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Abstract
We propose a method of activating an enzyme utilizing heat generation from ferromagnetic

particles under an ac magnetic field. We immobilize α-amylase on the surface of ferromag-

netic particles and analyze its activity. We find that when α-amylase/ferromagnetic particle

hybrids, that is, ferromagnetic particles, on which α-amylase molecules are immobilized,

are subjected to an ac magnetic field, the particles generate heat and as a result, α-amylase

on the particles is heated up and activated. We next prepare a solution, in which α-amylase/

ferromagnetic particle hybrids and free, nonimmobilized chitinase are dispersed, and ana-

lyze their activities. We find that when the solution is subjected to an ac magnetic field, the

activity of α-amylase immobilized on the particles increases, whereas that of free chitinase

hardly changes; in other words, only α-amylase immobilized on the particles is selectively

activated due to heat generation from the particles.

Introduction
Enzymes are catalysts for chemical reactions in living organisms and are widely used in various
areas such as biology, medicine, food industry, agriculture and so on. It is known that when en-
zymes are immobilized on appropriate carriers, their activities are stabilized even under high
pH or high temperature conditions [1–6]. Magnetic particles are one of promising carriers for
enzymes since enzymes immobilized on magnetic particles can easily be separated from a reac-
tion solution using a magnet and they can be used repeatedly [7–13]. Such improvement in the
reusability of enzymes contributes to reducing the cost of many industrial enzymatic processes.
Another advantage of magnetic particles is that it is possible to control their motion and posi-
tion using an alternating magnetic field or a gradient magnetic field and several methods of
manipulating magnetic particles have been proposed in recent years [14–18]. The dynamics
control and positioning of enzymes immobilized on magnetic particles in micro total analysis
systems (μ-TAS) or micro reactors can be quite easily carried out using such manipulation
methods. Recently, the activities of α-amylase, lipase and chitinase immobilized on
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superparamagnetic particles were investigated and it was reported that the activities of these
enzymes on magnetic particles increased under relatively low frequency rotational magnetic
fields, which was attributed to the rotational motion of the enzyme/particle hybrids induced by
the external fields [19,20]. Ferromagnetic particles possess remanent magnetization and show
magnetic hysteresis in contrast to superparamagnetic particles, in which case magnetization is
induced only when the particles are subjected to an external magnetic field, and it is known
that ferromagnetic particles generate heat under a high frequency ac magnetic field caused by
magnetic hysteresis [21–23]. Skumiel et al. [24] investigated the heat generation of magnetic
particles, the size of which was ranging from 1 to 5 μm, and reported that eddy currents also
played a significant role in the heat generation of such micron-sized particles. If an enzyme is
immobilized on ferromagnetic particles and the enzyme/ferromagnetic particle hybrids are
subjected to a high frequency alternating magnetic field, the particles generate heat caused by
magnetic hysteresis and eddy currents, and as a result, the activity of the enzyme immobilized
on the particles may increase. Although the activities of enzymes immobilized in polymer
gels, which contained ferromagnetic particles, under an alternating magnetic field were investi-
gated [25,26], these studies mainly focused on the effect of deswelling-swelling of the gels in-
duced by heat generation from the ferromagnetic particles on the activity. Klyachko et al. [27]
investigated the effect of an ac magnetic field on the activities of enzymes immobilized on co-
polymer-magnetic nanoparticle aggregates. They reported that the activities of the enzymes
were reduced under an ac magnetic field, which was attributed to conformational changes in
the enzymes induced by realignment of magnetic nanoparticles rather than the heat generation
of the particles, and to our knowledge, the effect of heat dissipation from ferromagnetic parti-
cles subjected to an alternating magnetic field on the activity of an enzyme immobilized on the
particles has not yet been investigated in detail.

