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Introduction 

Recently, magnetic nano/micro particles are widely used in biological and 
biomedical studies, such as cell labeling and separation, drug delivery, hyperthermia 
therapy, MRI contrast enhancement and biomolecule immobilization, and various 
methods of producing magnetic nano/micro particles have been developed. In this 
study, I synthesize carbon-encapsulated iron (Fe@C) nanoparticles by a UV laser 
irradiation into super-critical carbon dioxide, in which ferrocene is dissolved. The 
present method can create magnetic nanoparticles at low temperatures without any 
organic solvents [1]. I investigate the effect of the experimental conditions on the 
morphology, the average size and the yield of Fe@C nanoparticles. Next I immobilize 
α-amylase on the surface of Fe@C nanoparticles through electrostatic force or 
covalent bonding and analyze the effect of immobilization on the activity of α-amylase. 
I find that when a high frequency ac magnetic field is applied to Fe@C nanoparticles, 
on which α-amylase molecules are immobilized, the particles dissipate heat cause by 
magnetic hysteresis and as a result, the activity of α-amylase on the particles 
increases. 
 
Experimental methodology 

Synthesis of Fe@C nanoparticles. 10 mg of ferrocene (Tokyo Chemical Industry 
Co., Ltd.) was placed in a cylindrical chamber made of duralumin, the inner volume of 
which was 12 ml, and then liquid carbon dioxide was injected into the chamber. The 
fluid temperature was regulated at 41 °C by a heater installed around the chamber and 
a PID-controller. The temperature was monitored by a thermistor embedded inside the 
chamber wall．Ferrocene/supercritical carbon dioxide solution was irradiated with 
pulsed Nd:YAG laser beams (wavelength, 266 nm; pulse duration, 4.3 ns; pulse 
generation frequency, 10 Hz; laser power, 400 mW) through a quartz glass window at 
the bottom of the chamber. The total number of pulses was changed from 100,000 to 
200,000. During the experiments, a neodymium magnet was placed at the bottom of the 
chamber to correct Fe@C nanoparticles produced. 

Immobilization of an enzyme on Fe@C nanoparticles. I immobilized α-amylase 
on Fe@C nanoparticles through electrostatic force. First I added Fe@C nanoparticles 
to α-amylase solution and the solution was left at room temperature. 60 min later, I 
collected Fe@C nanoparticles, on which α-amylase molecules were immobilized, 
using a magnet and removed the supernatant, after which I washed the particles with 
sterilized water. I also immobilized α-amylase on Fe@C nanoparticles through 
covalent bonding. First I immobilized tr i m e t h o x y s i l y l p r o p a n e t h i o l  (MPTMS) on 
Fe@C nanoparticles by mixing the particles and MPTMS solution at room temperature 
for 45 min. Next I immobilized 4 - M a l e i m i d o b u t y r i c  a c i d  N H S (GMBS) on the 



particles via MPTMS by mixing the particles and GMBS solution at room temperature 
for 60 min. Finally, I immobilized α-amylase on the particles through covalent 
bonding between α-amylase and GMBS by mixing the particles with α-amylase 
solution at room temperature for 60 min. I investigated hydrolysis of starch with 
α-amylase immobilized on Fe@C nanoparticles and estimated the activity of 
α-amylase through evaluating the quantity of starch hydrolyzed for 10 min. I next 
applied a high frequency ac magnetic field during the enzyme reaction and analyzed 
the effect of heat dissipation from the particles induced by the magnetic field on the 
enzyme’s activity. Ac magnetic field was generated by an electromagnet and the 
ambient temperature was regulated at 25 °C by a constant-temperature bath. The 
frequency was fixed at 0.34 MHz and the amplitude was changed from 47 to 96 kA/m. 
 
Result and discussion 

Fe@C nanoparticles created in the present study were composed of spherical iron 
core and amorphous carbon shell structure and the average diameter of the particles 
was about 600 nm. The average size and the morphology of particles hardly changed 
within the present experimental conditions. In the present synthesis experiments, the 
deposition of Fe@C nanoparticles on the glass window for a laser irradiation at the 
bottom of the chamber, which interrupted the laser beam, was observed. When a 
magnet for collecting nanoparticles was placed on the bottom of the chamber, the 
number of nanoparticles deposited on the glass window was drastically reduced, so 
that the production rate of nanoparticles was improved by 1.5 times. In the case of 
synthesis with a magnet, the yield of nanoparticles increased with an increase in the 
total number of laser pulses. 

I immobilized α-amylase on the surface of Fe@C nanoparticles through electrostatic 
force or covalent bonding, and in both cases, α-amylase was still active after having 
been immobilized on the particles. In the absence of a magnetic field, the enzyme’s 
activity in the case of electrostatic binding was slightly higher than that of chemical 
binding case. However, when an ac magnetic field was applied, immobilized 
α-amylase was activated due to heat dissipation from Fe@C nanoparticles and the 
activities for both binding cases became almost equal to each other. In other words, the 
effect of heat dissipation from Fe@C nanoparticles on the activity in the case of 
chemical binding was greater than that of electrostatic binding case. 
 
Conclusion 
  I synthesized Fe@C nanoparticles by a UV laser irradiation into super-critical 
carbon dioxide, in which ferrocene was dissolved. I made clear the dependence of the 
morphology, the average size and the yield of nanoparticles on the experimental 
conditions. Next I immobilized α-amylase on the surface of Fe@C nanoparticles 
through electrostatic force or covalent bonding. In the absence of a magnetic field, the 
enzyme’s activity in the case of electrostatic binding was slightly higher than that of 
chemical binding case. However, when an ac magnetic field was applied, immobilized 
α-amylase was activated due to heat dissipation from Fe@C nanoparticles and the 
activities for both binding cases became almost equal to each other. 
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