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Here we have discussed about designing the magnetic particles for hyperthermia therapy and done some
studies in this direction. We have used oleylamine micelles as template to synthesize hollow–nano-
spheres (HNS) of magnetite by solvo-thermal technique. We have shown that oleylamine plays an im-
portant role to generate hollow particles. Structural analysis was done by XRD measurement and mor-
phological measurements like SEM and TEM was performed to confirm the shape and size of hollow
sphere particles. The detail magnetic measurements give an idea about the application of these HNS for
magnetic heating in hyperthermia therapy. In vitro cytotoxicity studies reveal that tolerable dose rate for
these particles can be significantly high and particles are non-toxic in nature. Being hollow in structure
and magnetic in nature such materials will also be useful in other application fields like in drug delivery,
drug release, arsenic and heavy metal removal by adsorption technique, magnetic separation etc.
1. Introduction

Recently, synthesis of magnetic nanoparticles have emerged as a
very important research field and is attracting growing interest [1–
3] because magnetic nanoparticles with tunable magnetic proper-
ties, biocompatibility, stability are very useful in many applications
like drug delivery, hyperthermia therapy, magnetic separation,
magnetic resonance imaging, high density data storage etc. [4,5].
But prior using these particles, their magnetic properties should be
explored so that it can be customized according to requirement.
Shapes and sizes are very important parameters to tune the mag-
netic properties of these particles. Therefore, recently there has
been immense interest in the fabrication of magnetic nanoparticles
of various sizes and shapes to achieve unique and tailored magnetic
properties for various applications [6–8]. In our present work, we
are especially interested to design these magnetic nanoparticles for
hyperthermia therapy and hyperthermic drug release by magnetic
heating applying the magnetic field in a controlled way from out-
side the body. Advantage of this method is that it is a minimally
invasive technique. On the other hand, heat dissipation by the
ami).
magnetic particles to tumor cells can be controlled by controlling
applied magnetic field from outside the body and normal tissues
can be saved by this method if controlled heat generation can be
done. In this study we have discovered a new method of synthesis
of magnetite hollow nanosphere (HNS) by biocompatible micelles
templated way. People from other perspective also have synthe-
sized almost similar particles [9]. Our method is parallel to them but
the extra advantage of this method is that it can be extended to
other materials also. We can synthesize other HNS of different
materials with the same methodology, one of which is already
published [10]. So this method offers us a greater opportunity of
extension and enable us to choose the best possible method in any
particular application. Apart from methodology, we have char-
acterized these particles from different directions compatible with
our goal to use them in hyperthermia therapy. As a result, we have
measured the AC magnetic field dependent properties which have
been discussed elaborately in this study and cytotoxicity measure-
ments have also been done. These results are very significant and
provide us an impression regarding suitability of the particles for
hyperthermia therapy. In case of hollow sphere, the added ad-
vantage is that it will be useful as a very good adsorbent due to its
hollow nature, as loading of any material into this hollow space will
be higher than that of solid spherical particles.
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2. Experimental details

All the chemicals such as Ferric chloride hexahydrate (FeCl3,
6H2O), ethylene glycol (EG), alcohol, urea and oleylamine are of
analytical grade and purchased from Sigma-Aldrich. No water had
been used during the whole synthesis procedure. The synthesis
procedure of the hollow spheres is as follows: 2.4 g of FeCl3, 6H2O
was mixed in 40 ml Ethylene Glycol (EG) and 20 ml alcohol solu-
tion. This solution was stirred with a magnetic stirrer until the
Ferric chloride completely is miscible in the solution. Then 1.06 g
of Urea and 3 ml of oleylamine were added in the above solution
to prepare the particles. These solutions were again stirred until it
became completely transparent. These final solutions were then
transferred in a 80 ml Teflon lined stainless steel autoclaves for the
solvothermal synthesis. The solvothermal process was carried out
at 180° C for 15 h. After 15 h, resultant black solutions were wa-
shed in alcohol for several times and then dried at 60° C overnight.
Here, role of Ethylene Glycol (EG) is to reduce the Feþ3 ions to
Feþ2 ions partially. Urea helps to precipitate Feþ3 and Feþ2 to
their corresponding hydroxides where the hydroxyl group comes
from ammonium-hydroxide produced from urea and after the
heat treatment both the iron hydroxides forms Fe3O4 after removal
of water. The possible chemical reaction is given below:
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3. Characterization of NHS

