclodextrin (CD)-functionalized SPIONSs.[194] Yet another variation
of the concept is reported where micro containers with embedded superparamagnetic
nanoparticles can be changed into bubble micro reactors upon exposure to AMF, which acts
as a remote trigger for release of encapsulated material.[10%]

Finally, an important question is if there are potential opportunities for translational research
leading to commercialization of products based on the concept of hyperthermia-based
controlled drug delivery. In this context, it is worth mentioning the efforts from the
company, Biophan technologies Inc (http://www.biophan.com/). The company is developing
“active drug-elution technology” where drug loaded MNPs are encapsulated in a polymer
coating on a stent or other medical devices from which the drugs can later be selectively
released by applying a controlled EMF at a specific frequency (Figure-8). Interestingly, by
fine tuning the magnetic properties of MNPs, there is an opportunity for using different
MNPs to respond selectively to a wide range of frequencies of oscillating magnetic fields in
order to release multiple drugs temporally to treat various complications.
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5.0 CORE-SHELL MAGNETIC NANOMATERIALS FOR HYPERTHERMIA-
BASED THERAPY AND CONTROLLED DRUG DELIVERY

5.1 Why core-shell magnetic nanoparticles?

As the properties of nanomaterials are surface-dependent, there are a number of ways one
can bring about surface changes leading to concomitant changes in the properties. With the
unraveling of their chemical, physical and biological properties, nanomaterials of different
sizes and shapes are being investigated and recent review articles and book chapters cover
various aspects of these nanomaterials. [106-115] |n addition to the size and shape effects,
newer design of nanomaterials, most often synthesized using layer-by-layer approach, have
also begun gaining prominence providing further opportunities to tailor properties of
nanomaterials and investigate their fundamental behavior. Some of these new designs are
core-shell, onion-type, multilayered, alloy, multimetallic and multifunctional nanomaterials
(Figure-9). Of these, the layer-by-layer approach for the synthesis of core-shell architecture
offers a great opportunity to modulate properties of both cores as well as shells. Not
surprisingly, this approach has lead to the development of a variety of core-shell
nanomaterials and continues to be the focus of scientific efforts.

Core-shell nanomaterials are extremely important as they can have a combination of
different properties and offer multifunctionality because of core and shell can have different
material compositions in a single particle. They represent a novel class of hybrid materials,
where composition and microstructure varies in the radial direction. [116] A number of
possibilities and opportunities can be envisaged using this architecture. A shell can be
utilized as a protective shield for sensitive core material, for example, in the case of air
sensitive magnetic nanomaterials like Cobalt. [117: 118] The dimensions and composition of
shell can be modulated in order to influence the properties of a core and similarly the core
dimensions can be modulated to influence the properties of a shell. [119] The shell surface
can also be utilized for bio-functionalization; which otherwise either difficult or not possible
on a core surface, for example, gold or silica coated ferromagnetic

nanomaterials. [117. 118, 1201 Haying a biocompatible shell around toxic core material enables
reduction in their toxicity, for example, coated quantum dots2] or cobalt NPs.[122]
Expensive nanomaterials can be formed as shells around inexpensive core nanomaterials.
This is particularly useful in catalysis. [123] Finally, multiple functions such as detection and
treatment modalities or multiple treatment options can be incorporated in a single core-shell
particle.[124] All these different possibilities are reflected in enhancing the properties of
core-shell nanomaterials in a number of applications and especially in the case of MNPs and
more so for utilization of MFH for therapy and controlled drug release. MagForce
Nanotechnologies AG, Germany is the only company that is utilizing iron oxide NPs coated
with aminosilane for hyperthermia treatment of tumors and the technology is at an advanced
stage of clinical trials.[125] On the other hand utilization of MNP-based hyperthermia for
controlled release of drugs is relatively new and to the best of our knowledge no clinical
trials have been started. Thus, there is a need for designing better and more effective
hyperthermic agents and core-shell architecture presents one such opportunity. Similarly,
application of core-shell MFH is relatively new and here is the first attempt to review the
investigations carried out to date.

5.2 Core-shell magnetic nanomaterials for hyperthermia-based therapy

Core-shell MNPs offer a number of advantages over mono metallic/metal oxide NPs for
hyperthermia-based therapy. Some of the examples from literature demonstrating their
potential advantages are given below.
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Prevent anisotropic magnetic dipolar attraction—Anisotropic magnetic dipolar
attraction prevents stability of magnetic fluids even in the absence of an external magnetic
field. This continues to be one of the main problems when dealing with magnetic fluids. One
approach to successfully prevent this attraction is by providing a coating around magnetic
particles so that they behave as isotropic dispersions in a zero magnetic field and reversibly
form anisotropic structures in the presence of an external magnetic field. [126] This approach
was demonstrated recently in silica coated maghemite NPs; resulting in a more stable
magnetic fluid. [127]

