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ABSTRACT

Recent years have witnessed a dramatic development in using various types of nanoparticles (NPs) in medical
theranostic applications. Among them, magnetic NPs (MNPs) have gained remarkable attention because of their
inherent attributes. Some of great attributes of MNPs for medical applications are non toxicity, injectability,
biocompatibility, and high-level and tissue specific aggregation in the target tissue. MNP-based hyperthermia is one
of the promising applications of MNPs that incorporates an old idea with modern technologies to locally destruct
tumoral tissues. This study reviews the basics principles and recent advances of MNP-hyperthermia for cancer
treatment. In addition, important physicochemical factors of MNPs for an efficient highly localized and specific
hyperthermic treatment are discussed.
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INTRODUCTION

During the recent years, theoretical and experiaiettidies have shown that micro and nanoscalelgsrcould be
useful in biomedical application. Among differemha| particles, polymeric microparticles could bletained as
highly monosized assemblies. They have the advastafbiocompatibility and large reactive surfagetfiological
applications. In addition, these microparticles én&een approved by food industries for selected irs¢he food
production lines. Polymeric microparticles have whopromising potentials in different clinical apgtions
including immunological diagnostics for malignantoliferative plasma cell disorders; quantificationf
immunoglobulin molecules in serum by immunodiagimosissay systems, and fluorescent neuronal mafkers
studying the visual cortex [1,2]. Nanoparticles @\NFhave been recently introduced as the most iraport
nanomaterials in medical theranostic applicatid®$][ Materials in the nanoscale scale ranging 0+ show
remarkably unique size-dependent physical, chemaradl biological properties. From the practicalesaf NPs
applications in medicine, the control, and impletadon of magnetic properties are among the moattmal
applications of nanoparticles for cancer diagnasis treatment [3-6]. Among different types of NRPsgnetic NPs
(MNPs) have received plenty of research interestaedical theranostics because of their inherénbates. Some
of these attributes are their small size, non ftxiénjectability, biocompatibility, high-level ahtissue specific
aggregation in the target tissue, easy surfacetiuradization, and inherent ability to be remotébgalized and
redistributed using external electromagnetic figlls

These features made MNPs a great choice for ragliokmd magnetic resonance (MR) imaging [8]. Some

applications of MNPs are: MRI contrast enhancenageints [8-10], drug and gene delivery[11, 12], nedigncell
sorting schemes [13], nano biosensors [14], andnetay fluid hyperthermia[15]. Currently, the maiasearch
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frontlines on developing the MNPs applications ancer theranostics are in molecular and cellulaagimg as
contrast agents, intra- and extracellular hypenrtieer and targeted drug and gene delivery. Dependingarticle
size, composition, structure, and physicochemicaperties, MNPs have showed interesting potentialshe

aforementioned fields. Although different materialdst that fulfill more appropriately the magnetequirements
for biomedical applications (i.e. materials witlyhér saturation magnetization), other traits siechiacompatibility
or toxicity must be taken into account. Iron oxides only show interesting size-dependent magmetiperties and
can be functionalized with both organic and inoigaompounds, but also they are thought to be Ioipadible and
non-toxic, which makes them excellent candidate®immedical applications and in in-vivo experimgent

2. Hyperthermia: Basic principles and definitions

Radiation therapy as a conventional cancer tredtmedality is based on the use of ionizing radiatio control or
kill tumoral tissue. Tumor cells are generally matgnerable to radiation compared to normal cedlgtlp because
of their increased metabolism and higher ratedyafodysis. The efficiency of radiotherapy relies i irreversible
damage that the ionizing radiation provokes toDINA of injured cells, which eventually kills thenm avoids their
reproductive cycle, controlling in this way the gress of the tumor.

The main challenge of any radiotherapy techniqoesréatment of tumoral tissues is avoiding radiagxposure of
surrounding healthy tissues while keeping the {heutic dose to the tumoral tissues. During the negears,
various high resolution radiotherapy techniqgueshaeen developed to address this challenge. Howdher
harmful side effects caused by high doses on he#khues surrounding the cancer tissues are tlie caases of
therapeutic inefficiencies of radiotherapy.

Radiotherapy treatment is performed at tissue gammsize scales, not at cellular level, so presésvarcating of the
treatment volume containing the tumoral tissue ésessary. However, all of treatment volume deliticita
techniques inevitably cover certain normal tissasghey could be somehow affected by tumor celerdfore,
killing and controlling tumors at cellular level @ways a big challenge. To resolve these chalkgngpecific
targets, or markers should be developed that cableeto identify and selectively attach to tumelis; allowing a
more localized treatment and destruction of theanaincells, whereas the healthy cell remained mtaPs and
specially MNPs enjoy the basic characteristicsstarh markers and targets.

