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The first evidence of the efficacy in the cancer treatment of hyperthermia, therapy

focused on the heating of tumor masses to Kkill cells and tissues, went back almost
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a century and a half. One of the most promising techniques for increasing the cells
and tissues temperature is based on the use of magnetic nanoparticles dispersed

in concentrated colloidal suspensions and stimulated by an external alternating
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electromagnetic field, known as Magnetic Fluid Hyperthermia. Recently this technique
has been used as coadjutant treatment of the most applied chemo and radio therapies in
a series of different tumors, but in particular for Glioblastoma Multiforme till to clinical
trials level. In this work, we report some of most significant progresses regarding the
use of Magnetic Fluid Hyperthermia on Glioblastoma Multiforme disease published in
literature during the last year, describing the more interesting outcomes for potential
future clinical applications.

Abbreviations: HT: Hyperthermia, RT: Radiotherapy, EM: Electromagnetic, GM:
Glioblastoma Multiforme, SAR: Specific Absorption Rate

Mini Review

Hyperthermia (HT) is a therapeutic technique based on the
heating of tumor cells and tissues up to temperatures between 40
and 45 °C [1] in order to Kill them. At those temperatures a number
of serious cellular events like protein denaturation [2], damages to
the cytoskeleton [3], impairment of certain DNA repair processes
[4], changes in cell membrane permeability and stimulation of the
immune system [5] occur. It is well-know that temperatures above
4 °C can cause coagulation and vessels may collapse resulting in
necrosis or apoptosis [1,6]. These effects are quite different from
cell to cell and appear more pronounced in tumor cells and tissues
mainly owing to their acidic microenvironment. Generally, cellular
cytotoxicity induced by HT results strongly increased when cells
suffer additional damages caused by chemo (CT) and Radiotherapy
(RT). The synergy between HT and the more traditional cancer

treatments has been extensively reported in literature [1,7].

Phases II and III clinical trials proved significant outcomes
when HT was combined with RT [8-11]. As an example, a complete
response increased from 38.1% with RT alone to 60.2% with HT
and RT in locally recurrent breast cancer [9], from 39.6% to 62.5%
in head and neck cancers [10], and from 48-58% to 72-83% in
primary cervical cancer [11] has been reported. Magnetic Fluid
Hyperthermia (MFH) is a quite recent kind of HT treatment based
on the use of Magnetic Nanoparticles (MNPs) as agents able to
release heat when activated by an alternating Electromagnetic (EM)
field of appropriate frequency and amplitude. At this aim, generally
stable colloidal suspensions of MNPs in liquid media [12] are
commonly used. In principle, MFH offers advantages in comparison
to the more traditional HT treatments. In fact, the huge number of
MNPs present in the suspensions assures an excellent heat release
power allowing MNPs to reach the tumor tissues directly by local
injections or simply through the blood circulation [13] without

surgery.
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In recent years, many MNPs differing for magnetic properties
and structure have been studied and characterized for MFH
applications [14]. In particular, iron oxide MNPs, of magnetite
(Fe30,) and/or maghemite (y-Fe,0,), resulted very promising
systems because of their biocompatibility, their heat release
capability, their excellent magnetic properties and also the easily
to be synthesized with sizes and shapes very well-controlled [15].
Here, we report on the more recent developments concerning the
application of MFH therapy to the treatment of the Glioblastoma
Multiforme (GM) disease, one of the most severe and dangerous
cerebral tumor forms. In the past years, MFH has just been applied
in clinical trials on GM suffering patients. Jordan and co-workers
[16-18] proved the feasibility of MFH therapy from a technical
point of view on GM patients operating with alternating magnetic
fields of 2-15kA/m amplitude and 100kHz frequency and using
12nm magnetite MNPs coated with aminosilane directly injected in

the tumor masses at high doses (ca. 30mg/cm? of tissue).

In these studies, significant benefits on GM suffering patients
were reported only when MFH was applied in combination with RT
according to a well-defined protocol. In phase I and II clinical trials,
Maier-Hauff and co-worker [19] studied the efficacy and tolerability
of the MFH and RT combined treatment on patients suffering of
recurrent GM disease using the same protocol proposed by Jordan
and co-worker. In these studies, a median overall survival of 13.4
months in 59 patients was obtained, substantially longer than the
typical six months median survival noted in such patients [20].
Moreover, the therapy was well tolerated without serious side-
effects and post-mortem analyses noted that MNPs were mainly

confined to areas of tumor necrosis [21].

