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The protein ferritin has a natural ferrihydrite nanoparticle that is superparamagnetic at room
temperature. For native horse spleen ferritin, we measure the low field magnetic susceptibility of the
nanoparticle as 2.2� 10�6 m3 kg�1 and its Néel relaxation time at about 10�10 s. Superparamagnetic
nanoparticles increase their internal energy when exposed to radio frequency magnetic fields due to the
lag between magnetization and applied field. The energy is dissipated to the surrounding peptidic cage,
altering the molecular dynamics and functioning of the protein. This leads to an increased population
of low energy vibrational states under a magnetic field of 30mT at 1 MHz, as measured via Raman
spectroscopy. After 2 h of exposure, the proteins have a reduced iron intake rate of about 20%. Our
results open a new path for the study of non-thermal bioeffects of radio frequency magnetic fields at the
molecular scale. Bioelectromagnetics 31:311–317, 2010. � 2010 Wiley-Liss, Inc.
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INTRODUCTION

When considering the effects of magnetic fields in
biomolecules, ferritins, the iron cage proteins, are ideal
candidates. This is because ferritins have the largest net
magnetic moment of any protein and they are essential
to life, being present in almost all living organisms from
bacteria to mammals [Harrison and Arosio, 1996]. The
protein is a roughly spherical peptidic cage formed by
24 subunits of some 180 peptides each, arranged in a 4-
3-2 symmetry with an inner ferrihydrite nanoparticle of
up to 4500 iron ions and an inner radius of 4 nm.
Céspedes and Ueno [2009] showed the effects of radio
frequency (RF) magnetic fields on protein aggregation
and iron release from ferritin, with iron chelation rates
of up to a factor 3, which is smaller in proteins exposed
to a field of 30 mTat 1 MHz. Therefore, we hypothesized
that a novel mechanism of interaction between RF
magnetic fields and biomolecules was responsible for
these changes. In this mechanism, the ferrihydrite
nanoparticles dissipate power under an RF field and,
within a few hours after exposure, the released energy
affects the protein functioning. Although the mecha-

nism is based on power dissipation from the nano-
particle, here we will show that the power loss is small
and has no macroscopic (thermal) effect due to the
small protein concentrations, which is of the order
of mM in our study and nM in the organism.
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The power loss of a superparamagnetic nano-
particle in an alternating magnetic field depends on
the frequency and amplitude of the field, and on the
magnetic susceptibility and relaxation time of the
nanoparticle [Hergt et al., 1998; Rosensweig, 2002]. In
this article we also measure the magnetic properties of
the ferritin samples, which we have used for our study,
and give an estimate for their dissipated power. This
power is far from the values required to denaturalize or
alter the structure of the protein, but here we show that it
can promote higher dynamical states, that is, low energy
vibrations, in the protein. Further evidence for protein
alterations and the role of the inner nanoparticle is given
here, comparing iron uptake rates after the field is
removed in control and exposed proteins with and
without an inner ferrihydrite nanoparticle.

MATERIALS AND METHODS

Materials

Apoferritin and ferritin from horse spleen were
purchased from Sigma–Aldrich (St. Louis, MO) and
Fluka Chemical (Milwaukee, WI) as aqueous solutions
with concentrations from 50 to 150 mg ml�1 in 0.15 M
NaCl and kept at 4 8C until experiment. Ammonium
iron sulfate six-hydrate (Mohr’s salt) with spectro-
scopic purity �99% was purchased from Sigma–
Aldrich.

Magnetic Field Generation

The RF magnetic fields were generated via a TG
and C AG1006 RF power source connected to a set of
standard magnetic field Helmholtz coils MH-2.5 from
Lake Shore (Westerville, OH). The two sets of coils are
9 cm in diameter and 1 cm in height spaced by 5 cm;
they have a resistance of 3O and an inductance of
6.3 mH. They were calibrated by the supplier, and
corroborated by us using a Hall effect gaussmeter and a
reference probe (Lake Shore), to produce 2.88 mTA�1,
with a deviation of less than 2% at the sample space
(sample positioned at the center between the coils with
maximum sample size of 1 cm radius and 2 cm height).
Figure 1A shows a scaled schematic of the Helmholtz
coils with the sample and Figure 1B, the field
distribution at and around the sample space. A
schematic of the setup can be found in a previous
article [Céspedes and Ueno, 2009]. As we will see later,
this variation in magnetic field is not expected to
significantly modify the effect. The RF magnetic fields
generated by our power supply are calculated from the
electrical current/voltage measurements and vary
linearly from a maximum of 600 mT at 50 kHz to
15mT at 2 MHz, with most measurements (Figs. 4, 5,