National Cancer Institute of the United States riefihyperthermia as a type of treatment in whiatlylssue is
exposed to high temperatures to damage and kidlezazells or to make cancer cells more sensitiiheceffects of
radiation and certain anticancer drugs. The maijeablve in hyperthermia for cancer therapy is raisithe
temperature of target tissue to 42°C to 44°C. Thithod can affect the performance of cellular $tmes, cell
membrane, proteins, nucleic acid repair enzymes,cansequently kill cells. Tumor cells have lowetaince of a
sudden variation in temperature thus can be desttughe underpinning idea of hyperthermia is ahad modern
era of cancer treatment modalities such as ioniraidgation and laser therapy. Different technigueslving laser,
ionizing radiation, and microwaves have been use&pply hyperthermia in tumor regions, but with rhad
secondary effects in the healthy tissues. Thisisgsuhe main challenge of many other techniqued s heat up
malignant body tissues. Although these techniqueshble to increase the intracellular temperatpreouhe cellular
death, they also induce harmful side effects tdaeesely influence the surrounding healthy tissues.

3. MNP- based Hyperthermia

In the case of MNP-based hyperthermia, one of thanmoals is to synthesize multifunctional MNPst teghibit
the highest saturation magnetization as possibte leve surfaces properly functionalized that alltvem to
selectively attach to target cells or tissues. @lnieve such high demanded selectivity and speifiEENA probes,
antibodies, and other chemical compounds are Fsedh wide range of applications, the use of cafibiron oxide
and iron oxide-based core-shell nanostructures slagen promising potentials for these applications.

MNPs, due to their size-dependent physicochemicapegrties, have demonstrated promising potentials
developing localized hyperthermia techniques [B219].

High saturation magnetization and functionalizahleface are the two main traits of MNPs making thedfitient
markers to selectively attach to target cells ssues. In particular, iron oxide NPs are currentigder intensive
studies to develop highly localized and efficierliRtbased hyperthermia for treatment of carcinogeeiis.

Hyperthermic techniques have been conventionaldus combination with radiotherapy during the rdcgears.

However, serious harmful secondary effects inducetealthy tissues are the main barrier in develgpghese
techniques. In this regard, nanotechnology intredue novel and innovative solution with magnetipdrthermia,
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which is based on the use of MNPs to remotely iedacal heat through an external radiofrequencymetg field
to increase temperature in the tissues and orgaraining the tumoral cells.

Therefore, one important factor that determinesetfficiency of this technique is the ability of MNRo be driven
and accumulated in the desired area inside the.body

Surface functionalization is one of the main chtastics of all the NPs used in biomedical aptiaas for several
reasons: stability of their physicochemical projsrtwithin in the medium because of their resistangainst
biological pH changes, hydrophobicity or hydroptitly, etc[20].

The size of MNPs is the crucial factor determinthgir uptake of target cell and elimination frone thody. For
example MNPs which have the diameter size largeam 800 nm are absorbed by spleen and liver whitécfes of
below 10 nm are rapidly removed via renal clearf2ide

Furthermore, the unique and modifiable surfacesSBfONs make them suitable for local heat induction
hyperthermia.

For any efficient therapeutic applications of MNRRBe particles must be stable in water at pH 7 sné
physiological environment. The colloidal stabild§ magnetic fluid or MNPs depends on the two faiacluding:
1- the size of particles which must be small enot@prevent precipitation 2- the charge and surfgmemistry,
which lead to both steric and coulombic repulsif2®j [23].

A major challenge in applying conventional hyperthie methods is the difficulty in induction of desil

temperature in the target site without damagingdalthy tissue [24-26]. Systems that are constdutieproduce
hyperthermia, must heat tissue of body to tempezaifti42°C to 44.0°C. Nevertheless, higher tempeeatcan ruin
more tumor cells. in this regard, in order to tipenatic cancer by hyperthermia, many various devica@e been
designed to heat of malignant cell while protecsngrounding healthy tissue [27, 28].