In this study, we immobilize α-amylase on ferromagnetic particles and investigate the en-
zyme reaction under a high frequency ac magnetic field. We show that when a high frequency
ac magnetic field is applied to the α-amylase/ferromagnetic particle hybrids, the activity of im-
mobilized α-amylase increases caused by heat generation from the particles. We estimate the
average surface temperature of ferromagnetic particles under an ac magnetic field comparing
the activity increase of α-amylase immobilized on particles under an ac magnetic field with the
temperature dependence of the activity of immobilized α-amylase in the absence of a magnetic
field. To make clear the effect of heat generation from ferromagnetic particles on free enzyme
around the particles, we prepare a solution, in which α-amylase/ferromagnetic particle hybrids
and free, nonimmobilized chitinase are dispersed, and analyze their activities. We show that
only α-amylase immobilized on the particles is selectively heated up and activated with no in-
fluence on the activity of free chitinase under an ac magnetic field.

Materials and Methods

Sample Preparation
α-amylase extracted from Bacillus licheniformis (E.C.3.2.1.1 type X2-A) and chitinase extracted
from Trichoderma viride (E.C.3.2.1.14) were purchased from Sigma-Ardrich. Ferromagnetic
particles used in this study (Spherical Ferromagnetic Iron Powder, Catalog No. 19844–1, Poly-
sciences Inc.) were composed of iron and the surface of the particles was not modified with any
molecules. We observed the particles using a scanning electron microscopy (SEM, JSM-7400F,
JEOL) and an optical microscopy (TE2000-U, Nikon Corp.). The typical SEM image of parti-
cles and the particle size distribution obtained from the optical microscope images of particles
are shown in Fig 1A. The average diameter of particles was estimated as 1.1 ± 0.5 μm. We mea-
sured the magnetic properties of the particles using a vibrating sample magnetometer (7407,
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LakeShore Cryotronics Inc.). The measured saturation magnetization was 1.64 MA/m. The
remanent magnetization and the coercivity, which were estimated from the hysteresis loop
obtained when the maximal intensity of the external magnetic field was set at 1.6 MA/m (see
Fig 1B), were, respectively, 0.03 MA/m and 2.30 kA/m. We immobilized α-amylase on the sur-
face of ferromagnetic particles as follows. First, 1 mg of ferromagnetic particles was added to
400 μL of α-amylase solution (19.8 μg/mL) and the mixture solution was left for 16 h at 4°C.
After collecting the ferromagnetic particles using a magnet, the supernatant was removed and
then the collected particles were redispersed into sterilized water. The above washing process
was repeated three times to remove α-amylase molecules remaining in the solution, after
which the volume fraction of the particles was set at 3.2 × 10−2% by adjusting the volume of a
solvent fluid (water) relative to the total volume of the particles calculated from the total mass
of the particles in the solution (1 mg). We measured the absorbance of 280 nm photons by the
supernatant removed in the above washing procedure using a spectrophotometer (DU730,
Beckman Coulter Inc.) and estimated the concentration of α-amylase in the supernatant from
the dependence of the absorbance of 280 nm photons by aqueous solution of α-amylase on the
concentration of α-amylase we measured. Note that the absorbance was proportional to the
concentration in the concentration range we analyzed (0.01–0.2 g/L). We estimated the total
number of α-amylase molecules contained in the supernatants removed in the washing proce-
dure, from which the average number of α-amylase molecules immobilized on each ferromag-
netic particle was calculated to be about 7.3 × 104. Here, it should be noted that as the washing
of the particles was repeated, the concentration of α-amylase in the removed supernatant esti-
mated from the absorbance measurement was decreased and in the third washing treatment,
the removed supernatant contained no detectable amount of α-amylase molecules, which
means that there was no or a negligible amount of free α-amylase molecules in the particle so-
lution after the washing procedure. We measured the magnetic properties of the α-amylase/fer-
romagnetic particle hybrids and confirmed that there was no significant difference in the
magnetic properties between the original ferromagnetic particles and the hybrids since the
ratio of the total mass of α-amylase immobilized on each particle to the mass of a particle was
very low (0.14%).

Fig 1. Ferromagnetic iron particles. (A) SEM image and size distribution of particles. The average diameter of particles is 1.1 ± 0.5 μm. (B) Hysteresis loop
of particles.

doi:10.1371/journal.pone.0127673.g001
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Starch solution [0.2% starch dissolved in 100 mM citrate buffer (pH 6.0)] and para-nitro-
phenyl-N-acetyl-β-D-glucosaminide (pNP-NAG) solution [2 μM pNP-NAG dissolved in
100 mM phosphate buffer (pH 7.0)] were used as substrate solutions for α-amylase and chiti-
nase respectively.

