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Introduction to Hyperthermia in Cancer Treatment
Inducing a high temperature fever into a patient seems like an unusual way to treat a disease, but cancerous cells have been found to be especially susceptible to high temperatures.  Although uncomfortable for the patient, normal cells can survive at higher temperatures of 46°C [1].  This technique is termed hyperthermia and works because tumors are not effectively cooled by blood flow since their vascular and nervous systems are not well developed.  The history of hyperthermia dates back to about 3,000 years B.C., when Egyptian pundits tried to burn out superficial tumors [2].  Thus, the concept of hyperthermia is to heat a region of the body affected by cancer to temperatures between 43°C to 45°C.  At these temperatures, the growth of cancerous cells can be halted.      
Magnetic Nanoparticles in Hyperthermia Background


Magnetic nanoparticles have been recognized for potential use in magnetic hyperthermia, referring to the introduction of ferromagnetic or superparamagnetic particles into the tumor tissue [1].  In the absence of an applied magnetic field, ferromagnetic particles exhibit magnetism while particles having diameters of 10 nanometers (nm) or less typically demonstrate superparamagnetic properties, which do not display magnetism.  These magnetic nanoparticles have permanent magnetic orientations or moments.  Energy from an applied AC magnetic field can reorient their moments.  This magnetic energy, when dissipated, is converted to thermal energy [3].  Traditional hyperthermia used for cancer therapy often involves placing the patient in a heated environment in which the whole body is warmed to 43oC to 45°C [4].  Recently, research groups have sought to reduce the side effects patients are exposed to during hyperthermia treatment by applying magnetic nanoparticles in vivo.  The particles are placed within tumor tissue and an external AC magnetic field is applied to cause them to heat [5].  
For magnetic hyperthermia, the magnetic nanoparticles should be biocompatible and evenly suspended in water based fluids.  Furthermore, the particles should not precipitate due to gravitational or electrostatic forces.  To shorten treatment time and minimize discomfort from prolonged heating, the nanoparticles should heat rapidly.  To accomplish this, the Specific Absorption Rate (SAR), which is the power of heating a magnetic material per gram, of the nanoparticles should be maximized. The heating effect depends on the size as well as the frequency and amplitude of the applied alternating magnetic field [6].  In this study, the heat generation capabilities of various sizes of water-dispersed manganese ferrite (MnFe2O4) nanoparticles will be investigated for a range of applied AC magnetic fields at two frequencies.  
Materials and Methods 
Synthesis of Manganese Ferrite (MnFe2O4) Nanoparticles

Hydrophobic monodispersed manganese ferrite (MnFe2O4) nanoparticles were synthesized by a high-temperature organic solution phase method reported by Sun and others [7]. Larger size particle samples were made via a seed-mediated process by using various amounts of the original synthesized batch of nanoparticles.  
Sample 1, 0 mg Seed (Original Batch)

Iron III acetylacetonate (Fe(acac)3, 0.7036 g), Manganese II acetylacetonate (Mn(acac)2, 0.2531 g), 1,2-hexadecanediol (2.5845 g), oleic acid (1.9 mL), oleylamine (2.05 mL), and benzyl ether (20 mL) were purchased from Aldrich Chemical Company.  Absolute ethanol and hexane were used as received.   Fe(acac)3, Mn(acac)2, 1,2-hexadecanediol, benzyl ether, oleic acid, and oleylamine were mixed and magnetically stirred under a blanket of nitrogen.  The mixture was heated to 200°C for two hours then heated to reflux at 300°C for one hour. By removing the heat source, the black-brown mixture was cooled to room temperature.  Under ambient conditions, the process of washing the sample began.  Ethanol (40 mL) was added to the mixture, and a black-brown material was precipitated after centrifugation (3500 rpm, 10 min).  After pouring out the ethanol, the black product was dissolved in hexane with 0.05 mL oleic acid and 0.05 mL oleylamine.  The mixture was centrifuged (3500 rpm, 10 min) to remove any undissovled residue. The washing procedure with ethanol and hexane was repeated two additional times, and the final product was redispersed in hexane. 