Provide Oxidative stability—A shell around magnetic core offers oxidative stability for
air sensitive magnetic nanomaterials. This is especially important for high magnetic moment
particles which can provide high values of SLP or SPL (Specific power loss). For example,
body centered cubic (bcc) CoFe alloys have the highest Ms (~240 emu/g) in this class of
materials and could be an ideal magnetic material for hyperthermia applications. However,
their chemical instability makes their synthesis very challenging. [128] A graphite shell
around these particles led to their oxidative stability without loss of their original high
magnetic moment. [12°]

Enhanced hyperthermia—Kim et al achieved close to 90% cancer cell destruction in
vitro using FeNi magnetic-vortex microdiscs (MDs) of 60 nm size coated with a 5 nm thick
gold layer each side by the application of only a few tens of hertz AMF for just ten

minutes. [130] This confirms that operation of MFH at lower frequencies for effective heat
generation can be achieved using core-shell type of structures. Likewise, in yet another
demonstration, a gold coating of approximately 0.4 to 0.5 nm thickness around SPIONs
resulted in a four- to five-fold increase in the amount of heat released (the highest value of
976 W/g in ethanol at 430 Hz frequency) in comparison with SPIONs on application of low
frequency oscillating magnetic fields (44—430 Hz) (Figure-10). [131] |n addition, the
SPIONs@Au were found to be not particularly cytotoxic to mammalian cells (MCF-7 breast
carcinoma cells and H9c2 cardiomyoblasts) in in vitro studies. When similar heating
experiments were carried out using stable water suspensions of Lag 75Srg 25sMnO3 cores
covered by silica (Conc. of Mn=3.39 mg/ml), highest SAR of 130 W/g Mn at 37 °C was
reached for the applied amplitude and frequency of 8.7 kAm™1, 480 kHz respectively. [132]

There are potential opportunities to extend these investigations further in order to enhance
hyperthermia through manipulation of magnetic properties. For example, a tunable shell of
0.5 to 3 nm of Fe304 on FePt NPs on annealing resulted in enhancing the core Ms values to
1040 emu/cc. 1331 Novel core-shell anisotropic structures such as Ni@Co nanorods with Ni
nanowire as core and Co nanotube as shell were recently synthesized demonstrating the
potential to fine tune the magnetic anisotropy to further optimize hyperthermic

potential. [134] Finally, here is an interesting example [135] where the heating rates for
dispersion of FeCo MNPs with different anisotropy values are shown in Figure-11. For
increasing anisotropy, the particle size at which the maximum heating rate occurs decreases,
while the peak heating rate itself is not significantly affected. Above a certain value,
increase in anisotropy gives no significant change in the heating rate dependency on particle
size since Néel relaxation ceases to occur. The remaining Brownian relaxation is
independent of material’s parameters and only depends on the particle size. Hence, one can
expect to achieve high heating rate at desirable sizes for core-shell MNPs.

Reduce toxicity and increase biocompatibility—With an aim to evaluate potential
cellular perturbations and explore the relationship between biocompatibility and surface
chemistry of carbon coated iron NPs (Fe@CNPs), Mu et al investigated their dynamic
cellular responses, uptake, oxidative stress and effects on cellular apoptosis, and cell cycle.
Results indicate that biocompatibility of Fe@CNPs is dependent on both cell type and NP’s
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surface chemistry. [136] Similarly, magnetic manganese oxide NPs when coated with a silica
shell resulted in achieving better water stability at high concentrations and superior
biocompatibility. The application of AMF of 15 mT and 100 kHz for 30 min. produced
cellular damage that finally lead to apoptotic cell death; even though the temperature
increase in the cell culture was lower than 0.5 °C. [137]

5.3 Core-shell magnetic nanomaterials for hyperthermia-based controlled drug delivery

The approach of hyperthermia-based controlled drug delivery using nanomaterials is
relatively new and more so with core-shell magnetic nanomaterials. However, there are
recent examples from the literature which demonstrate unique opportunities for core-shell
MNPs to play a significant role. The very first example was reported in 2005 where
investigations using a magnetic field to modulate the permeability of polyelectrolyte
microcapsules containing core-shell MNPs were initiated.[9] In these investigations,
ferromagnetic gold-coated cobalt (Co@Au) NPs (3 nm) were embedded inside the
polymeric capsule walls using layer-by-layer self-assembly technique. The final 5 um
diameter microcapsules had wall structures consisting of 4 bilayers of poly (sodium styrene
sulfonate)/poly(allylamine hydrochloride) (PSS/PAH), 1 layer of Co@Au, and 5 bilayers of
PSS/PAH. Oscillating magnetic fields of 100-300 Hz at field strength of 1200 Oe were
applied resulting in distortion of the capsule wall and drastically increased its permeability
to macromolecules like FITC-labeled dextran (Figure-12). The capsule permeability change
was estimated by taking the capsule interior and exterior fluorescent intensity ratio using
confocal laser scanning microscopy. Capsules with 1 layer of Co@Au NPs and 10
polyelectrolyte bilayers were found to be optimal for magnetically controlling permeability.
This example not only demonstrate the importance of layer-by-layer self-assembly approach
to fabrication of required core-shell nanomaterials for hyperthermia-based drug delivery, but
also strongly supports the unique feature this self-assembly process provides in controlling
core and shell dimensions.