Basics and Limitations of MFH

The MNPs capability to release heat, after their activation by an
external alternating EM field, is exploited in MFH therapy to reach
hyperthermic temperatures in tumor cells and tissues. The MNPs
energy absorption processes and thus their heating essentially
depend on their electric permittivity € and magnetic permeability
p that result to be strongly dependent on the applied frequency f
and the field amplitude H. As a consequence, the external EM field
parameters must be carefully chosen in order to optimize the MNPs
heating performances and, at the same time, to preserve healthy
tissues and patient comfort during the MFH treatment. Biological
tissues are typically characterized by high electric permittivity
values and so unwanted eddy currents, which released power is
proportional to the square of (H-f-D) with D representing the eddy
current loop diameter, can be generated in the tissues resulting in
non-selective and uncontrolled heating.

The nanometer dimensions of MNPs allow to minimize these
undesirable effects. In practice for the MFH clinical applications,
limitations to EM field parameters, f and H, are also strongly

advised. Typically, the frequency f is recommended to be in the
range 50 kHz < f < 1MHz, because of increasing the frequency
deleterious physiological responses, such as muscle stimulation,
cardiac stimulation and arrhythmia [22] can occur. The EM field
amplitude H must be also limited considering that the eddy
current dissipation depends on the product H-f. Generally, H values
under 15kA/m are recommended. In order to optimize the tumor
cells and tissues heating processes and thus performing a more
efficient MFH treatment, the magnetic properties of the MNPs
must also be seriously evaluated. Ferromagnetic (or ferrimagnetic)
nanoparticles, that exhibit a superparamagnetic behavior at
physiological temperature and with dimensions below a critical
size, typically few tens of nanometers (the so-called single domain
size) are the most promising MNPs for MFH applications at clinical
level.

In fact, these MNPs are characterized by a not persistent
magnetization that relaxes to zero with a characteristic time,
namely Neel relaxation time TN, depending on the ratio between
the magnetic anisotropy energy of the system and the thermal
energy. The heating mechanism to be considered is thus mainly
due to the magnetic energy losses of the MNPs, occurring when the
magnetization is not able to follow synchronously the external EM
field orientation. The process efficiency results to be depending on
the product between the effective relaxation time of the system,
namely teff defined as 1/ teff = 1/ tN + 1/ 1B where 1B represents
the well-known Brownian relaxation time (depending on the MNPs
hydrodynamic volume and on the colloidal suspension viscosity)
and the external EM field frequency. The capability of MNPs to
release heat can be directly measured by calorimetric experiments
by means of the calculation of the so-called Specific Absorption
Rate (SAR) parameter defined as: SAR=(AT/At)-c, where AT is
the temperature increase measured in the time range At and c the

sample specific heat.

It is worth noting that, as above described, MNPs energy
absorption is strongly related to the external EM field parameters.
As a consequence, SAR values reported in literature often are hardly
comparable to each other since they are calculated by experimental
data obtained using different EM fields and frequencies.

Very Recent MFH Applications on GM Disease

In 2020, some interesting studies concerning the application
of MFH therapy to the treatment of GM disease, at preclinical level
but potentially promising for future clinical applications, have been
reported in literature. The more significant outcomes described in
these works have been briefly reported in the following. Benyettou
and collaborators [23] developed a novel nano-object (y-SD/PLL)
constituted by porous imine covalent framework (nCOFs) particles
loaded with the anticancer drug Doxorubicin (Dox), coated with
magnetic iron oxide nanoparticles and stabilized with a shell of
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poly(L-lysine) cationic polymer (PLL) for synergistic MFH-CT
applications. In vitro experiments demonstrated both an efficient
cell-uptake ability and how the y-SD/PLL pH responsivity allows
Dox release selectively in acidic conditions (pH 5.0), mimicking
the cancer cell environment, while limited drug release under
physiological conditions is observed. Furthermore, y-SD/PLL
resulted to be a very efficient MFH agent. Temperatures till to 48 °C
upon stimulation of an external alternating EM field were obtained,
thanks to the nCOFs porous structure that facilitates the heat
conduction.