Sample 2, 30 mg Seed
The same amounts of Fe(acac)3, Mn(acac)2, 1,2-hexadecanediol, and benzyl ether used for Sample 1 were used for Sample 2, while the amounts of oleic acid (0.63 mL) and oleylamine (0.66 mL) were reduced.  Following a seed-mediated method, 30 mg of MnFe2O4 nanoparticles from the original batch were added to the reaction mixture.  The mixture was first heated to 100°C for 30 minutes to remove hexane.  Then it was heated to 200°C for two hours and heated to reflux at 300°C for two hours.  The black product was washed using the same procedure as for Sample 1 and was redispersed into hexane. 
Sample 3, 60 mg Seed
The synthesis and washing procedure is identical to that of Sample 2 except 60 mg of MnFe2O4 nanoparticles from the original batch was added to the reaction mixture instead.  
Water-Dispersed MnFe2O4 Nanoparticles


The hydrophobic MnFe2O4 nanoparticles can be transformed hydrophilic by a ligand exchange reaction using meso-2,3-dimercaptosuccinic acid (DMSA).  The mass of DMSA is triple the amount of hydrophobic nanoparticles used for the reaction.  The quantity of nanoparticles was calculated using the desired volume of hexane-dispersed particles for the reaction (2 mL) and its corresponding concentration.   To dissolve the DMSA, 2 mL of dimethyl sulfoxide (DMSO) was added.  The mixture was lightly shaken until a clear solution appeared.  For a 1:1 ratio with the solvent, 2 mL of the hydrophobic particles were added to the solution.  The mixture was placed in a sonicating bath overnight.  The hexane top layer was discarded, and the hydrophilic MnFe2O4 nanoparticles were dispersed in water.  A magnet was used to attract the particles while the old water was discarded and fresh deionized water was added.   
Characterization of Samples


To prepare powder samples for structural analysis, approximately 5 mL of each of the hexane-dispersed samples were transferred to a Petri dish and washed with ethanol.  The three samples were dried in a vacuum oven overnight. The structure of the particles was determined by use of an X-ray diffractometer (XRD, D/Max-2BX, Rigaku, Woodland, TX, USA) with Cu Kα radiation (λ=1.54056 Å). The particle size was determined using a field emission scanning transmission electron microscope (STEM, 200 keV FEI TECNAI F20, TECNAI, Hillsboro, OR, USA).  Magnetic properties were measured with a vibrating sample magnetometer (VSM, Model 1600, Digital Measurement System, Newton, MA, USA). 
Heat Generation


The heat generation capabilities of the water-dispersed MnFe2O4 nanoparticles were measured by a custom designed magnetic-induction hyperthermia chamber.  The concentration of the three samples was adjusted to approximately 7 mg/mL.  The heating equipment consists of a power supply (Nova Star 5kW RF Power Supply, Ameritherm, Inc, Scottsville, NY, USA), heating station (Induction atmospheres, Rochester, NY, USA), coil (Induction atmospheres, Rochester, NY, USA) and chiller (JT1000; Refrigerant: R-134A, pressure: 200Psi, Koolant Koolers INC, Kalamazoo, MI, USA).  The magnetic field was altered by adjusting the voltage knob on the power supply system, and the frequencies were varied by changing the attached coils.  Two coils were used for the experiments: a four loop coil corresponding to a resonant frequency of 266 kHz and a six loop coil with a resonant frequency of 231 kHz.  An Infrared (IR) Thermacam® (FLIR Thermacam SC2000, FLIR systems, Boston, MA, USA) was used to monitor the temperature rise in the samples. Measurements were made every 30 seconds for 3 minutes. The Thermacam was positioned above the sample in the coil, and the temperature measurements were focused on the center of the sample.  The data was used to calculate the SAR based on the initial temperature change.  The dependence of the heat generation on the amplitude of the applied AC magnetic field was investigated at frequencies of 231 and 266 kHz with magnetic fields ranging from 131 to 653 Oe.

[image: image1.png]


[image: image2.emf]=


=


,


dt


dT


C


SAR




 

,

dt

dT

C SAR


Results and Discussion
[image: image3.wmf]dt

dT

C

SAR

=


MnFe2O4 nanoparticles were created via seed-mediated method through high-temperature (up to 300 °C) reaction of metal acetylacetonates in benzyl ether with 1,2-hexadecanediol, oleic acid, and oleylamine. The crystal of the synthesized particles obtained from XRD results showed single phase MnFe2O4 nanoparticles with a spinel structure.  The TEM images below indicate the shape of the particles as spherical.  The size distribution shows an average size of 7.1 nm for Sample 1, 10.5 nm for Sample 2, and 12.1 nm for Sample 3 (Figure 1).  Thus, larger sized particles were synthesized by increasing the amount of seeds.