History of experimental studies of hyperthermiangsinagnetic material backed to 1957 when Gilclatist! (1957)
heated different tissue samples with NPy eFe,0; that were exposed to magnetic field[23]. Afterwaadot of
experiments have been conducted in order to surgeyarious methods using several types of magnegdierials,
different field strengths and frequencies and déffit methods of encapsulation and delivery of thatigde [29-33].
This method contains defusing magnetic particles\ar the desired tissue, and then applied an Agretic field
with appropriate frequency and strength to induterided heat in the target. This heat immediatsigightes into
the sou of target tissue, as a result, if thepnature maintained above the treatment threstol@'€ for 30 min
or more, ruining cancer has been occurred. F@Estrdon et al (1979) reported the producing intiata
hyperthermia by utilizing dextran magnetite NPs][3Phey injected magnetite NPs intravenously toagpe—
Dawley rats suffering from mammary carcinomas. Alsey demonstrated that an alternating magnetid (&MF)
led to generate heating. In this relation, somelistuhave surveyed “intracellular” hyperthermia ateveloped
MNPs and micro magnetic particles for applying hytpermia [33, 35, 36]. This concept is based onpitieciple
that under AMF, a magnetic particle can generatet by hysteresis loss. Afterward Jordan et al ssiggethe
magnetic fluid hyperthermia (MFH) in various exmpeeints [37]. Magnetic particles which are used for
hyperthermia must have certain properties suchoasoricity, injectability, biocompatibility, highggregation in
the desired tumor region and effective absorptibthe AMF energy. Then some studies focused on fieadi
dextran magnetite and its hyperthermic effect bmauseveral human carcinoma cell lines in vitroheTspecific
adsorption rate (SAR) demonstrates the evaluative of heat. SAR of conventional dextran magnésitéow.
Dextran magnetite have very small size, thereftracts as a superparamagnetism rather than a fagretic
particle; therefore, its hysteresis loss is very.lti was proved that particle size has an impdntale in achieving a
high SAR value [38].The main advantage of MNP-basggerthermia, in comparison with the other conieatl
hyperthermia techniques is that it offers a wagrisure just the desired target is heated

CONCLUSION
MNPs have demonstrated promising potentials in ldgieg selective and localized hyperthermia. SizMbIPs is
the crucial factor determining their efficacy fdfigent hyperthermia through their uptake by targell as well as
their elimination from the body.
Furthermore, the unique and modifiable surface®biPs, especially SPIONs make them suitable forlined

hyperthermia. Several initial clinical studies hameestigated MNP-based hyperthermia for differeancers and
the findings were promising. One of the main goal8NP-based hyperthermia is to synthesize multfiomal
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MNPs that exhibit the highest saturation magndtimats possible and have surfaces properly funalioed that
allow them to selectively attach to target cellsissues.

REFERENCES

[1] Wellinghausen, N., et al., Evaluation of the HypBirodScreen multiplex PCR-enzyme-linked immunosatb
assay system for direct identification of gram-figsicocci and gram-negative bacilli from positivleod cultures.
Journal of clinical microbiology, 2004. 42(7): p. 3147-3152.

[2] Bradwell, A.R., et al., Highly sensitive, automaietnunoassay for immunoglobulin free light chainsserum
and urineClinical Chemistry, 2001. 47(4): p. 673-680.

[3]Ali, Y., et al., Dye-Doped Fluorescent Nanoparticie Molecular Imaging: A Review of Recent Advaneesl
Future OpportunitiedMaterial Science Research India, 2014. 11(2).

[4] Ali, Y., et al., Applications of Upconversion Naremticles in Molecular Imaging: A Review of Recerdvances
and Future OpportunitieBiosci., Biotech. Res. Asia, 2015. 12(Spl.Edn.1): p. 131-140.

[5] Yadollahpour, A., Magnetic Nanoparticles in Med&inA Review of Synthesis Methods and Important
CharacteristicsOriental Journal of Chemistry, 2015.31(Special Issue 12015)): p. 271-277.

[6] Yadollahpour, A. and S. Rashidi, Magnetic Nanopesi: A Review of Chemical and Physical Charadiess
Important in Medical Application®riental Journal of Chemistry, 2015.31(Special Issue 12015)): p. 25-30.

[7] Panyam, J. and V. Labhasetwar, Biodegradable naticpa for drug and gene delivery to cells andues
Advanced drug delivery reviews, 2003. 55(3): p. 329-347.

[8] Sun, C., J.S. Lee, and M. Zhang, Magnetic nanapestin MR imaging and drug deliverjdvanced drug
delivery reviews, 2008. 60(11): p. 1252-1265.

[9] Reimer, P. and R. Weissleder, [Development andraxpatal use of receptor-specific MR contrast medier
Radiologe, 1996. 36(2): p. 153-163.

[10]Wang, Y.-X.J., S.M. Hussain, and G.P. Krestin, $pammagnetic iron oxide contrast agents: physieoital
characteristics and applications in MR imagiBgropean radiology, 2001. 11(11): p. 2319-2331.

[11]Arruebo, M., et al., Magnetic nanopatrticles forgldelivery.Nano today, 2007. 2(3): p. 22-32.

[12] Dobson, J., Magnetic nanoparticles for drug dejivBrug development research, 2006. 67(1): p. 55-60.
[13]zborowski, M., Physics of magnetic cell sorting, Seientific and clinical applications of magnetiarigers.
1997, Springer. p. 205-231.