Other examples from the literature are as follows. Iron core silica shell (Fe@SiO5) NPs of
about 50 nm were recently synthesized by an in situ process, and on a short exposure to a
high frequency magnetic fields (HFMF) they were able to release specific amounts of drug
in a burst manner. [321 The HFMF accelerated the rotation of MNPs deposited in the silica
matrix; subsequently enlarging the nanostructure of the silica matrix to produce porous
channels thereby releasing the drug easily. Learning from such magnetically responsive
controllable drug release systems, one can also design similar magnetic silica nanospheres
for controlled burst release of therapeutic agents especially for urgent physiological needs.
Interestingly a novel core-shell structure where the drug is encapsulated within a silica core
surrounded by single-crystalline iron oxide shell was also reported. [33] This design is
conceptually interesting as it can protect biomolecules encapsulated in the core from damage
from harsh environments. It can also eliminate uncontrollable release resulting from natural
diffusion of molecules upon delivery, for example, in a patient’s body. In addition, the
magnetic nanoshell displays an ultrafast response and sensitivity upon exposure to HFMF.
What is important is that the high magnetic-sensitivity of the nanometer-scale shell allows a
controlled burst release of drug in a quantitative manner. Yet another core-shell structure,
magnetic organic-inorganic nanohybrid, involving drug-intercalated layered double
hydroxides coated on a magnesium ferrite core, was reported for magnetically controlled
drug release. [138]

With ever increasing ability to fabricate fascinating types of core-shell NPs, the exploration
of hyperthermia-based controlled drug delivery systems using core-shell magnetic
nanomaterials is poised to take off. For example, the so-called “yolk-shell” structured
materials with movable cores and porous shells [139] could exhibit unique releasing
properties for drug/gene delivery because of their hierarchical porous structures. Further,
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there is also a possibility to expand the field into the arena of implantable microchips as
demonstrated recently. In this particular study, drug-carrying magnetic core-shell
SPION@SiO, NPs were deposited onto an electrically conductive flexible PET substrate. A
flexible drug delivery chip was made using such substrates for magnetically-controlled
release of anti-epileptic drugs such as ethosuximide (ESM). [%6]

6.0 CURRENT CHALLENGES AND OPPORTUNITIES IN MNP-BASED
HYPERTHERMIA FOR THERAPY AND CONTROLLED DRUG DELIVERY

Taking into consideration more recent experimental results, a critical examination reveals
some of the major challenges and opportunities that MNPs offer for thermotherapy and
controlled drug delivery. These are given below.

Maximizing Specific Absorption Rate (SAR)

The most challenging task is to maximize the SAR in hyperthermia, which allows reduction
of ferrofluid dose in vivo. The dependence of SAR on parameters like magnetization, size,
and size-distribution of particles, magnetic-field strength, and frequency of the AC field
were previously discussed. [78] However, what is clearly needed is a concerted effort to
examine all the variables together and come to a comprehensive and conclusive
understanding leading to maximization of SAR. This is also critical to ensure that maximum
SAR is obtained intracellular and at relatively lower dosages.

Tailoring properties of magnetic nanomaterials

Numerous MNP-based alloys of Fe and Co can be readily synthesized with superior
magnetic properties. However, most of these are not biocompatible and, typically, they are
not suitable for in vivo applications. One strategy would be to take advantage of their
superior magnetic properties and enhanced hyperthermia concentrations low enough to be
non toxic. Alternatively, a core shell strategy to mitigate their toxicity needs to be explored.
Yet another option could be to take a well-known magnetic material, e.g., magnetite, which
has already been approved for human use and optimize its size, composition and shape-
dependent magnetic characteristics. After suitably functionalizing its surface and, following
appropriate cytotoxicity and pharmacokinetics studies, it stands a very high chance of being
readily used in vivo. However, even though shape anisotropy is known to play an important
role in magnetism, very little work has been done in utilizing this approach to tailor
magnetic nanomaterials for hyperthermia. In the case of hyperthermia-based controlled drug
delivery, not many types of MNPs have been investigated to date. The field is relatively new
and there are a number of opportunities to fine tune the properties of MNPs in order to
optimize controlled drug delivery through both DBB and DEP mechanisms.

Eliminating or minimizing toxicity from NPs

Though most of hyperthermia studies report cell death due to heat release, there is clearly a
lack of sophisticated tools to determine the information about the fate of cells before and
after MNPs are used for hyperthermia. This is mainly because most of the currently used
molecular biology assays measure only the changes occurring in short intervals of time and
not much information is available about the NPs after their use. The change due to hysteresis
and relaxation losses in the biological fluids, concentration of material, frequencies applied
and cell death are poorly explained. A better understanding between NP’s physical
properties and their influence on cell’s integrity needs further optimization. What is clearly
missing in the literature is the confirmation that MNP based hyperthermia results cell death
only due to hyperthermia and not due to inherent toxicity of some of the MNPs. [73] Since a
number of magnetic nanomaterials investigated for hyperthermia-based therapy are
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extremely large in comparison with those investigated for hyperthermia-based drug delivery,
there is a great opportunity to design better magnetic nanomaterials with minimum or no
toxicity for drug delivery applications.