The phase and morphology of the synthesized sample were
characterized by X-ray diffraction, scanning electron microscope
(SEM) and transmission electron microscopy (TEM) and Fourier
Transformed Infrared spectroscopy (FTIR) analysis. The XRD pattern
was measured in Rigaku Miniflex II desktop X-ray diffractometer
using Cu Kα (λ¼1.5418 Å) radiation. The TEM analysis of the hollow
spheres was investigated in TECHNAI G2 SF20 ST TEM at 200 kV. The
hysteresis loops were measured at room temperature (300 K) and at
80 K in a vibrating sample magnetometer (VSM) with an electro-
magnet that can produce field up to 1.6 T for this sample. Thermo-
magnetization of the hollow spheres was also investigated in VSM
within 80rTr300 K under 100 Oe external fields.
4. Material and method for cell culture part

Culture media Dulbecco's Modified Eagle's Medium (DMEM),
dimethyl sulfoxide (DMSO), was purchased from HIMEDIA
(Mumbai, India). Fetal bovine serum (FBS) was purchased from
Invitrogen (Carlsbad, CA, USA).
5. Cell culture

The human lung carcinoma cell line (A549) were obtained from
National Centre for Cell Science (NCCS, Pune, India) and was
maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) con-
taining 100 ml/L of fetal bovine serum (FBS) in a humidified at-
mosphere of 5% CO2.
6. Peripheral blood mononuclear cells (PBMC) isolation

With prior consent from adult person, human whole blood was
collected in heparinized vacutainer blood collection tubes (BD,
Franklin Lakes, NJ). Whole blood (100 mL) and was layered in
centrifuge tubes onto 120 mL of Histopaque-1077 gradient. After
centrifugation the peripheral blood mononuclear cells (PBMC)
layer was washed twice with PBS and re-suspended followed by
culture in RPMI-1640 with 10% FBS.
7. In vitro cell viability assay

Cell viability was determined using the 3(4,5-dimethylthiazo-
lyl-2) 2,5-diphenyl tetrazolium bromide assay (MTT, Sigma) ac-
cording to the manufacturer’s protocol. In brief, cells were seeded
onto 96- well plates and subjected to treatments with Fe3O4

magnetic NHS at different dose rates (from 50 to 400 μg/ml) and
cultured for 24 h followed by MTT addition. After 4 h incubation,
100 μl of DMSO was added to each well and absorbance intensity
was recorded at 570 nm on a Multiskan GO (Thermo scientific)
microplate reader. Cell viability is defined as the percent live cells
compared with untreated controls.
8. Results and discussion

8.1. Crystallography and morphology

Fig. 1 shows the measurements that had done to elucidate the
crystal structure and morphology of the as synthesized sample.
The X-rd pattern of the sample is shown in Fig. 1(a) and indexed as
well. All the diffraction peaks of the pattern can be indexed to the
inverse spinel structure of magnetite (Fe3O4) [JCPDS card no. 65-
3107]. The sharp diffraction peaks indicate higher crystallinity of
the Fe3O4 samples. The crystallite size (d) of the sample was cal-
culated to be ∼22 nm using the Debye Scherrer equation (d¼0.9λ/
(βcosθ)) taking into account the most intense peak. The SEM mi-
crograph (Fig. 1(b)) of the sample exhibits that regular and uni-
form hollow spheres of magnetite has been formed. Rough surface
of the spheres indicates that the hollow spheres are made of na-
nocrystalline Fe3O4 grains. Average diameter of the hollow spheres
after considering the SEM micrographs is found to be nearly
280 nm. Complete hollow structure of the as synthesized Fe3O4

spheres is confirmed from the TEM micrograph as shown in Fig. 1
(c). Shell thickness of the hollow spheres has been calculated after
examining several TEM micrographs and is found to be nearly
60 nm. The selected area electron diffraction (SAED) pattern of the
spheres (Fig. 1(d)) exhibits the single crystalline nature of the
Fe3O4 nanocrystals forming even the hollow spheres.
9. Hollow sphere formation mechanism

In this case we speculate a mechanism by which hollow like
particles are formed. Schematic diagram of formation mechanism
are shown in Fig. 2. First oleylamine surfactants form spherical
micelles and smaller magnetite particles coalesce to each other
and subsequently deposit on the surface of micelles formed by
oleylamine thus grow the particles to larger size. Here micelles
acts as template to form shell of Fe3O4 on micelles and after heat
treatment for a long period that is 15 h in the solvothermal process
the surfactant molecules come out from the core and smaller
particles inside the micelles are relocated on the edge of the par-
ticles forming a hollow like particles of Fe3O4. Thus hollow sphere
particles are formed as shown in schematic diagram.



Fig. 1. (a) X-rd spectrum, SEM (b) and TEM (c) micrographs and SAED pattern (d) of the magnetite hollow spheres.