Invitro tests on GM U-251 cells proved the y-SD/PLL citotoxicity
due to both Dox and MFH, while not significant effects were shown
on HEK293 not cancerous cells. Finally, in vivo experiments on
zebrafish embryos, during the early stages of development, a period
of rapid cell division assimilated to tumor development, showed
that y-SD/PLL induced death, thus suggesting the potential of the
novel developed nano-objects for MFH-CT treatments in vivo of GM
and other diseases. Wang and collaborators [24] studied in vitro the
effects of a combined MFH and CT treatment on GM U-87 and other
cell-lines using previously developed and chemical and physical
characterized dual pH and thermo-responsive superparamagnetic
MNPs (MNC-DOX) coated with the P(DEGMA-co-PEGMA-
b[TMSPMA-co-VBA]) polymer and loaded with the anticancer
drug Dox. Histological assays and fluorescence microscopy images
proved an efficient cell-uptake ability of the MNC-DOX nanocarriers.

Furthermore, without the stimulation of an external alternating
EM field, the IC50 (half maximum Inhibitory Concentration)
parameter of MNC-DOX resulted significantly higher than the
one of free Dox MNPs thus indicating the potential to lower the
systemic cytotoxicity in clinical applications. In vitro combined
MFH and CT treatment on GM U-87 cells gave promising results,
in fact, an almost complete cell death was observed. The MFH-
Chemotherapy revealed significant synergistic effects that made
the combined treatment much more effective than the CT alone.
In the work, the effects of intracellular and extracellular MFH
treatments have been also compared. Results showed that the MFH
treatment after the MNC-DOX internalization is not required but
preferable. The overall outcomes lead to the conclusion that the
therapeutic efficiency observed, in vitro experiments, of the dual pH
and thermo-responsive nanocarriers under the stimulation of an
external alternating EM field, represents a first step towards in vivo
and future clinical applications. Very recently, in vivo experiments
aiming at evaluating the therapeutic effects of multiple (till to
three) MHT treatments on a GM disease animal model have been
carried out by Rego and co-workers [25].

The the of
superparamagnetic, animosilane coated iron oxide nanoparticles
(SPIONa) activated by an external alternating EM field. The EM

developed protocol consisted in use

field frequency and amplitude were been previously selected
by the SPIONa heating potential determined by the SAR values
calculated in vitro experiments on GM C6 cells. In vivo tests
were performed on male Wister rats submitted to GM tumor
induction. Bioluminescence, positron emission tomography and
spontaneous locomotion evaluation techniques were used to
assess the therapeutic effects of multiple MHT treatments. A slight
tumor regression was observed after each single MHT treatment,
but only after three MTH applications relevant and progressive
improvements occurred and an almost total regression of the GM
tumor was observed, paving the way for the use of this promising
protocol in clinical trials.

Conclusion

Recently MFH has been applied, mainly at a preclinical level,
to the treatment of several tumor forms. A number of studies
reported a significant therapeutic efficiency of the technique on
different cancer cell-lines. Typically, the synergetic effects due to
the combination of MFH with the more traditional cancer therapies,
namely CT and RT, result in a treatment that is more successful than
the sum of the single ones separately. Furthermore, clinical trials on
patients suffering of different kinds of tumors such as prostate and
breast cancers as well as GM have been carried out. At the present,
some of them are still going on. Notwithstanding, MFH routine
clinical adoption is still far to come, hampered by both practical
and technical difficulties. In this work, we reported on very recent
applications of MFH therapy to the treatment of GM disease,
addressed mainly to the development, characterization and testing,
at preclinical level, of novel and efficient agents for synergistic
MFH-CT treatments potentially promising also for future clinical
applications.

Conflict of Interest

The authors declare no conflict of interest.

Acknowledgement

This work has been supported by Dipartimento di Fisica,
Universita degli Studi di Milano, Italy.

References

1. Wust P, Hildebrandt B, Sreenivasa G, Rau B, Gellermann ], et al. (2002)
Hyperthermia in combined treatment of cancer. Lancet Oncol 3(8): 487-
497.

2. Lepock JR (2004) Role of nuclear protein denaturation and aggregation
in thermal radiosensitization. Int ] Hyperth 20(2): 115-130.