Biocompatibility, Catabolism and Clearance issues

The unusual properties of a number of MNPs, including their multivalency and
multifunctionality, pose challenge for understanding their pharmacokinetics because
different components will have different features that affect their distribution, clearance and
catabolism. A careful examination of each of the components as well as combination of
them is required in order to arrive at reliable pharmacokinetics. Such studies are crucial,
especially when designing materials that have sophisticated control systems, irrespective of
their application either for heat treatment or drug delivery.

Induce and sustain therapeutic temperatures

In practice, it is technically challenging to induce and sustain temperatures clearly above the
systemic temperature of 37.5 °C in a defined target volume. Perfusion counteracts the
temperature rise and perfusion rates vary widely in tumors with leaky vasculatures.
Therefore, reaching therapeutic temperatures of 42—44 °C in the critical parts of tumors
requires a specific heating power (SHP) in local target regions. [240] The cooling action of
flowing blood must also be taken into consideration, and furthermore, blood flow rates will
vary during hyperthermia treatment. Taken together, these effects invariably result in non-
uniform temperature distributions. Adding to this complexity is the well known fact that in
some tumors, the blood flow may altogether stop completely during extended periods of
hyperthermia treatment.[41] Thermal convection, caused by strong blood perfusion,
decreases the specific energy absorption and hence reduces the temperature of the tumor.
Therefore, tumors located in regions with high perfusion such as those within liver, lung,
and kidney receive lower heat dose, and hence decrease in hyperthermia efficiency. In such
cases, it is not possible to maintain therapeutic temperatures for long periods of time and
hence, they are not treated by the methods of regional hyperthermia alone. In these cases, a
combination of regional hyperthermia with X-ray therapy and chemotherapy strengthens the
anti-tumor effect and frequently results in desired remission. Therefore, regional
hyperthermia is widely used in combination with X-ray therapy and chemotherapy. On the
other hand it is interesting to note that interface effects are the reason why cancers of the
brain are treated now only with application of regional hyperthermia, including cranial
trepanation.

Finally, the principal remaining problems with MFH are invasiveness, targeting (restricting
the hyperthermia effect to a specific area of interest) and achieving homogenous heat
distributions within the target organ.[* 8. 54.142] Fajlure to solve these problems may lead to
either insufficient treatment effects or, worse, lethal exposure to neighboring healthy cells.

Monitoring temperature distribution during heating

This is essential but remains an ongoing challenge. There is a lack of systematic studies on
dose and thermal response relationship especially at targeted sites. Currently, in regional
hyperthermia systems, the temperature is monitored with the use of invasive thermometry
where thermo sensors are delivered through catheters implanted surgically or
hypodermically. A specific challenge is to develop noninvasive methods for monitoring of
local temperatures. To accomplish this, a two pronged approach that is based on modeling
studies and on designing appropriate thermo sensitive materials is essential. In addition to
optimizing the physics of heating, further developments in realistic heating models taking
into consideration perfusion as well as including systematic studies with phantoms are
required. Estimates of the amount of heat that will be required and knowledge of the
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temperature distribution within the tumor and the healthy tissue will be important. There are
already some efforts in this direction. Recently, a model was developed based on two finite
concentric spherical regions; the inner sphere of cancerous tissue with magnetic particles,
and the outer sphere containing healthy tissue. [143] Penne’s bioheat transfer equation [144]
describes the temperature both in the diseased as well as healthy tissue as three different
functions of heat; heat generation by MNPs, the heat conducted through the tissue, and the
heat removed by blood perfusion. The model, applied successfully to self-regulated
hyperthermia, showed that proper distribution of magnetic particles throughout the tumor is
the key to minimize any damage to the surrounding healthy tissue while still maintaining a
therapeutic temperature within the tumor. [145] The model can also be used to find ways in
applying the magnetic field to minimize damage to healthy tissues and the patient’s
exposure to the field. Future computer simulations could assist doctors in determining how,
when and where to place the magnetic fluids. Precise treatments would increase the
likelihood of eliminating the tumor while decreasing the side effects of heating healthy
tissue.

