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Abstract. Different size magnetite nanoparticles ranging from superparamagnetic (9 nm) to single domain (27 nm) and 
multi domain (53 nm) were synthesized using chemical route.  Morphology of these particles as seen from TEM images 
indicates shape change from spherical to cubic with the growth of particles.  The saturation magnetization (σs) and 
Specific Loss Power (SLP) showed maximum for single domain size, 72 emu/g and 102 W/g, respectively then those of 
multi domain size particles.  These samples show higher SLP at relatively low concentration, low frequency and low 
amplitude compared to samples prepared by other routes. 

INTRODUCTION 

Magnetic Fluid Hyperthermia (MFH) is one of the applications of nanotechnology in medicine in which 
tumor cells are heated and destroyed by magnetic nanoparticles (MNPs) injected into the body and targeted to 
the tumor site.  Application of an external alternating magnetic field (AMF) causes heating of the nanoparticles.  
For successful magnetic hyperthermia therapy, one of the requirements is efficient heating of MNPs which is 
usually accomplished by measuring specific loss power (SLP) under controlled conditions. SLP is a function of 
the physico-chemical properties of MNPs, its concentration, and the parameters of AMF (frequency and 
amplitude).  The physico-chemical properties of MNPs are crucial to determine pharmacokinetics, toxicity and 
biodistribustion of MNPs [1].  Higher SLP can be used to lower particle concentration in the tumor.  In addition, 
the frequency and amplitude of the applied alternating magnetic field has to be adapted to the magnetic 
properties of the MNPs to optimize heat generation.   

For MFH, the theoretical ideal magnetic particle core diameter for heat generation is in the range of 10-20 
nm which is lower than the ideal size required for magnetic drug targeting.  Particles smaller than 10 nm are 
ideal for tumor penetration, but are rapidly cleared by renal filtration and extravasation.  Hence, particles in the 
10-50 nm size range with appropriate coatings provide a good balance of circulation times, ability to be 
manipulated by an external magnetic field and heat generation by hyperthermia.  Particles with sizes around the 
mono domain–multi domain transition, i.e. particles below 50 nm in diameter are preferred since they are 
expected to produce the maximum SLP.  The SLP of 35 nm magnetite particles is more than twice as high as that 
of 10 nm particles.  There are very few reports on the size variation from single domain to multi domain using 
chemical methods [2-3].  A correlation between physico-chemical properties of particles with SLP value was 
reported earlier in the particle range of superparamagnetic to single domain [4-5].  We report a chemical 
technique to produce the magnetic nanoparticles in different size ranges (superparamagnetic-SP, single domain-
SD and multi domain-MD), different shapes (spherical and cubic).  The aim is to produce these particles using an 
oxidation method; the oxidation rate will be controlled by changing Me/OH ratio, which is expected to vary 
average particle size. The study is focused to attain maximum heating response at relatively low frequency and 
magnetic field. 
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EXPERIMENTAL

Three different size magnetite (Fe3O4) nanoparticles samples were synthesized using the chemical method 
where the samples from superparamagnetic (SP), single domain (SD) and multi domain (MD) size was prepared 
using only Fe2+ ion as precursors [2]. As the reduction potential of KNO3 (+0.81 V) is similar to the required 
oxidation potential of Fe2+ (-0.77 V), KNO3 (0.25 M) is used as the oxidizing agent. Precipitates obtained during 
synthesis were washed 5 times with warm demineralized water and then acetone washed 4 times. The washed 
slurries were dried at ambient temperature to obtain the nanoparticles.

RESULTS & DISCUSSION

X-Ray Diffractometer (XRD)

Bruker powder X-ray diffractometer model table-top D2 PHASER with Cu K wavelength 0.154056 nm 
was used to measure structural parameters in the 2θ angle from 10° to 80° with 0.02° step.  The characteristic 
peaks in XRD pattern (Figure 1a) corresponds to that of the spinel structure of Fd3m space group. All the 
samples possess single phase spinel structure even though only Fe2+ ion was used in the synthesis.  There is no 
impurity phase present in any of the samples.  The broadening of most intense peak corresponding to (311) plane 
and Scherrer’s formula is used to calculate the crystallite size (Dx).  The calculated size is 7, 27 and 53 nm 
respectively for SP, SD and MD particles.   XRD result reveals that larger magnetite nanoparticles were obtained 
via oxidation method. The lattice parameter (a) for the present samples varies from 0.8397 to 0.8414 nm. It is 
interesting to note that the lattice parameter for the bulk Fe3O4 is reported as 0.8396 nm [6].