and 6B and C) being performed at 1 MHz and a
maximum field of 30 mT. The voltage across the coils is
measured with an oscilloscope MS-5100A from Iwatsu
Electric (Tokyo, Japan). The maximum voltage across
the coils is 300–400 V, so that the maximum current
varies between 5 mA (2 MHz) and 200 mA (50 kHz),
with a maximum of 10 mA at the standard frequency of
1 MHz. The applied power is 70 W, but the reflected
power increases up to 69 W at the highest frequencies.
The coils have a cross section of 1 mm and are made of
copper. They remain at room temperature without a
cooling system. The fields are smaller at higher
frequencies because the coils have higher impedance
while the applied RF power is constant. The field
magnitude was chosen to be high enough to generate an
effect but well below the heating limit, over which the
temperature would increase. The period of the magnetic
field at those frequencies is below the lifetime of the
radicals involved in Fenton reaction (several ms)
[Cheeseman and Slater, 1993], but above the
relaxation time of the ferrihydrite nanoparticle (ps–
ns), which should give an invariant effect for constant

Fig. 1. A: Scaled schematic of the Helmholtz coils and the sample
space (yellow). B: Magnetic field generated by the coils. Volume
occupiedby thesampleisindicatedby theyellowsquare.Fielduni-
formity inside that space is better than 2%.C: Comparison of the
variation in temperature for 3.5 mM ferritin samples in control
(no field) and exposed (1MHz, 30 mT) conditions. The field is
appliedfrom0 h (seconddatapoint) to7 h. [Thecolor figurefor this
article isavailableonlineat www.interscience.wiley.com.]
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frequency-field product. Most of the experiments were
not performed blind. In those measurements where the
experimenters did not know which sample was exposed,
the results were the same.

The electric field (E) in the ferritin solution is
measured with the oscilloscope connected to electrodes
dipped in the ferritin solution and spaced by 1 cm. It
varies from 0.1 V m�1 (250 kHz) to 0.4 V m�1 (2 MHz).
This variation may be due to changes in coil impedance
and reflected power. Solution conductivity s is of order
10�3 S m�1. The resultant specific absorption rate
(SAR) is calculated as (s/r)E2, where s is the medium
density [Chou et al., 1996; Caorsi et al., 1999], and
varies roughly from 10�8 to 10�7 W kg�1. No heating
effect is expected. The control and exposed samples’
temperature is equal and within our 0.1 8C limit of
detection (see Fig. 1C for temperature measurements
during the field exposure). During the exposure, control
and exposed samples are kept on the same table at the
same time (at about 1 m distance). The coils are not
placed around the sample but are above and below.
Background radiation (50 Hz–10 MHz) is measured to
be the same inside and outside the coils.

Titration Measurements

Optical absorption measurements were carried
out in a SpectraMax M5-NS from Molecular Devices
(Tokyo, Japan) with 1 nm and 10�4 wavelength and
optical density (OD) resolution, respectively. When
ferritin intakes iron, there is an increase in the optical
absorption of the solution. The intake can be followed at
310 or 420 nm, with OD changes (molar absorption
coefficient) of 2745 and 550 mol�1 of absorbed iron
and cm of solution, respectively. For a typical measure-
ment (solution optical path of 0.5 cm; ferritin concen-
tration 3.5 mM), this implies an increase of OD of
5� 10�3 (10�3) at 310 nm (420 nm) when all ferritin
molecules incorporate one iron ion. The magnetic field
effect is defined as the percent difference in OD for
control and exposed samples 1 h after adding the iron
salt. After exposure, we take 14–20 samples (half
control and half exposed) of 150–250 ml and distribute
them in the wells of a microplate for the titration
measurement. Each data point is the averaged value and
the error bars are the standard error of the mean. The use
of buffers is avoided so as not to increase the solution
conductivity and the subsequent heating effects during
magnetic field exposure, and to limit the variables. The
temperature of the samples, measured during and after
the field exposure and during the titration measure-
ments, is equal for control and exposed samples (within
0.1 8C). Measurements are done after (not during) field
exposure.

Measurements of Magnetization and
Susceptibility

Magnetization measurements are taken from
liquid-frozen samples with a superconducting quantum
interference device (SQUID) magnetometer MPMS-
XL (5 T) from Quantum Design (San Diego, CA) with a
best theoretical sensitivity of 10�8 emu. AC suscepti-
bility measurements were obtained with a MPMS-XL
(1 T) SQUID magnetometer from the same company.
AC field was set to 0.5 mTand DC field to zero (a 10 mT
field was used to center the sample at 100 K). High
frequency measurements (100 Hz, 1 kHz) were
smoothed over 2 K.

Raman Measurements

Coherent Stokes and anti-Stokes measurements
are obtained with a Horiba-Jobin Yvon T64000 Raman
spectrometer (Edison, NJ) operating a He–Ne laser
(632.8 nm). The samples had a concentration of 30–
50 mg ml�1. There is a strong fluorescence in the
Raman signal, partially hiding the protein and iron
oxide peaks. Magnetic field is applied simultaneously
to the spectra recording with the power supply on the
floor at 2-m distance to avoid vibrations. Measurements
are collected before and after exposure, and at different
magnetic fields. The Raman signal without a sample is
the same for fields ON or OFF, and in any case, no
interaction between the RF fields and the spectrometer
could be expected for the following reasons:

(i) Raman scattering takes place at frequencies of or
above 50 GHz, whereas the RF fields generated
by the coils are of order 2 MHz or below (4 orders
of magnitude in energy).