3. Huang SH, Yang K], Wu ], Chang K], Wang SM (1999) Effects of
hyperthermia on the cytoskeleton and focal adhesion proteins in a
human thyroid carcinoma cell line. J Cell Biochem 75(2): 327-337.

4. Takahashi A, Matsumoto H, Nagayama K, Kitano M, Hirose S, etal. (2004)
Evidence for the involvement of double-strand breaks in heat-induced
cell killing. Cancer Res 64: 8839.

Copyright@ Paolo Arosio | Biomed ] Sci & Tech Res | BJSTR. MS.ID.005776.

28094


http://dx.doi.org/10.26717/BJSTR.2021.35.005776
https://pubmed.ncbi.nlm.nih.gov/12147435/
https://pubmed.ncbi.nlm.nih.gov/12147435/
https://pubmed.ncbi.nlm.nih.gov/12147435/
https://www.tandfonline.com/doi/abs/10.1080/02656730310001637334
https://www.tandfonline.com/doi/abs/10.1080/02656730310001637334
https://pubmed.ncbi.nlm.nih.gov/10502304/
https://pubmed.ncbi.nlm.nih.gov/10502304/
https://pubmed.ncbi.nlm.nih.gov/10502304/
https://cancerres.aacrjournals.org/content/64/24/8839
https://cancerres.aacrjournals.org/content/64/24/8839
https://cancerres.aacrjournals.org/content/64/24/8839

Volume 35- Issue 5

DOI: 10.26717/BJSTR.2021.35.005776

. Evans SS, Repasky EA, Fisher DT (2015) Fever and the thermal regulation
of immunity: The immune system feels the heat. Nat Rev Immunol 15(6):
335-349.

. Vaupel PW, Kelleher DK (2010) Pathophysiological and vascular
characteristics of tumours and their importance for hyperthermia:

17.

of human solid tumors with magnetic fluid hyperthermia. ] Magn Magn
Mater 225(1): 118-126.

Jordan A, Scholz R, Wust P, Fahling H, Roland F (1999) Magnetic fluid
hyperthermia (MFH): Cancer treatment with AC magnetic field induced
excitation of biocompatible superparamagnetic nanoparticles. ] Magn

Heterogeneity is the key issue. Int ] Hyperth 26(3): 211-223. Magn Mater 201(1-3): 413-419.

7. Spirou SV, Basini M, Lascialfari A, Sangregorio C, Innocenti C (2018)  18.
Magnetic Hyperthermia and Radiation Therapy: Radiobiological

Principles and Current Practice. Nanomaterials 8(6): 401.

Maier Hauff K, Rothe R, Scholz R, Gneveckow U, Wust P, et al. (2007)
Intracranial thermotherapy using magnetic nanoparticles combined
with external beam radiotherapy: Results of a feasibility study on

. patients with glioblastoma multiforme. ] Neuro-Oncol 81(1): 53-60.
8. Falk MH, Issels RD (2001) Hyperthermia in oncology. Int ] Hyperth 17:

1-18. 19. Maier Hauff K, Ulrich F, Nestler D, Niehoff H, Wust P, et al. (2011) Efficacy
and safety of intratumoral thermotherapy using magnetic iron-oxide
nanoparticles combined with external beam radiotherapy on patients

with recurrent glioblastoma multiforme. ] Neuro-Oncol 103: 317-324.

9. Datta NR, Puric E, Klingbiel D, Gomez S, Bodis S (2016) Hyperthermia
and radiation therapy in loco regional recurrent breast cancers: A
systematic review and meta-analysis. Int ] RadiatOncol Biol Phys 94(5):
1073-1087. 20.Stupp R, Hegi ME, Mason WP, Van den Bent M], Taphoorn MJB, et
al. (2009) Effects of radiotherapy with concomitant and adjuvant
temozolomide versus radiotherapy alone on survival in glioblastoma
in a randomised phase III study:5-year analysis of the eortc-ncic trial.
Lancet Oncol 10(5): 459-466.

10. Datta NR, Rogers S, Ordoéfiez SG, Puric E, Bodis S (2016) Hyperthermia
and radiotherapy in the management of head and neck cancers: A

systematic review and meta-analysis. Int ] Hyperth 32(1): 31-40.

