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ABSTRACT

In this article a high thermal conductivity magnetic topical medication is provided as a heat transfer agent for
cryotherapy. By an appropriate combination of the magnetic formulations prepared using different amounts of
magnetite nanoparticles and different type of bases, it was possible to obtain a high thermal conductivity system
with a good texture and magnetic properties. Transverse magnetic field increases the thermal conductivity of the
formulations to almost two timesits initial value. It was found that polyethylene glycol PEG400/PEG1500 mixed
base with magnetite nanoparticles (30.0-50.0%) is a promising candidate for cryotherapy.
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INTRODUCTION

Cryotherapy involves the application of cold toefre and destroy abnormal skin cells that requimsox@l. The
application has been extended to the treatmenblid sumors as well as malignant lesions of thensjdi-4].
Successful cryo-treatment requires maximum freezatg. Sometimes, a second application may be necessary
depending on the size of the growth.

Cryotherapyefficiency can be increased significantly with ajmpiete loading of nanoparticles with high thermal
conductivity in target tissues. Injection of nandgjutes with high thermal conductivity serves tchance the heat
transfer rate and regulate the orientation of iak-bwhich is highly desirable in treatment
of complex irregularly shaped tumors [5-8].

Thermal conductivity is the property of a materialconduct heat. It can be defined as the quantitheat
transmitted through a unit thickness of a materiad a direction normal to a surface of unit aredue to a unit
temperature gradient under steady state condititimsrmal conductivity depends on many propertiea ofaterial,
notably its microstructure and temperature. Puystaline substances exhibit highly variable thdrommductivities
along different crystal axes.

Nanofluids are a new class of heat transfer flgdstaining nanoparticles of crystalline substanebg the size
under 100 nm which are suspended in a uniform tafilesmanner in the base fluid. Energy transpanafe.g. heat
transfer) of the nanofluid is affected by the typel properties of the nanoparticles [9]. Nanofluidg magnetic
nanoparticles constitute a special class of flults exhibit both magnetic and fluid properties,ichhcan be
changed by applying an external magnetic field.
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In this paper we described the experimental dé&aipreparation of high thermal conductivity madoehedication

to determine the optimum composition in order ttaobthe formulation with good texture and magneticperties
that is needed for topical heat transfer agentcfgotherapy. The magnetite nanoparticles were cheviaed by
transmission electron microscopy (TEM), powder X-dgéfraction (XRD), vibrating sample magnetome(kSM).
The properties of formulations of varying composits prepared by using different amounts of magmetit
nanoparticles and different type of bases were distussed.

EXPERIMENTAL SECTION

Iron (lIl) chloride (FeC{6H,0), iron (ll) sulfate (FeS©7H,O), NHs;-H,O (25%w/w aqueous solution) and
polyethylene glycols (PEG) were purchased from Erdd Ltd. (India). Lugol iodine was purchased fromtamed
Labchem (India); sea buckthorn oil from X.S. BidteCo., Ltd. (China) and oleic acid from Beijing @mé&/orks
(China). All chemicals were of analytical grade.

Synthesis of magnetite nanoparticles

Ultrafine particles of magnetite were preparectbyprecipitating aqueous solutions of iron (I)tg&eSQ x7H,0)
and iron (Ill) salt (FeGlx 6H,0) in an alkaline medium (25% NkH,0). 13.89 g (0.05 mol) of FeS&r H,O and
26.90 g (0.1 mol) of Feg¥6H,O were dissolve in 1 L of distilled water at hegti(60-70°C). 25% aqueous
ammonia solution was added drop-wise with contisustirring until complete precipitation of the haferrite was
achieved (pH 9-11). After the system was cooledomm temperature, the precipitates were collectsidgu
magnetic separation and washed with distilled watgit pH neutral, producing thus samples MNPs.