In terms of designing thermo sensitive materials for monitoring heat distribution, there are
some recent efforts worth mentioning. For example, Herrera et al [146] coated MNPs with a
temperature-responsive fluorescent polymer built from N-isopropylacrylamide (NIPAM)
and a modified acrylamide. By observing the changes in the fluorescence of the polymer
using a spectrofluorometer, temperature of the medium surrounding the NPs can be
monitored non-invasively. Another approach is to use infrared thermacam, which is
insensitive to AC magnetic fields but sensitive to measure thermal gradients during
magnetic heating. [147]

In the case of hyperthermia-based drug delivery it is important to know, both from
computational modeling studies as well as experimental determinations, the relationship
between local heating and its influence on bond breaking in the case of DBB and
permeability through polymer in the case of DEP. These studies, hitherto never undertaken,
are critical to design controlled drug delivery systems with required release profiles.

Visualization

In addition to monitoring the temperature distribution, ability to visualize accumulation of
drug carrying NPs at the target site, the release of drug and its distribution is critical in
designing hyperthermia-based drug delivery systems. While some progress has been made
in this direction, [148] there is clearly a need for focusing future efforts to enable noninvasive
assessment of accumulation of particles, drug release and distribution. This requirement
gains added importance with possibility for extending imaging capabilities to investigate
kinetics of drug release in vivo as one can correlate the in vitro characteristics of drug
carriers to their in vivo capabilities.

Theranostics

Ability to simultaneously carry out diagnosis and therapy, termed as Theranostics, is now
gaining popularity thanks to unique features provided by nanosystems for both diagnosis
and therapy. This is relevant for both hyperthermia-based treatment as well as controlled
drug delivery. Diagnosis- guided therapy will result in establishing treatment regimens in
real time and thereby increasing the therapeutic index. Even though there are already
investigations reported where diagnosis is combined with hyperthermia-based therapy or
drug delivery, [44 841 jt is clear that there exists a great opportunity for this type of
application in future personalized medicine.
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Thermo tolerance

Variation in thermo tolerance of cells is a major concern. For example, this variation in cells
ranges from those with increased heat sensitivity to high heat resistance depending on the
temperature programming. Therefore, determining ideal temperature programming is a
challenge. One factor that appears to be consistent in developing such ideal temperature
programming is the fact that it is critical to ensure rapid initial heating. Scientific advances
are needed towards designing heat mediators by improving material magnetization and size-
dispersion. Similarly, development of new strategies to differentiate intracellular heating
from extracellular based on in vivo studies is needed.[24%] While local hyperthermia is
crucial for treatment, it is the response of normal tissues that determines what “dose” of heat
can be applied. Based on the available data it appears that the dose-response curves for
hyperthermia look similar to those for radiation or drug dose. However, the challenge is to
understand critical cellular targets of thermal inactivation both in cancer cells as well as in
the surrounding healthy cells. [150] Meeting this challenge is critical for mapping thermo
tolerance in the critical regions of a tissue.

Tolerance of magnetic field and frequency of oscillation

It is known that electrical conductivity of biological tissue is sufficiently higher than that of
AMF. This may, therefore, generate eddy currents and cause non-selective heating of both
cancer as well as normal tissue. The heat generated by such induced eddy currents needs to
be considered in determining the conditions for optimizing the specific heating power for a
given NP-application. The applied frequency is also important, as researchers have generally
focused on pulsed frequencies in the range of 50 kHz to 10 MHz to achieve heating. [132]
There is also a limit on the amplitude of applied field; which is about 8-16 kAm™1

Since it is well established that the required reversible profiles are obtained only under
certain magnetic field strengths and frequencies,[191 determining these values for each type
of system is required for hyperthermia-based drug delivery systems. Especially investigation
of kinetics of structural changes is crucial.

Self-regulation of heating

Achieving self-controlled and self regulated heating is important for minimizing some of the
deleterious effects of hyperthermia. One way to achieve this self-control is by focusing on
two important magnetic properties of the NPs- magnetization and coercivity. These two can
control the heating efficiency and Curie temperature so that they can be adjusted slightly
above the therapeutic temperature (approx. 45 °C) in order to achieve a self-controlled
heating mechanism. The route towards self-regulating heating mediators is open and
requires further improvement to permit sufficient heating. Low-Curie temperature NPs such
as iron-platinum (FePt) and nickel-palladium (NiPd) NPs with ideal sizes and magnetic
properties would heat efficiently and maintain therapeutic temperatures. Another possible
approach is to use complex magnetic oxides as core materials (for example Laj_,SryMnQO3
(LSMO) perovskites),[151] whose magnetic properties can be properly tailored in various
ways, in order to control heating efficiencies with self regulation.