FIGURE 1. (a) X-ray diffraction pattern, (b) magnetic response of powder samples of different size and (c) Temperature 
change as a function of heating time at 475 kHz frequency, 4 kA/m field strength for 3 % by weight Fe3O4 in glycerol. 

In the present system KNO3 mixed with NaOH solution was used to oxidize Fe2+ to Fe3+.  The slow addition 
of base ions will nucleate particles and the formed nuclei will be surrounded by metal ions present in the system.
As oxidation of Fe2+ takes place slowly with the addition of base ions, the precipitation of extra Me2+ ions will 
take place on already nucleated particles.  At the same time, fresh nuclei will also form.  Thus, simultaneous 
process of nucleation and growth resulted in higher particle growth due to Ostwald ripening process.

Magnetic Characterization

Lake Shore Vibrating Sample Magnetometer (VSM), Model 7404 was used to measure magnetic response at
room temperature. The field dependent magnetization of the samples is shown in Figure 1b. The saturation 
magnetization ( s) is found maximum for SD followed by that of SP and MD.  For SP particles, the 
magnetization loop ( versus H) shows the absence of hysteresis, i.e., zero remanence and zero coercivity, which 
indicate the presence of superparamagnetic magnetite samples. However, as particle size increases, the loop 
starts to open up near the origin indicating the onset of coercivity with increasing crystallite size.  The value of 
coercivity (Hc) is found as 260 and 212 Oe respectively for SD and MD particles.  The saturation magnetization 
of particles was determined from extrapolation of the M versus 1/H data in the field range of 1.0 to 1.2 T. The s
is the maximum for SD particles (72 emu/g), followed by that of SP (64 emu/g) and MD (55 emu/g).  In all cases 
the s observed at 300 K is less than the reported bulk value, 92 emu/g due to the finite size effect [6].
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 Hyperthermia measurement 

The thermal response was studied at 475 kHz frequency and intensity of 4.0 kA/m. The dispersion of MNPs 
(3 wt. %) in glycerol was placed within a water-cooled 5-loop copper induction coil energized by an AC 
generator (Inductelec, UK). The temperature was directly measured inside the sample by an optical fiber probe 
fluoroptic thermometer (m600, Luxtron).  The heating power of MNPs measured by specific loss power (SLP) is 
affected by particle size, shape, concentration, dipolar interaction, etc. SLP is defined as the absorbed power, 
normalized by the mass of MNPs, under an applied AMF of certain frequency and intensity H0 and defined as  
 

 

 
Where, m is the mass of MNPs in the glycerol dispersion; dT/dt is the initial slope of temperature rise in 

time curve; and C [J·K-1] is the heat capacity of a sample in the form of the dispersion consisting of n 
components, xi[J/g-K] is the specific heat capacity of a component and mi[g] is the mass of a component of the 
sample.  The following values were used in the calculations: x (glycerol) 2.434 J/g-K; x (magnetite) = 0.67 J/g-
K.  Figure 1c shows the temperature evolution curves for the samples of magnetite at 475 kHz frequency with 4 
kA/m intensity.  The calculated value of SLP is 40, 102 and 20 W/g respectively for SP, SD and MD particles.  
According to the results obtained, only 27 nm size Fe3O4 sample shows significant heating effect of 102 W/g 
SLP.  The superparamagnetic sample has slower heating rate whereas multi domain size particles has very little 
heating effect.  The heating characteristics of particles are a complex function of the properties of individual 
nanoparticles and their collective magnetic behavior. The effect of inter-particle interactions on SLP is still not 
understood.  However, the morphology of these nanoparticles helps to understand heating behavior.   