Experimental System and Procedure
We analyzed the effect of heat dissipation from ferromagnetic particles under an ac magnetic
field on the activity of α-amylase immobilized on the particles using an experimental system
shown in Fig 2. 40 μL of α-amylase/ferromagnetic particle hybrid-dispersed solution and
500 μL of starch solution were mixed in a test tube, which was placed in a cylindrical container
filled with circulating water, the temperature of which was regulated at 25°C, from a constant-
temperature bath (LTB-400, AS ONE CO.). Immediately after mixing the solutions, an ac mag-
netic field of 0.34 MHz was applied to the mixture solution using a coil and a radio frequency
(RF) power supply (LI8310, AMERITHERM Inc.). The amplitude of the ac magnetic field was
changed from 15 to 30 kA/m. The enzyme reaction was terminated by mixing 500 μL of HCl
(0.2 N) at 10 min after the application of the ac magnetic field and then the activity of α-amy-
lase immobilized on ferromagnetic particles was evaluated by starch-iodine color reaction. We
added 50 μL of an aqueous solution containing I2 (0.02%) and KI (0.2%) to the reaction solu-
tion and measured the absorbance of 700 nm photons, from which we calculated the activity of
α-amylase.

We also analyzed the dependence of the activity of α-amylase immobilized on ferromagnet-
ic particles in the absence of a magnetic field on the temperature using the same experimental
system. We estimated the average surface temperature of ferromagnetic particles, on which α-
amylase was immobilized, under the ac magnetic field comparing the activity increase of the
immobilized α-amylase under the ac magnetic field and the temperature dependence of the ac-
tivity in the absence of a magnetic field.

Fig 2. Schematic representation of an experimental system. A solution, in which α-amylase/
ferromagnetic particle hybrids are dispersed, and starch solution are mixed in a test tube, which is placed in a
cylindrical container filled with circulating water, the temperature of which is regulated at 25 °C, from a
constant-temperature bath. Immediately after mixing the solutions, an ac magnetic field generated by a coil
and an RF power supply is applied to the mixture solution. The enzyme reaction is carried out for 10 min and
the activity of α-amylase is estimated by starch-iodine color reaction.

doi:10.1371/journal.pone.0127673.g002
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We next mixed α-amylase/ferromagnetic particle hybrid-dispersed solution with chitinase
solution, where chitinase molecules did not attach to the ferromagnetic particles after the mix-
ing and therefore they freely dispersed in the mixture solution, and examined the effect of heat
generation from the particles under an ac magnetic field on the activities of both immobilized
α-amylase and free, nonimmobilized chitinase. 20 μL of α-amylase/ferromagnetic particle hy-
brid-dispersed solution, 100 μL of chitinase aqueous solution (0.1 mg/mL), the substrate solu-
tion for α-amylase (250 μL) and that for chitinase (250 μL) were mixed in a test tube and then
an ac magnetic field of 30 kA/m, the frequency of which was 0.34 MHz, was applied to the mix-
ture solution at 25°C in the same manner as the previous experiment. At 10 min after the appli-
cation of the ac magnetic field, 200 μL of the reaction solution was mixed with 200 μL of HCl
(0.2 N) to terminate the reactions and the activity of α-amylase was estimated. The other
200 μL of the reaction solution was also mixed with 200 μL of HCl (0.2 N) at the same time,
and it was used for analyzing the activity of chitinase. The activity of chitinase was evaluated
as follows. First, we added 200 μL of phosphate buffer (1 M, pH 7.0) to the reaction solution
to maintain the pH near neutral and then measured the adsorption of 405 nm photons by
para-nitrophenol produced by the enzyme reaction, from which the activity of chitinase was
calculated.