Preparation of formulations

The formulations of varying compositions (Tablevigre prepared by using different amounts of MNR$ an
different type of bases. The mixture of PEG wereppred by melting together polyethylene glycol (PEB and
PEG 1500) on a hot plate/stirrer (at 70°C). The P&HI®/1500 ratios weight were 9/1 (forms I-V) and
4/1 (forms VI-VII), respectively. MNPs were addexsl this molten base while stirring. The entire mirtuwvas
stirred while cooling.

Table 1. Compositions used in the study

Ingredients Formulations

1 11 111 v V VI VII | VIII IX
MNPs 20| 25 30 35 40 25 3( 1( 50
PEG 400 72| 674 63.0 585 540 60.0 56 - -
PEG 1500 8 7.5 7.0 6.9 6.0 150 14
Lugol iodine - - - - - - - 90 -
Sea buckthorn ol - - - - - - - - 47.6
Oleic acid - - - - - - - - 2.5

Characterization techniques

The X-ray diffraction (XRD) patterns of the samplesre recorded on a Siemens D500 X-ray powder
diffractometer using copper radiation. Slow scaithe selected diffraction peaks were carried ouhe step mode
(step size 0.03°, measurement time 75 s. The ditestsize of the nanocrystalline samples was mesasérom the
X-ray line broadening using the Debye-Scherrer fdem after accounting for instrumental broadening.
Magnetization measurements were performed in atiiiy sample magnetometer at 300 K using a supéuating
magnet to produce fields up 2 kOe.

The thermal conductivity was measured in an apparbased in the use efeady-state methodhe schematic
diagram of the experimental layout is shown in Fégll.
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Figure 1. Schematic diagram of the experimental lagut:
1, 2, 3 —brass disks; 4,5 — constant temperatubaths; 6 — thermocouple;
7 — Dewar vessel; 8 — remote switch; 9 — digital kmeter

Samples of unknown thermal conductivity are sanbedcbetween two brass disks. Each brass disk fedea
where a thermistor can be inserted for temperangasurement. The voltage readings on the recotaet were
exactly proportional to the electromotive forcettod thermocouple.

RESULTS AND DISCUSSION
The XRD results indicate typical X-ray powder difftion pattern of magnetite nanoparticles (FigyrélBe pattern
shows characteristic peaks #=28.2°, 30.0°, 35.4°, 43.0°, 53.4°, 56.9°, 62.5fd &4.0°, marked by (111), (220),

(311), (400), (422), (511), (440), and (53@ich were indexed in the Fd3m(227) space groupesponding to a
spinel cubic structure of magnetite (JCPDS PDF oard 9-629)
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Figure 2. X-ray diffraction pattern of MNPs
Taking the highest intensity peak, namely the (3ilahe, at 2 = 35.4°, and the half maximum intensity width of
the peak after accounting for instrument broadertimg calculated particle size is 16.7 nm. Theltesuere in good

agreement with the data obtained from XRD and TEMM TEM images (Figure 3) it is evident that tfeaticles
are well separated and almost monodisperse. Ted@iFgO, particles is 17+0.5 nm.
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Figure 3. TEM morphologies of MNPs and statistical result ohanopatrticles size distribution

The magnetic measurement confirms that the syrtbegparticles exhibit superparamagnetic propesgtesoom
temperature. The magnetization curve for the MNE8bits immeasurable values of coercivity field areannant
magnetization. The particles have high saturati@gmetization values (67 emu/gyhich is consistent with the
value reported in the literature for a magnetitengle@ with the same sizes [10Lt lower than bulk magnetite
particles of 90 emu/g [11].

It is known that smaller particles (nanoscale métg)eare less magnetic than the same materialuik form
because they contain a substantially greater fnaaiif metal ions located on the crystal surfaceickvimay not
contribute to the particle's net magnetization 12)-

The particles of magnetite impart the magnetic proes to the formulations. These properties alforthe rapid
and easy manipulation and fixing of the formulatlonthe application of an external magnetic fiédso, due to
these properties the magnetic particles can beoagdlas heat conductor, aegnetite has a high value of thermal
conductivity (9.7 WritK ™ [13]).