Microscopy: TEM  

Bright field Transmission Electron Microscopic (TEM) images were obtained from JEOL, JEM 2100 
operated at 200 KV. Figure 2 shows well separated and evenly distributed nanoparticles.  Image shows that SP is 
spherical while SD is faceted cubic shape.  MD sample possess both types of morphology, a mixture of spherical 
shape as well as faceted cubic shape particles. Similar change in morphology of the particles from sphere to cube 
was observed [3] when concentration of Fe2+ changes and it related to excess in Fe2+ or OH− in the initial 
reaction media.  Verges et al [7] has reported larger spherical particles of 300 nm in diameter for excess of Fe2+ 
but as the concentration of OH− excess became greater, the particles became cubic and size decreased from 169 
nm to 33 nm.  In our case, excess of Fe2+ in SD and MD leads to cube shape particles which upon changing 
excess of OH- tends to produce spherical 8 nm size particles which agrees with the results of Verges et al.   

The inset image of SP and SD shows the high resolution TEM (HRTEM) image and selected area electron 
diffraction (SAED) pattern of particles.  The HRTEM demonstrates well developed lattice fringes confirming the 
crystalline nature of the particles.   A ring pattern with spots reveals a large number of randomly oriented 
crystalline particles.  The lattice spacing attributed to the inverse spinel ferrite structure of magnetite. This result 
is in agreement with the results obtained from XRD measurement. The diameter / edge length of the particles is 
measured at different areas of the grid and is 8 ± 0.3 nm for SP, 27 ± 3 nm for SD and 200 ± 10 nm for cube 
shape particles and 10 nm for spherical particles for MD, respectively. The particle size obtained from TEM 
agrees well with the crystallite size obtained from XRD measurements especially for SP and SD samples. 
Whereas, the size obtained for MD sample does not match with the calculated crystallite size using XRD 
measurement.  This is because of the limitations of Scherrer’s formula which calculate crystallite size if particles 
are small (< 50 nm) and not overlapping of crystal boundaries.   

It is seen that the heating response of the sample is high when the particles are cubic (SD).  Purushotham et 
al [8] has reported the influence of particle size where they find increasing SLP (22.4 to 42.8 W/g) with 
increasing particle size from 14 to 43 nm for 10 mg/ml concentration in Milli Q water.   The maximum SLP 
obtained by them for 43 nm size particles is much lower than the value we found in our experiment.  Tumor 
temperatures (41-47 C) can also be increasing by increasing MNPs concentration.  The concentration used in 
the present experiment is much lower than ~ 120 mg/ml (of Fe) used for clinical trials [9]. Similarly, it is 
reported that cube shape particles [10] shows higher SLP than the spherical shape particles. Our results match 

050022-3



with this observation.  Ma et al [11] have found 75.6 W/g (80 kHz, 32.5 kA/m) for 46 nm size particles prepared 
using oxidation method.   In our case, we are getting 102 W/g (475 kHz, 4 kA/m) SLP for 3 mg/ml concentration 
of Fe3O4 particles in glycerole.  Moreover, the particles are not dispersed in water or saline media, which will 
further enhance the SLP value due to better dispersibility of particles [12]. From all the above reported results it 
can be said that the higher heating rate is found when the samples are prepared by oxidation method than it is 
prepared by other method. 

 
FIGURE 2. TEM images of Fe3O4 samples.  Inset figure shows the HRTEM image and electron diffraction pattern. 

CONCLUSION 

Magnetite particles from superparamagnetic, single domain and multi domain were synthesized using 
oxidation method by changing Me/OH ratio from 0.375 to 0.6.  TEM image shows spherical shape for SP 
particles whereas cube shape for SD and MD particles.  The saturation magnetization (72 emu/g) and SLP (102 
W/g) is found maximum for SD particles and minimum for multi domain size particles.  Also, for Fe3O4 particles 
a significant high value of SLP is observed at relatively low concentration, low frequency and amplitude of 
applicator. 
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