Results and Discussion
Ferromagnetic particles used in the present study were made of iron and their surface was not
modified with any molecules as we mentioned in the previous section. Therefore, we suppose
that α-amylase molecules were not bonded covalently to the particles but attached to the parti-
cles by electrostatic force, noting that the particles were negatively charged. Mizuki et al. [19]
immobilized α-amylase on superparamagnetic particles, the surface of which was not modified
with any molecules, via electrostatic force, noting that their particles are negatively charged
and some domains in α-amylase are positively charged according to their numerical analysis
(see Appendix S1 of [20]). In the present study, the particles we used were also negatively
charged as mentioned above and therefore it is supposed that α-amylase molecules attached to
the particles through their positively charged domains. To evaluate the effect of immobilization
on the activity of α-amylase, we compared the activities of immobilized and free, nonimmobi-
lized α-amylase in the absence of a magnetic field at 25°C. The activity of immobilized α-amy-
lase was slightly decreased to 85 ± 16% compared to that of nonimmobilized one. However,
according to the temperature dependence of the activity of immobilized α-amylase we mea-
sured (Fig 3), if we increase the temperature from 25°C to approximately 27°C, the activity of
immobilized α-amylase becomes higher than that of nonimmobilized one at 25°C, which can
easily be achieved by applying an ac magnetic field as we will show later. We next evaluated the
effect of an ac magnetic field on the activities of enzymes used in the present study, that is, α-
amylase and chitinase. Note that some enzymes are activated by applying a strong dc magnetic
field or high dc gradient magnetic field, which is caused by the orientation or accumulation of
the enzymes [28]. We estimated the activities of α-amylase and chitinase, which were not im-
mobilized on ferromagnetic particles, under an ac magnetic field of 0.34 MHz, the amplitude
of which was set at the maximal value in the present study (30 kA/m), and confirmed that
there was no appreciable effect of the ac magnetic field on the activities of the enzymes since
the amplitude of the ac magnetic field was so weak that no motion of enzyme molecules
was induced.

The dependence of the activity of α-amylase immobilized on ferromagnetic particles under the
ac magnetic field of 0.34 MHz on the amplitude of the field is shown in Fig 4A, where the activity
is normalized by that in the absence of a magnetic field. α-amylase immobilized on ferromagnetic
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particles was activated due to heat generation from the particles under the ac magnetic fields and
its activity increased with an increase in the amplitude of the ac magnetic field, which was caused
by an increase in the amount of heat generated by the particles. In the present experiment, al-
though the temperature of the reaction solution as a whole was kept at 25°C during the enzyme
reaction, the ferromagnetic particles were locally heated up by the ac magnetic field and as a result,
the enzyme on the particles was activated. In fact, no appreciable increase in the temperature of
the reaction solution was detected since the volume fraction of the heat-dissipating ferromagnetic
particles in the reaction solution was as small as 2.4 × 10–3%.

We estimated the average surface temperature of the ferromagnetic particles subjected to
the ac magnetic fields. In the fluid region surrounding a particle, the heat should be transferred
by conduction rather than convection since the characteristic length in the present case (i.e. the
diameter of a particle) is extremely short and therefore the Rayleigh number should also be
very small [29]. The relaxation time of heat conduction inside a particle and that in the fluid
surrounding a particle were, respectively, 13 ns and 2.1 μs, both of which were much shorter
than the reaction time in the present experiment (10 min). So we estimated the average surface
temperature of the ferromagnetic particles comparing the activity of α-amylase immobilized
on the particles under the ac magnetic fields (Fig 4A) and the temperature dependence of the
activity in the absence of a magnetic field (Fig 3), supposing that the surface temperature
reached its steady-state value immediately after the application of the field. The dependence of
the amount of rise in the surface temperature on the amplitude of the field is shown in Fig 4B.

We next calculated the amount of heat generated by a ferromagnetic particle from the sur-
face temperature estimated in the above. The volume fraction of the particles was very low in
the present experiment and thus we assumed that the particles were thermally isolated from
each other. Since the size of a ferromagnetic particle was as small as 1.1 μm and its thermal con-
ductivity was relatively high (80 W/m K [30]), the temperature inside a particle can be assumed
to be uniform, in which case the temporal evolution of the particles’ temperature, T, can be

Fig 3. Dependence of the activity of α-amylase immobilized on ferromagnetic particles on the
temperature. The ordinate axis represents the activity of α-amylase immobilized on ferromagnetic particles
in the absence of a magnetic field, which is normalized by that measured at 25°C. The inset shows the
detailed data between 25 and 41°C. The standard deviations are obtained from 3 independent experiments.