Fig. 2. Schematic diagram of formation mechanism of hollow sphere particles by oleylamine micelles.
10. Magnetic measurements

Temperature dependence of magnetization of the hollow
spheres having average diameter 280 nm is shown in Fig. 3. Both
the Field cooled (FC) and Zero Field cooled (ZFC) magnetization
curves were measured within temperature range of 80 K to 300 K
at 100 Oe applied field (Fig. 3(a)). For ZFC curve the magnetization
increases with increasing temperature with a hump around a
certain temperature known as Verwey temperature (TV). In this
case the TV is found to be nearly 123 K which is nearly the same as
that of the bulk value (TV(Bulk)¼120 K) of magnetite. Actually when
the temperature decreases below TV, the phase of the magnetite
changes from cubic state to monoclinic state with a sharp decrease
in conductivity as well as magnetization. But the FC curve shows
decrease in magnetization with increasing temperature due to
increase in thermal fluctuation. The FC and ZFC curves split at



Fig. 3. (a) Zero Field Cooled (ZFC) and Field Cooled (FC) magnetization curves of
the hollow spheres; field dependence of magnetization at different temperatures of
the spheres (b).

Fig. 4. Hysteresis loop measurements at different frequencies and frequency de-
pendent loss power measurement.
T¼300 K which is indicating that the Blocking temperature of
these hollow spheres lies on or above 300 K. The hysteresis loops
of the hollow spheres show ferromagnetic nature within 80–300 K
which is obvious from Fig. 3(b). All the hysteresis loops are well
saturated within the field sweeping from �16 to 16 kOe. From the
figure it is clear that saturation magnetization of the Fe3O4 hollow
spheres decreases with increasing temperature. Decrease of MS

with increasing temperature is due to increase in thermal fluc-
tuation of moments at higher temperature. The saturation value of
magnetization (MS) of the spheres is found to be ∼90 emu/g and
81 emu/g at T¼80 K and 300 K respectively. These values of MS are
close to the bulk MS value of Fe3O4 (92 emu/g). These smaller va-
lues of MS of the hollow spheres than the bulk value can be at-
tributed to the surface effect of the nanospheres, though these
values of MS is much higher than the value as reported by most of
the authors for hollow structures of magnetite [11]. Recently, Liu
et al. have also synthesized HNS of high saturation moment [12].
They have used sodium dodecyl benzene sulfonate (SDBS) to make
hollow particles. We have observed oleylamine is better reagent to
make many other hollow particles like cobalt ferrite, nickel ferrite
etc. In that respect our method is more general. Moreover, sodium
dodecyl benzene sulfonate (SDBS) is a hazardous toxic material,
which prohibits its use in producing bio-friendly particles. Coer-
cive field is another important parameter which should be
checked in this regard. The value of the coercive fields of the
spheres at 80 K and 300 K were measured from the corresponding
hysteresis loops at those temperatures and these values are found
to be 207.43 Oe and 91.19 Oe at T¼80 K and T¼300 K respectively.
Small discrepancy in the positive and negative values of HC is due
to the exchange bias effect. At higher temperature spins are re-
laxed at higher rate which results in low HC values. Though the
spheres are made of smaller nanosized Fe3O4 particles, higher
values of HC could be attributed to the oriented assembly of par-
ticles into hollow spheres. This oriented assembly changes the
single domain configuration of nanoparticles into multidomain.
The inset of Fig. 3(b) is showing the magnified portion of hyster-
esis loop near zero field, just to show the decrease of HC with
increasing temperature.