11.Franckena M (2012) Review of radiotherapy and hyperthermia in 2
primary cervical cancer. Int ] Hyperth 28: 543-548.

=

.Van Landeghem FKH, Maier Hauff K, Jordan A, Hoffmann KT, Gneveckow
U, et al. (2009) Post-mortem studies in glioblastoma patients treated
with thermotherapy using magnetic nanoparticles. Biomaterials 30(1):
52-57.

12. Thorat ND, Patil RM, Khot VM, Salunkhe AB, Prasad A, et al. (2013)
Highly water-dispersible surface-functionalized Ismo nanoparticles for

magnetic fluid hyperthermia application. New ] Chem 37: 2733-2742.

22. Reilly JP (1992) Principles of nerve and heart excitation by time-varying

13.Jordan A, Maier Hauff K, Wust P, Johannsen M (2007) Nanoparticles magnetic fields. Ann N'Y Acad Sci 649: 96-117.

for thermotherapy. In: Kumar CSSR (Edt.)., Nanomaterials for Cancer
Therapy. Wiley-VCH Verlag GmbH & Co. KGaA: Berlin, Germany, pp. 242-
258.

23.Benyettou F (2020) Covalent Organic Framework Embedded with
Magnetic Nanoparticles for MRI and Chemo-Thermotherapy. JACS

142(44): 18782-18794.

14. Hedayatnasab Z, Abnisa F, Daud WMAW (2017) Review on magnetic
nanoparticles for magnetic nano fluid hyperthermia application. Mater
Des 123: 174-196.

24.Wang L, Hervault A, Southern P, Sandre O, Couillaude F, et al. (2020) In
vitro exploration of the synergistic effect of alternating magnetic field
mediated thermo-chemotherapy with doxorubicin loaded dual pH- and
thermo-responsive magnetic nanocomposite carriers. ] Mater Chem B

15. Lartigue L, Innocenti C, Kalaivani T, Awwad A, Sanchez Duque MDM, et
8:10527-10539.

al. (2011) Water-dispersible sugar-coated iron oxide nanoparticles. An
evaluation of their relaxometric and magnetic hyperthermia properties.
J Am Chem Soc 133: 10459-10472.

25.Rego GNA, Nucci MP, Mamani B, Oliveira FA, Marti LC, et al. (2020)
Therapeutic Efficiency of Multiple Applications of Magnetic
Hyperthermia Technique in Glioblastoma Using Aminosilane Coated
Iron Oxide Nanoparticles: In Vitro and In Vivo Study. Int ] Mol Sci 21(3):

958.

16.Jordan A, Scholz R, Maier Hauff K, Johannsen M, Wust P, et al. (2001)
Presentation of a new magnetic field therapy system for the treatment

ISSN: 2574-1241

DOI: 10.26717/BJSTR.2021.35.005776 Assets of PuthhIng with us

BIOMEDICAL

RESEARCHES e Global archiving of articles

Immediate, unrestricted online access

O '
Sl
L g

Paolo Arosio. Biomed | Sci & Tech Res

@ @ This work is licensed under Creative
Commons Attribution 4.0 License ﬁ

Submission Link: https://biomedres.us/submit-manuscript.php m ) E
g .

Rigorous Peer Review Process
¢ Authors Retain Copyrights
Unique DOI for all articles