doi:10.1371/journal.pone.0127673.g003
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described as

dT
dt

¼ � Sp
rcpVp

qþ W
rcp

; ð1Þ

where t, ρ, cp, Sp, Vp, andW are, respectively, the time, the density, the specific heat, the surface
area, the volume, and the amount of heat generation of a particle per unit time per unit volume.
q is the average heat flux on the particles’ surface. We assumed that each ferromagnetic particle
is spherical and that q is given by

q ¼ lf
a
ðT � Tf Þ; ð2Þ

where, λf, Tf, and a are, respectively, the thermal conductivity and the temperature of the sur-
rounding fluid and the radius of a particle. The particles’ temperature as a function of the time
obtained from Eqs (1) and (2), and the initial condition (when t = 0, T coincides with the tem-
perature of the surrounding fluid, Tf) is

TðtÞ ¼ Tf þ
n
m
f1� expð�mtÞg; ð3Þ

where the coefficientsm and n are defined as follows

m � 3lf
rcpa2

; n � W
rcp

: ð4Þ

Note that Tf corresponds to the average temperature of the reaction solution (25°C) in the
present experiment. Using Eqs (3) and (4), and the steady-state particle’s surface temperature
estimated in the above, we calculated the amount of heat generation of a particle per unit time

Fig 4. Activation of α-amylase immobilized on ferromagnetic particles under a high frequency acmagnetic field. (A) Dependence of the activity of α-
amylase immobilized on the surface of ferromagnetic particles under an ac magnetic field of 0.34 MHz on the amplitude of the magnetic field. The ambient
temperature is 25°C. The ordinate axis represents the activity of α-amylase immobilized on ferromagnetic particles under an ac magnetic field, which is
normalized by that in the absence of a magnetic field. The standard deviations are obtained from 3 independent experiments. (B) Dependence of the surface
temperature increase and the amount of heat generation per unit time of a ferromagnetic particle under an ac magnetic field of 0.34 MHz on the amplitude of
the magnetic field. The surface temperature is estimated comparing the activity increase of α-amylase immobilized on ferromagnetic particles under the ac
magnetic fields [see (A)] and the temperature dependence of the activity in the absence of a magnetic field (see Fig 3). The heat generation of a particle is
calculated from the surface temperature and Eqs (3) and (4). The inset shows the plot of the heat generation versus the square of the amplitude.

doi:10.1371/journal.pone.0127673.g004
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under the ac magnetic fields, where the thermal conductivity of water (0.6 W/m K [30]), the
density of iron (7874 kg/m3 [31]) and the specific heat of iron (449 J/kg K [30]) were respec-
tively used for λf, ρ, and cp in Eq (4). The dependence of the heat generation on the amplitude
of the field is also shown in Fig 4B. The heat generation was approximately proportional to the
square of the amplitude (see the inset of Fig 4B). The specific absorption rate (SAR), which is
defined as the heat power released per gram of magnetic material [32], can be obtained by di-
viding the amount of heat generation of a particle per unit time by the mass of a particle in
grams. The SAR value calculated was ranging from 2.9 to 8.3 MW/g, which was much higher
than those of magnetic nanosized particles reported in [32–34]. However, Baraban et al. [35]
created magnetic Janus particles of 3 μm and the amount of heat generation of a particle per
unit time was estimated to be 6 μW, which gives a high SAR value similar to the present calcu-
lation results. Furthermore, recent studies have reported significant temperature increase of
magnetic particles subjected to ac magnetic fields, which also suggests high SAR values [36,37].

Finally, we prepared a solution, in which α-amylase/ferromagnetic particle hybrids and free,
nonimmobilized chitinase were dispersed, and analyzed the effect of heat generation from the
particles under an ac magnetic field on the activities of both immobilized α-amylase and non-
immobilized chitinase (see Fig 5A). Fig 5B shows the relative activities of α-amylase immobi-
lized on ferromagnetic particles and free chitinase under the ac magnetic field of 30 kA/m and
0.34 MHz, where the activity of each enzyme is normalized by that in the absence of a magnetic
field. Under the ac magnetic field, the activity of α-amylase immobilized on ferromagnetic par-
ticles increased to about 204%, whereas that of chitinase hardly changed, which means that
only α-amylase on the particles was selectively heated up and activated due to heat dissipation
from the particles. The steady-state temperature distribution around a spherical particle ob-
tained by solving the heat conduction equation is T(r) = a(Ts−Tf) / r + Tf, where r, a, Ts, and Tf

are, respectively, the distance from the center of a particle, the radius of a particle, the surface
temperature of a particle and the ambient temperature, which coincides with T(1). The
amount of rise in the average surface temperature of ferromagnetic particles subjected to the ac