[14]Fuentes, M., et al., Preparation of inert magnetino-particles for the directed immobilization oftibodies.
Biosensors and Bioelectronics, 2005. 20(7): p. 1380-1387.

[15]Latorre, M. and C. Rinaldi, Applications of magwetianoparticles in medicine: magnetic fluid hyperthia.
Puerto Rico health sciences journal, 2009. 28(3).

[16]Trahms, L., Biomedical applications of magnetic aygarticles, in Colloidal Magnetic Fluid8009, Springer. p.
1-32.

[17]0O'Grady, K., Biomedical applications of magnetinoparticlesJournal of Physics D: Applied Physics, 2002.
36(13).

[18]Jordan, A., et al., Magnetic fluid hyperthermia (ME Cancer treatment with AC magnetic field induced
excitation of biocompatible superparamagnetic naniges.Journal of Magnetism and Magnetic Materials, 1999.
201(1): p. 413-419.

[19]McBain, S.C., H.H. Yiu, and J. Dobson, Magnetic aarticles for gene and drug deliveiynternational
journal of nanomedicine, 2008. 3(2): p. 169.

[20]Kim, D.-K., et al., Superparamagnetic iron oxideaogarticles for bio-medical applicatiorripta materialia,
2001. 44(8): p. 1713-1717.

[21]Pratsinis, S.E. and S. Vemury, Particle formatiomgases: a revievwirowder technology, 1996. 88(3): p. 267-
273.

[22]Langer, R., Polymeric Delivery Systems, in Targgtifi Drugs 21991, Springer. p. 165-175.

[23]Gilchrist, R., et al., Selective inductive heatofdymph nodesAnnals of surgery, 1957. 146(4): p. 596.

[24] Cavaliere, R., B. Giogatto, and B. Giovanella, Ste heat sensitivity of cancer cel{S8ancer, 1967. 20(1): p.
351.

[25] Stauffer, P.R., et al., Observations on the userm®dmagnetic implants for inducing hypertherntgomedical
Engineering, IEEE Transactions on, 1984(1): p. 76-90.

[26]Ikeda, N., et al., Experimental study on thermaimdge to dog normal brairinternational journal of
hyperthermia, 1994. 10(4): p. 553-561.

[27]van der Zee, J., Heating the patient: a promispy@ach?Annals of oncology, 2002. 13(8): p. 1173-1184.
[28]Moroz, P., S.K. Jones, and B.N. Gray, Status okhyyermia in the treatment of advanced liver cankmirnal
of surgical oncology, 2001. 77(4): p. 259-269.

[29]Mosso, J.A. and R.W. Rand, Ferromagnetic silicoascular occlusion: a technic for selective infanctof
tumors and organgnnals of surgery, 1973. 178(5): p. 663.

245



Ali Yadollahpour Int. J. Pharm. Res. Allied Sci., 2016, 5(2): 242-246

[30]Hilger, 1., et al., Heating potential of iron ox&léor therapeutic purposes in interventional ramjgl Academic
radiology, 2002. 9(2): p. 198-202.

[31]Moroz, P., et al., Targeting liver tumors with hythermia: ferromagnetic embolization in a rabbiteh tumor
model.Journal of surgical oncology, 2001. 78(1): p. 22-29.

[32]Minamimura, T., et al., Tumor regression by induethyperthermia combined with hepatic embolizatismg
dextran magnetite-incorporated microspheres in hatiy national journal of oncology, 2000. 16(6): p. 1153-1161.
[33]Mitsumori, M., et al., Development of intra-artdrinyperthermia using a dextran-magnetite complex.
International journal of hyperthermia, 1994. 10(6): p. 785-793.

[34]Gordon, R., J. Hines, and D. Gordon, Intracelltigperthermia a biophysical approach to cancerrnreat via
intracellular temperature and biophysical alteraid/edical Hypotheses, 1979. 5(1): p. 83-102.

[35]Wada, S., et al., New local hyperthermia using dextmagnetite complex (DM) for oral cavity: expegintal
study in normal hamster tongu@ral diseases, 2001. 7(3): p. 192-195.

[36]Jordan, A., et al., Inductive heating of ferrimatim@articles and magnetic fluids: physical evalatof their
potential for hyperthermidnternational Journal of Hyperthermia, 2009. 25(7): p. 499-511.

[37]Jordan, A., et al., Cellular uptake of magnetiédflparticles and their effects on human adenocansancells
exposed to AC magnetic fields in vitdaternational journal of hyperthermia, 1996. 12(6): p. 705-722.

[38] Shinkai, M., Heat properties of magnetoliposomesldoal hyperthermiaJpn. J. Hyperthermic Oncol., 1994.
10: p. 168-177.

246