https://biomedres.us/

Copyright@ Paolo Arosio | Biomed ] Sci & Tech Res | BJSTR. MS.ID.005776. 28095


http://dx.doi.org/10.26717/BJSTR.2021.35.005776
https://pubmed.ncbi.nlm.nih.gov/25976513/
https://pubmed.ncbi.nlm.nih.gov/25976513/
https://pubmed.ncbi.nlm.nih.gov/25976513/
https://pubmed.ncbi.nlm.nih.gov/20345270/
https://pubmed.ncbi.nlm.nih.gov/20345270/
https://pubmed.ncbi.nlm.nih.gov/20345270/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6027353/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6027353/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6027353/
https://pubmed.ncbi.nlm.nih.gov/11212876/
https://pubmed.ncbi.nlm.nih.gov/11212876/
https://pubmed.ncbi.nlm.nih.gov/26899950/
https://pubmed.ncbi.nlm.nih.gov/26899950/
https://pubmed.ncbi.nlm.nih.gov/26899950/
https://pubmed.ncbi.nlm.nih.gov/26899950/
https://pubmed.ncbi.nlm.nih.gov/26928474/
https://pubmed.ncbi.nlm.nih.gov/26928474/
https://pubmed.ncbi.nlm.nih.gov/26928474/
https://www.tandfonline.com/doi/pdf/10.3109/02656736.2012.670835
https://www.tandfonline.com/doi/pdf/10.3109/02656736.2012.670835
https://isiarticles.com/bundles/Article/pre/pdf/118055.pdf
https://isiarticles.com/bundles/Article/pre/pdf/118055.pdf
https://isiarticles.com/bundles/Article/pre/pdf/118055.pdf
https://pubs.acs.org/doi/abs/10.1021/ja111448t
https://pubs.acs.org/doi/abs/10.1021/ja111448t
https://pubs.acs.org/doi/abs/10.1021/ja111448t
https://pubs.acs.org/doi/abs/10.1021/ja111448t
https://www.researchgate.net/publication/223285107_Presentation_of_a_New_Magnetic_Field_Therapy_System_for_the_Treatment_of_Human_Solid_Tumors_With_Magnetic_Fluid_Hyperthermia
https://www.researchgate.net/publication/223285107_Presentation_of_a_New_Magnetic_Field_Therapy_System_for_the_Treatment_of_Human_Solid_Tumors_With_Magnetic_Fluid_Hyperthermia
https://www.researchgate.net/publication/223285107_Presentation_of_a_New_Magnetic_Field_Therapy_System_for_the_Treatment_of_Human_Solid_Tumors_With_Magnetic_Fluid_Hyperthermia
https://www.researchgate.net/publication/223285107_Presentation_of_a_New_Magnetic_Field_Therapy_System_for_the_Treatment_of_Human_Solid_Tumors_With_Magnetic_Fluid_Hyperthermia
https://www.sciencedirect.com/science/article/abs/pii/S0304885399000888
https://www.sciencedirect.com/science/article/abs/pii/S0304885399000888
https://www.sciencedirect.com/science/article/abs/pii/S0304885399000888
https://www.sciencedirect.com/science/article/abs/pii/S0304885399000888
https://pubmed.ncbi.nlm.nih.gov/16773216/
https://pubmed.ncbi.nlm.nih.gov/16773216/
https://pubmed.ncbi.nlm.nih.gov/16773216/
https://pubmed.ncbi.nlm.nih.gov/16773216/
https://pubmed.ncbi.nlm.nih.gov/20845061/
https://pubmed.ncbi.nlm.nih.gov/20845061/
https://pubmed.ncbi.nlm.nih.gov/20845061/
https://pubmed.ncbi.nlm.nih.gov/20845061/
https://pubmed.ncbi.nlm.nih.gov/19269895/
https://pubmed.ncbi.nlm.nih.gov/19269895/
https://pubmed.ncbi.nlm.nih.gov/19269895/
https://pubmed.ncbi.nlm.nih.gov/19269895/
https://pubmed.ncbi.nlm.nih.gov/19269895/
https://pubmed.ncbi.nlm.nih.gov/18848723/
https://pubmed.ncbi.nlm.nih.gov/18848723/
https://pubmed.ncbi.nlm.nih.gov/18848723/
https://pubmed.ncbi.nlm.nih.gov/18848723/
https://pubmed.ncbi.nlm.nih.gov/1580521/
https://pubmed.ncbi.nlm.nih.gov/1580521/
https://pubmed.ncbi.nlm.nih.gov/33090806/
https://pubmed.ncbi.nlm.nih.gov/33090806/
https://pubmed.ncbi.nlm.nih.gov/33090806/
https://pubmed.ncbi.nlm.nih.gov/32023985/
https://pubmed.ncbi.nlm.nih.gov/32023985/
https://pubmed.ncbi.nlm.nih.gov/32023985/
https://pubmed.ncbi.nlm.nih.gov/32023985/
https://pubmed.ncbi.nlm.nih.gov/32023985/
https://biomedres.us/submit-manuscript.php
https://biomedres.us/
http://dx.doi.org/10.26717/BJSTR.2021.35.005776