Fig 5. Activities of α-amylase immobilized on ferromagnetic particles and free chitinase under an acmagnetic field. (A) Schematic representation of
the experiment. We prepare a solution, in which α-amylase/ferromagnetic particle hybrids and free, nonimmobilized chitinase are dispersed, and examine the
effect of heat generation from the particles under an ac magnetic field on the activities of both immobilized α-amylase and nonimmobilized chitinase. (B)
Activities of α-amylase immobilized on the surface of ferromagnetic particles and free chitinase under the ac magnetic field, the amplitude and frequency of
which are, respectively, 30 kA/m and 0.34 MHz. The activity of each enzyme shown in the graph is normalized by that in the absence of a magnetic field. The
standard deviations are obtained from 3 independent experiments.

doi:10.1371/journal.pone.0127673.g005
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magnetic field, the amplitude and frequency of which were, respectively, 30 kA/m and 0.34
MHz, was estimated to be 11°C from the previous experimental result. In the case of Ts−Tf =
11°C, the temperature increase, T(r)−Tf, is higher than 1°C when r< 6.0 μm, in which region
the activity of chitinase normalized by that at the ambient temperature (25°C) is ranging from
104 to 131% according to the temperature dependence of the activity we measured. However,
the volume fraction of such regions was as low as 1.3% and therefore, there was no appreciable
effect of heat generation from the particles on the activity of free chitinase under the present ex-
perimental conditions. This experimental result suggests that an enzyme immobilized on ferro-
magnetic particles can be activated by applying an ac magnetic field without any effect on the
other molecules around the particles if we appropriately choose the experimental parameters,
that is, the frequency, the amplitude and the application time of the ac magnetic field, and the
volume fraction of enzyme/ferromagnetic particle hybrids.

In summary, we immobilized an enzyme on the surface of ferromagnetic particles and suc-
cessfully activated the immobilized enzyme utilizing heat generation from the particles under
an ac magnetic field. In the present activation method, enzyme molecules are attached to heat
sources, that is, ferromagnetic particles, and therefore the enzymes may be heated and activated
rapidly under an ac magnetic field. Since a small region surrounding a ferromagnetic particle is
locally heated by an ac magnetic field, we can carry out enzyme reactions with a high reaction
rate even under low ambient temperature conditions, which minimizes undesirable chemical
reactions that can occur at high temperatures. The above features are clearly useful for enzyme
reactions, which need to be carried out at lower temperatures compared to the optimal temper-
atures of enzymes for several reasons [38–43]. For instance, some enzyme reactions utilized in
food industry are carried out at low temperature to prevent modification of their heat-sensitive
substrates and products [39–42]. DNA ligation is also usually carried out at low temperature
compared to the optimal temperature of DNA ligase to allow the ends of DNA fragments to be
associated with each other efficiently [43]. If we use enzyme/ferromagnetic particle hybrids,
such enzyme reactions under low temperature conditions can be encouraged by applying an ac
magnetic field. Furthermore, since magnetic particles can be manipulated using an external
magnetic field [14–18], the manipulation and reaction control of enzymes in micro total analy-
sis systems (μ-TASs) can be carried out utilizing enzyme/ferromagnetic particle hybrids. So we
are convinced that our activation method may also make a great contribution to both bio-nano
science and technology. We will be investigating the effect of the experimental parameters, that
is, the frequency, the amplitude and the application time of the ac magnetic field, and the vol-
ume fraction of enzyme/ferromagnetic particle hybrids, on the enzymes’ activity in detail. We
will also be investigating the effect of heat generation from ferromagnetic particles under an ac
magnetic field on the activities of other types of enzymes such as DNA ligase, DNA polymer-
ase, invertase and so on.
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