Practical targeted hyperthermia

There is a need for development of new targeting strategies which can effectively drive the
intravenously injected particles to targeted sites and complete excretion of the injected
particles after the treatment. This is relevant for both hyperthermia-treatment and drug
delivery. It is important that MNP formulations have the ability to overcome one of the main
biological barriers such as exclusion by BBB, the vascular endothelium, the typical higher
osmotic pressure, cancer lesions causing the outward flow of any therapeutic agents,
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phagocytosis and clearance from circulation by the reticulo-endothelial system (RES) that
prevent them from reaching their targets. [7: 152 |t is interesting to note that macrophages
significantly took up oligomannose-coated liposomes (OMLS) when injected into the
peritoneal cavity, and then gradually accumulated in the omentum and other lymphoid
tissues within 24 hours. [153] When MNPs were encased in the OMLSs to achieve in vivo
hyperthermia at the site in a mouse i.p. metastasis model, it successfully controlled tumor
development. What is truly encouraging is the accumulation of high concentrations of
magnetite NPs, even up to 160 mg, in the momentum. Similarly, based on our recent
results, [154] where targeting through luteinizing hormone and releasing hormone (LHRH)
resulted in accumulation of large concentration of magnetite NPs (upto 72 pg/cell) in lung
metastases bode well for successful practical targeted hyperthermia and controlled drug
delivery. With potential avenues to tailor make MNPs to obtain high SAR; it is possible to
have successful targeted hyperthermia-based treatment and drug delivery at relatively lower
dosages.

Antitumor immunity after hyperthermia

A number of literature reports suggest potential of developing antitumor immunity after
hyperthermia based treatment. For example, Siva Sai et al showed that ligand protected Fe/
Fe304 inorganic core-shell MNPs caused the development of anti-tumor effect on murine
B16-F10 melanoma in mice. Only after a three short 10-minute AMF activation (366 kHz),
an appreciable decrease in the amount of tumor size was observed. 691 Similar mice studies
by Suzuki et al, after magnetite cationic liposomes (MCLS) injection into melanoma nodules
followed by AMF subjection, showed complete tumor regression followed by rejection of
melanoma cells by cured mice; confirming the generation of antitumor immunity. [67] These
studies are supported by the observations of Ito et al that there is development of antitumor
immunity after hyperthermia treatment with MCLs in rat models as well.[68] Similar
antitumor immunity was also observed in addition to tumor size reduction in cat mammary
carcinoma.l’% Therefore, there appears to be an opportunity not only for tumor reduction
due to hyperthermia but also protection from future tumor development through the
development of antitumor immunity. In principle, this approach can be utilized for the
development of in situ vaccinations leading to advancement of novel heat-immuno based
therapies. [65. €8]

Combination of treatments

Literature reports show that hyperthermia cancer treatment is much more effective when
applied in combination with other treatment methods like radiation, chemotherapies etc than
applying alone. When synergistically applied with radiation, the heat released first will bring
changes in cell cycle causing faster denaturation of malignant cells through aggregation of
nuclear proteins; thereby enhancing the sensitivity of already denatured cells to death by
radiation.[63. 155] The thermal enhancement ratio (TER) is defined as the ratio of radiation
sensitivity at 37.5 °C to the sensitivity at an elevated temperature. [64] Highest TER is
obtained with a combination treatment, since the inner portions of tumor bed are in an
oxygen deprived state (hypoxia) and radiation cannot easily pass through it during radiation
therapy. A combination therapy allows denaturation of tumor cells from inside by heat
induced MNPs and outside by radiation since the tumor beds from inside are radiation
resistant and thermo sensitive.[57] Further, adjuvant therapy combining MFH with chemo-
radiation strategies also appear to hold great promise in oncology. Even though synergy
between heat and radiation dose has been validated by a number of preclinical

studies, [156: 157] the time difference between the treatments and their sequence of
application is critical.[138] For example, best results are obtained with combined treatments
through simultaneous application rather by applying heat therapy alone. However, this may
be difficult to realize in clinical practice. Overall, it can be safely concluded that higher
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levels of survival of experimental animals were achieved when hyperthermia was performed
in combination with chemotherapy and sensitization of tumor tissues.[159]

Multi-therapeutic and multi-functional modalities

Potential opportunities exist for multi-therapeutic modalities-combined hyperthermia
treatment and drug delivery. For example, different types of nano constructs can be
envisaged. Three examples are: 1) magnetic core polymer shell nanoparticles with
encapsulated drug within a polymeric shell and a targeting agent on its surface
(Figure-13A). 2) MNP, drug and polymer nanocomposite with a targeting agent on its
surface (Figure-13B). 3) A core containing drug with a polymer shell encapsulated with
MNPs and a targeting agent on its surface (Figure-13C). However, there is a need to
experimental validate the potential of these type of constructs for hyperthermia-based
therapy and drug release. It is critical to optimize the influence of nature of polymer and
MNPs on controlled drug release, as it was recently shown that [94] the release of FITC from
magnetite-PMMA particles can be induced thermally but not magnetically. On the other
hand there was no release of FITC from cobalt-PMMA composites either through thermal or
magnetic induction. This type of nano constructs can also meet some of the current
challenges in spatiotemporal control delivery of therapeutic agents. In addition, further fine
tuning of drug delivery is possible with potential for remotely triggered drug release profile-
controllable and switchable-between sustainable and pulsatile pattern - to precisely control
under a variety of clinical settings.