To develop a high thermal conductivity magnetiariakation for cryotherapy, it should possess goodute and
magnetic properties, high value of thermal conditgti The thermal conductivity of the sampl@3 fas calculated

from the Maxwell equation:
1= 2/]b +/1m + 2¢(/]m _/]b)
i 2/1b +Am _¢(/1m _/1b)

where A, and %, are the thermal conductivity of the base and ttegmetite, andp is the volume fraction of
magnetite nanoparticles.
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Table 2. Parameters and physical characteristics of the formiations

Parameters Formulations
1 11 111 v V VI VII VI IX
Mass part of magnetite, % 20 25 30 35 4 2b 30 10 50
Volume part of magnetite, % 5.35 6.6 8.08 9.43 810/ 6.35 7,87 2,44 12,5
Density, g/lcn™ 1281 | 1.32C | 1.35€ | 1402 | 1432 | 1331 | 1,37¢ | 1,271 | 1.30€
Saturation magnetization, emulg 3.5P 4.47 5.82 6.2136.69 7.09 5.17 1.61 8.16
A, WI(mK) 0.3041| 0.3295 0.3549 0.3803 0.4057 0.3138 0.3p782916| 0.2466

The results of comparing of the properties of thieppsed compositions (Table 2) showed that thenapti
formulations ardl — IV because they have the best structure and onkeohighest magnetic properties which
allowing its manipulation with an external magndtatd and the highest thermal conductivities. @tfoemulations
were not accepted because they have liquefiedtsteutike formulations I, VIII-IX or too dense stiwres like
formulations V-VII. Therefore, the formulatioms— IV with the PEG mixture were selected for furtherdst

The direction of an external magnetic field relatio the temperature gradient affects the eneagqsport process
of the suspended nanopatrticles inside the magfieiit [14, 15]. The present study was focused oerrtial
conductivity as a function of various parameterghsas volume fraction, magnetic field in transveesal
longitudinal directions. The results of two diffatenagnetic field intensities of the formulatioiis-1V are shown
in Figure 4.
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Figure 4. The field dependence of relative effective thermalonductivity, normalized to 40— thermal conductivity before applying any
magnetic field of the formulations Il, Il and IV u nder the influence of transverse1, 2, 3) and longitudinal(1’, 2’, 3') magnetic fields

Figure 4 shows the relative effective thermal catidity, normalized tol, — thermal conductivity before applying

any magnetic field of the formulations under thifui@nce of transversand longitudinamagnetic fields. Transverse
magnetic field increases the thermal conductivitgh® formulations until it reaches a maximum vahrel then
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after a slight decrease a constant value is maidalLongitudinal magnetic field slightly decreases the thermal
conductivity of the samples.

When sufficiently strong transverse magnetic fisldapplied, the thermal conductivity increasesltocst two
times its initial value. This behavior can be expda by the presence of chain-like structures mpa with respect
to the influence of magnetic field. In the presentenagnetic field, the MNPs tend to align in theedtion of the
field because of the anisotropy of the susceptybiliThe reason for this enhancement was the charige
nanostructures induced by the external magnetid fiethe formulations. In case of horizontal magméeld, the
formed magnetite particle chains provided the meffectively bridges for energy transport inside fbemulation
along the direction of temperature gradient ancaanéd the thermal process in the sample.

This result is similar to that observed by othesemgchers [16-19]. The enhancement up to 300% &iB%
volume fraction of magnetic nanoparticles in keresevhen magnetic field is applied has been repdii&il

Because of the formation of reversible chain unberinfluence of magnetic field, it shows drastithy@ncement in
thermal conductivity.

CONCLUSION

The results presented in this study showed thatRB&-based formulation with 30.0-50.0 % of mageetit
nanoparticles can be effectively used as a theomatluctivity agent for cryotherapy. Due to the leiglthermal
conductivity of the MNPs, the thermal conductivitfthe formulation increases proportionally to tetent of the
nanoparticles. Black color of MNPs formulation chgricryosurgery could also help better image theeedg tumor
as well as the margin of the ice ball.
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