AC magnetic field dependent measurement is also an im-
portant criterion for such studies. It is known that magnetic ma-
terials display a magnetic hysteresis when subjected to an AC
magnetic field. The area enclosed in this hysteresis loop represents
the irreversible work, which is dissipated in the environment as
thermal energy which profitably can be used in magnetic
hyperthermia. This power loss (PL) is called the “Specific Absorp-
tion Rate” (SAR) and it is usually expressed in watts per gram of
nanoparticles. SAR is calculated with the equation: SAR¼Af, where
A is the area of the hysteresis loop and f the sweeping frequency of
the magnetic field. As we are interested to use the particles for
hyperthermia therapy we have done some AC magnetic mea-
surements of the hollow spheres in our lab made set-up where we
can produce nearly 92 kA/m AC magnetic field at nearly 700 Hz AC
field frequency. By this instrument the power dissipated by a
magnetic material subjected to an alternating magnetic field,
which is called the power loss (PL) or specific loss power (SLP) or
specific absorption rate (SAR). This PL measurement is the primary
criterion to predict the utility of the particles for hyperthermia
therapy. This gives an idea about emission of heat by the particles
under AC magnetic field. To have an idea about utility of particles
the AC hysteresis loops of the hollow spheres were measured from
50 Hz to 700 Hz AC field frequency and the corresponding loops
for four different frequencies (50, 200, 400, and 550 Hz) are shown
in Fig. 4(a). From the Figure it is clear that the coercivity of the
hysteresis loops of the hollow spheres increases with increasing
frequency of AC field. Actually depending on frequency particles
can either behave superparamagnetically or ferromagnetically. At
lower frequencies (higher time window), the particles having re-
laxation time less than the measuring time window will behave
superparamagnetically but others will behave ferromagnetically.
All the particles will behave ferromagnetically whenever the
measuring time window is less than the relaxation time of the
particles, i.e. at higher frequencies. So, as the frequency of the AC
magnetic field increases, i.e. with decreasing measuring time do-
main, fraction of ferromagnetic particles increases which results
higher coercivity at higher frequencies. It is known that power loss
is obtained integrating the hysteresis loop area [13–15]. The var-
iation of power loss (proportional to the product of hysteresis loop
area and frequency) with frequency is shown in Fig. 4(b). This
figure reflects that the power loss of the hollow sphere increases
with increasing frequency of applied AC field. We have measured
the loss up to 700 Hz AC field in our set up because after that the
impedance of the circuit becomes so high that the reduced field is
not enough to saturate the hysteresis loops. But from these results
(power loss at less than 700 Hz) we can conclude that these hol-
low spheres may contribute enough power loss in the high fre-
quency region (MHz to GHz range) and thus we can predict that
these particles will be useful to destroy cancer cells by



Fig. 5. Analysis of percentage of cell survival by MTT assay on (a) A549 cells and (b) PBMC respectively under different doses after 24 h incubation.
hyperthermia technique. Under AC magnetic field, heating of
particles take place due to many reasons such as i) hysteresis loss,
ii) Neel and Brown relaxation, iii) frictional losses in viscous sus-
pension and iv) Eddy current induced heating. Among them Eddy
current heating for small magnetic particles is negligible com-
pared to other magnetic losses. Hysteresis loss is determined by
integrating the area of hysteresis loop. In our case particles are
ferromagnetic at room temperature and size is above the critical
superparamagnetic range. Hence particles are multidomain in
nature. For multidomain magnetic particles magnetic losses takes
place through domain wall displacement which contribute to SLP
in the same way as mentioned by G.F. Goya [16]. In case of ferro-
magnetic materials the SLP will be much higher compared to su-
perparamagnetic materials because initial susceptibility of a fer-
romagnetic material is much larger than for a superparamagnetic
particle and hence contribution to SLP due to domain wall shifting
could be larger than Néel relaxation if large field amplitudes are
used, allowing ferromagnetic nanoparticles to act as more efficient
hyperthermic agents. In case of Brown relaxation, the origin of
heating is due to reorientation of the whole particle in fluid. As we
have done all the measurements in solid state of particles, we are
ignoring this part.
11. In-vitro cytotoxic effect of nanoparticle on cancer and
normal PBMC cells

As we are interested in use of particles for hyperthermia ther-
apy we have studied the cytotoxic effect of the HNS. A549 cells
were treated with different doses of Fe3O4 magnetic HNS for 24 h
and the results are shown in Fig. 5. It was observed that our na-
noparticle treatment caused number of cell death at reasonably
higher percentage after a significant increase in the dose rate of
nanoparticles. The cell viability bar diagram clearly depicts that
Fe3O4 magnetic HNS caused 50% cell death at a dose of 150 μg/ml
in the case of A549 cells. On the contrary, when the PBMC cells
were treated with different doses of the aforesaid nanoparticles, it
showed that 50% cell death occurs at a much higher dose i.e.
350 μg/ml. Thereby we can state that our nanoparticles have been
found to show toxicity in cancer cells at a much lower dose than
observed in normal PBMC cells. Hence our particles are reasonably
toxic for cancer cells but not so toxic for normal cells even at a very
higher dose. Hence we will be able to increase dose rate in a
sufficient amount for such treatment. This finding is very sig-
nificant compared to other available results [17].
12. Conclusion

We have prepared magnetite hollow sphere particles using
oleylamine micelles as a template. Structural characterization of
these particles shows that they are pure phase of magnetite. Detail
magnetic studies indicate that these magnetic particles with all of
these magnetic properties will be useful for hyperthermia therapy
through magnetic heating process by using suitable AC magnetic
field. Cytotoxic study on our particles is also very significant which
enable us to use them against cancer cells without hampering the
normal cells much.
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