Drug loading and stability

It is well established that traditional approach for controlled drug delivery using polymeric
NPs for encapsulation of high quantities of drugs has several problems. If the particles are
small, they tend to reduce their overall stability leading to an undesired burst release effect
and reduced efficacy.[16%1 On the other hand, larger particles tend to have slower in vitro
release profiles, but when systemically delivered may be more readily detected and cleared
from circulation, resulting in lack of efficacy. [161] While magnetically controlled drug
release using traditional polymeric NPs may have similar problems, a core shell structure
containing drug within a core and a shell composed of MNPs can overcome this problem. In
addition to drug loading, stability of the drug within the nanoparticle needs to be evaluated.
The drug-nanoparticle interaction studies with focus on drug stability are critically important
for both types of hyperthermia-based controlled drug delivery. Preliminary investigations
reported to date have only been focused on not very sensitive drug molecules.[44] However,
what is required is detailed drug-excipient compatibility studies, particularly for drug
molecules which are thermo-sensitive and prone to redox reactions.

Influence of nature and size of the shell

This is relevant in the case of hyperthermia-based drug delivery where drug molecules and
MNPs are encapsulated. To date, there are no experimental studies that provide a clear
understanding of the influence of nature of polymeric shell and its thickness in providing
controlled release profiles. While few standard computational models available for drug
release from polymeric materials, what is truly needed is a model system that takes into
account multi component systems and stimuli responsive polymers.

7.0 CONCLUSIONS

At the very outset, it should be pointed out that MNPs are classified as medical devices for
regulatory purposes and as per the US-FDA should conform to 1SO 10993 guidelines. This
classification is very important as it will enable faster translation of innovative research
using nanomaterials for hyperthermia —based treatment and drug release. For the sake of
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clarity, we have summarized (Table-1) a list of different types of magnetic nanomaterials
that are currently in development for these two applications. The table provides an overview
of the possibilities for these different types of magnetic nanomaterials. In our view and as
described in this review, classification of heat treatment and drug delivery under the
category of hyperthermia is extremely important in order to unleash the advantages of the
combination. The possibilities to create core-shell magnetic nanomaterials and nanoshells,
especially the opportunities to utilize layer-by-layer self-assembly approaches, [19: 35} will
lead to innovative designs for different types of hyperthermia-based treatments. Such
combination offers multi-therapeutic modalities in a single treatment. As the field
progresses, new paradigms such as magnetomechanical stimuli induced magnetic discs for
treatment can also be added under this umbrella. In this approach magnetic discs are targeted
to tumors and cancer cell destruction takes place through disruption of the cell membrane
initiated by spinning them on cue. [162] Unlike in traditional hyperthermia, biologically
relevant effect can be achieved through application of weak magnetic fields (<100 Oe) with
frequency of a few tens of Hz, applied for a duration of only 10 min. Ultimately, we
envision a future in which nanostructured materials are created with multifunctionalities
with optimized pharmacokinetics and pharmacodynamics offering most effective and truly
intelligent therapies.[183] In addition to intelligent therapies, we see a great opportunity for
combining in real time diagnostic modalities. Such a powerful combination is especially
attractive for hyperthermia-based treatment and drug delivery using MNPs wherein
appropriate imaging tools such as MRI and fluorescence imaging can be added to create a
truly intelligent “theranostics”. Future investigations will lead to creation of “intelligent
theranostics” for not only noninvasive assessment of pharmacokinetics and
pharmacodynamics of drug but also for real-time monitoring of therapeutic responses. It is
our belief that biomedical nanotechnology in general and hyperthermia-based treatment and
drug delivery approaches based on magnetic nanomaterials in particular will move
pharmaceutical industry from ‘blockbuster drug” model to ‘personalized medicine’.[164]
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Figure-1.
A schematic representation of some of the unique advantages of magnetic nanomaterials for
hyperthermia-based therapy and controlled drug delivery

Adv Drug Deliv Rev. Author manuscript; available in PMC 2012 August 14.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Kumar and Mohammad

Page 32

Hysteresis - . ' (b)
loss
v “’:.,““
— (d)

tljmlv

H

- s

Figure-2.
A schematic representation of possible mechanisms for conversion of magnetic energy into
heat (Modified based on figure-13 from Ref 57)

Adv Drug Deliv Rev. Author manuscript; available in PMC 2012 August 14.




1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Kumar and Mohammad Page 33

(a)

(b .

.
. L
L
-
N
-~

5
e I
.

C EMF -

Figure-3.
Schematic representation of the two types of controlled drug delivery using magnetic
nanoparticle-based hyperthermia.
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Figure-4.

Size-dependent hyperthermia of MNPs (Reproduced from figure-14 in ref 57).
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Figure-5.
Demonstration of the concept of DBB in vivo (Reproduced from reference 44).
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Figure-6.

Stimulus-responsive membrane triggering in vitro (Reproduced from reference 88)
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Figure-7.
A schematic representation of the principles of ion channel stimulation using nanoparticle
heating and local temperature sensing (Reproduced from reference 103).
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Figure-8.
A schematic representation of “Active drug-elution technology.” (Reproduced from the web
site http://www.biophan.com)
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Figure-9.
Different architectures of nanomaterials.
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Figure-10.