Magnetization curves obtained from the VSM were used to evaluate the optimal particle size to maximize the magnetic properties (Figure 2).  The saturation magnetization, Ms, is 42.1 emu/g for Sample 1 (7.1 nm), 48.8 emu/g for Sample 2 (10.5 nm), and 46.6 emu/g for Sample 3 (12.1 nm).  Sample 2 with an average nanoparticle size of 10.5 nm had the highest saturation magnetization value.  Therefore, the optimum size of MnFe2O4 nanoparticles with maximized magnetic properties is suggested to be around 10.5 nm.  A high Ms value is desirable to enhance the heating rate of the nanoparticles under an applied magnetic field. 
Figure 1:   Particle size distributions of the MnFe2O4 nanoparticles by different amounts of seed (a) Sample 1 (0 mg Seed), (b) Sample 2 (30 mg Seed), and (c) Sample 3 (60 mg Seed). The insets show the TEM images of the synthesized MnFe2O4 nanoparticles by seed-mediated method.

The synthesized nanoparticles exhibit superparamagnetic behavior; therefore, they can be injected and transported via the intravascular system without magnetic attraction-induced agglomeration under an applied magnetic field. Furthermore, the particles in the carrier fluid should not precipitate from gravitational or electrostatic forces where an even distribution of particle suspension will enhance heating. The ligand exchange reaction to replace hydrophobic oleic acid and oleylamine surfactants with DMSA was successful and created a stable aqueous dispersion of MnFe2O4 [image: image4.jpg]Frequency (%)
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nanoparticles.

Figure 2: Measured magnetization curves for the synthesized MnFe2O4 nanoparticles by seed-mediated method.


A custom-designed heating station and coils were used to apply the AC magnetic fields to the water-dispersed nanoparticles (Figure 3). The IR
Thermacam was used to measure the temperature rise and to capture images of the magnetically-heated seed-mediated samples. The dependence of the heat generation on altering the applied magnetic fields of the three samples was measured at fixed frequencies of 266 (Figure 4) and 231 kHz (Figure 

5).  The magnetic field was tested at 131, 261, 392, 522, and 653 Oe.  

For each experiment, the temperature rise was measured for 3 minutes.  The specific absorption rate (SAR) in units of Watts per gram was calculated to compare the efficiency of heating each sample for the 

various applied magnetic fields.  SAR is defined as [6]:
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where C is the specific heat capacity of the sample, calculated as a mass weighted mean value for the magnetic carriers and corresponding medium, and dT/dt is the initial slope of temperature rise versus time dependence.  
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Figure 3: Magnetic-induced hyperthermia chamber consisting of a power supply (not shown), chiller (not

shown), heating station, and 4 loop coil.

The temperature rise, and thus the rate of heat generation as measured by the initial temperature slope increased with amplifying magnetic fields.  The rates of heat generation were greater at all applied magnetic fields for the higher frequency of 266 kHz.  No heating was observed for the magnetic field of 131 Oe at both frequencies. As expected from the magnetic saturation data, the 10.5 nm sample showed the highest heat generation capability corresponding to its high SAR values for the range of applied magnetic fields at both frequencies.  Since the 12.1 nm nanoparticles have a slightly higher Ms value than the 7.1 nm sample, the SAR was marginally higher.  The data indicates an optimum size of MnFe2O4 magnetic nanoparticles around 10.5 nm for heat generation by application of an external magnetic field.
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Figure 4:  Magnetic field dependence of SAR for seed-mediated nanoparticles at 266 kHz.
Figure 5:  Magnetic field dependence of SAR for seed-mediated nanoparticles at 231 kHz.

Conclusion

In this study, MnFe2O4 nanoparticles of various sizes were successfully synthesized and dispersed in water for investigation of their heat generation at varying AC magnetic fields.  The middle-size sample of 10.5 nm showed the highest saturation magnetization (Ms), suggesting an optimum size for magnetically-induced heating. The water-dispersed particles responded well to the applied magnetic field, transforming the energy of the field into heat.   The heat generation of the MnFe2O4 nanoparticles was dependent on the amplitude of the applied magnetic field.  The 10.5 nm sample indicated the most heat generation at the varying AC magnetic fields for both frequencies, further indicating an optimum size of MnFe2O4 nanoparticles for effective heat generation. Thus, with even dispersion of the particles in a neutral medium and effective heating, MnFe2O4 nanoparticles are a strong candidate for magnetic hyperthermia as well as other biomedical applications such as heat-triggered drug delivery systems and magnetic resonance imaging. 
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