Solvent dependent SPL values for SPIONs@Au (Reproduced from the reference 131)
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Figure-11.
Variation in heating rates for FeCo MNPs with change in anisotropy constant (Reproduced
from the reference 135).
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Figure-12.

Scheme of the layer-by-layer sel-assembly and permeability test for microcapsules

embedded with Co@Au NPs under an oscillating magnetic field (Reproduced from the

reference 19).
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Figure 13.
A sechematic representation of three different types of nanoconstructs for hyperthermia-

based drug delivery type DEP.
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Table-1
S. No Type of magnetic nanoparticle Application Reference
1. Fe doped Au NPs Hyperthermia-based therapy 50(a)
2. y-Fe,05 Cobalt ferrite Hyperthermia-based therapy 40(b), 47
3. Fe30,4 Fe304-poly vinyl alcohol Hyperthermia-based therapy 47(a)
4. NiFe,04 Hyperthermia-based therapy 48
5. v-Fe,03 Hyperthermia-based therapy 22, 47(b)
7. Fe;04@Chitosan Hyperthermia-based therapy 42(a)
8. Fe;0,@Block copolymers Hyperthermia-based therapy 62(b)
9. Fe304-Dextran stabilized Fez0,@Aminosilan Hyperthermia-based therapy 62
10. Ferrite-Dextran stabilized Hyperthermia-based therapy 62, 63, 64
11. Fe304-dextran (mono & bilayer) stabilized Hyperthermia-based therapy 45
12. Fe304-Lauric acid stabilized Hyperthermia-based therapy 70
13. Fe304-Lauric acid stabilized MnFe,0,4-Lauric acid stabilized Hyperthermia-based therapy 25(a)
CoFe,04-Lauric acid stabilized
14. Fe@ biscarboxyl- terminated poly(ethylene glycol) (cCPEG) Hyperthermia-based therapy 82(a)
15. v-MnyFe,O5 coated Acrypol 934 polymer Hyperthermia-based therapy 142
16. FeCo@Au Hyperthermia-based therapy 47(a), 56, 61
17. Fe@MgO Hyperthermia-based therapy 165
18. Fe30,@Si Hyperthermia-based therapy 169
19. Fe,0;@SiO, Hyperthermia-based therapy 84
20. FeNi@Au microdiscs Hyperthermia-based therapy 130
21. Fe@Fe30, Hyperthermia-based therapy 69
22. Lag 56(CaSr)g ,2MnO3 @ SiO, Hyperthermia-based therapy 168
23. Fe30,@Au Hyperthermia-based therapy 131
24, Magnetite cationic liposomes (MCL) Hyperthermia-based therapy 11, 667,2677,868, 71,
25. Fe304-Lauric acid stabilized Hyperthermia-based therapy 59,70
26. Fe,03@SiO, bound LHRH Hyperthermia-based therapy 84
27. SPIONs bound fluorophore bimane Hyperthermia-based Controlled drug 85
delivery
28. Porous Fes/Fe/SiO, Hyperthermia-based Controlled drug 32,33
delivery
29. Fe@SiO, Hyperthermia-based Controlled drug 93
delivery
30. poly-(N-vinyl- 2- pyrrolidone) (PVP)- modified silica core @ Hyperthermia-based Controlled drug 33
iron oxide shell delivery
3L Mg-Al layered double hydroxides (LDH) coated magnesium Hyperthermia-based Controlled drug 138
ferrite NPs delivery
32. Yolk-shell type nanospheres with movable cores of Au, SiO,, Hyperthermia-based Controlled drug 139

Fe30,.

delivery
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S. No Type of magnetic nanoparticle Application Reference

33. v-MnyFe, O3 coated Acrypol 934 polymer Hyperthermia-based therapy and 142
controlled drug delivery

34. Fe30,@lipid membrane (MCL, magnetite cationic liposome) Hyperthermia-based therapy and 71
controlled drug delivery

35. Fe@Carbon nanoparticles bound polymer Hyperthermia-based therapy and 136
controlled drug delivery

36. Co@Au@ poly(sodium styrene sulfonate)/poly(allylamine Hyperthermia-based therapy and 19
hydrochloride) controlled drug delivery

37. SPIONs@ sensitive poly (N-isopropylacrylamide) hydrogels Hyperthermia-based therapy and 86
controlled drug delivery

38. Fe@Fe30, loaded 4- tetracarboxy phenyl porphyrin Hyperthermia-based therapy and 69
controlled drug delivery

39. Carboplatin-Fe@C-loaded chitosan Hyperthermia-based therapy and 166
controlled drug delivery

40. Zinc doped iron oxide nanocrystals encapsulated mesoporous Hyperthermia-based therapy and 100
silica controlled drug delivery

41. MCL loaded 4-S- Cysteaminylphenol Hyperthermia-based therapy and 167

controlled drug delivery
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