(ii) The fields do not generate any change in temper-
ature at either the sample chamber or at the
mechanical and optical components.

(iii) The photodetector, which is immersed in a liquid
nitrogen dewar, is at 1 m distance from the coils
and is not exposed to any measurable RF field.

(iv) If the RF fields could modify the Raman signal
by inducing mechanical changes in the instru-
ment, this would only lead to a change in the
signal intensity, not to a modified Raman
spectrum.

(v) The laser is the only element that penetrates
into the coils. The RF field cannot produce a
Raman signal since Raman scattering requires
the promotion of a particle to a different
energy level with a vibration of its electrical
polarizability.
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The error bars in Figure 4A and B are calculated
from the averaged measurements of high field and zero
field measurements before and after the field is applied.
Although intensity filters were used to reduce the laser
intensity and avoid sample heating, samples were left
for three hours exposed to the laser for thermalization
before the measurement. Temperature in the chamber
was constant during the experiment. We observed
that the Raman fluorescence decreased with increasing
temperature, therefore, the measured effect (increased
Raman intensity) could not be due to a temperature
increase.

MAGNETIC MEASUREMENTS AND
POWER LOSS

The power loss of a superparamagnetic nano-
particle in a magnetic field is [Rosensweig, 2002]:

P ¼ pm0w0H2
0 f

2pf t

1 þ ð2pf tÞ2
ð1Þ

where m0 is the vacuum magnetic permeability, w0

the DC magnetic susceptibility, H0 the applied field,
f its frequency, and t the characteristic time of the
nanoparticle. This characteristic time depends on the
mechanism of relaxation of the nanoparticle and is
expressed as (t)�1¼ (tN)�1þ (tB)�1, with tN and tB

the Néel and Brownian relaxation times, respectively.
The magnetic susceptibility w0 at room temperature and
low fields is of order 2.2� 10�6 m3 kg�1 (Fig. 2, top)
with a DC blocking temperature of 14 8C (inset of
Fig. 2, top). The Néel relaxation time tN can be
expressed as: tN ¼ t0 expðKV=kBTÞ, with t0 the
characteristic attempt time, K the magnetic anisotropic
energy, V the particle volume, kB the Boltzmann
constant, and T the temperature. t0 and K can be found
from the AC magnetic susceptibility measurements
using the Néel–Arrhenius relation, which in our case
can be expressed as: TB ¼ K=kB lnðf=f0Þ, with TB the
blocking temperature (maxima in Fig. 2, bottom), f0
the attempt frequency (1/t0), and f the frequency of the
applied magnetic field [Allen et al., 2000; Gilles et al.,
2000]. By plotting ln(f) versus 1/TB (inset of Fig. 2,
bottom), K/kB is the slope and ln(f0) the crossing with
the abscise. In our samples we obtain t0� 3� 10�11 s
and K� 370 K, which gives tN� 10�10 s. Since
tB¼ 3ZVH/kBT, with Z the medium viscosity
(�1 mPa s�1) and VH the hydrodynamic particle
volume (�10�25–10�24 m3), we have tB� 10�7–
10�8 s tN¼> tNffi t. The magnetic fields used in our
experiments have a oB product of about 190 T s�1,
where o¼ 2pf is the angular frequency and B the
magnetic induction. They are operated at frequencies

below 10 MHz (period of magnetic field tN), which
gives a constant power of about 5–10mW kg�1.
However, the magnetic susceptibility of the sample at
30mT may be larger than the one we measure at 10 mT,
and the uncertainty in the characteristic attempt time of
the nanoparticle may also lead to lower Néel times by up
to one order of magnitude.

We must emphasize that this is the power
dissipated by the nanoparticle inside ferritin due to
the magnetization lag and not the power absorbed by the
medium or the protein. The power density is several
orders of magnitude below the power usually generated
in hyperthermia experiments with magnetite, and it is
equivalent to the power dissipated by a nanoparticle
with a magnetic moment of 630mB [Hergt et al., 1998].
This value is in agreement with previous estimates for

Fig. 2. Magnetic properties of horse spleen ferritin.Top:Magnet-
ization (M) curve at room temperature. Inset: Field-cooled (FC)
andzero-field-cooled (ZFC) susceptibilityat10mTversustemper-
ature.The samples are superparamagnetic at room temperature,
with a low field susceptibility of order 2.2�10�6 m3 kg�1.Bottom:
ACmeasurements (0.5 mT)ofthereal (w0) andimaginary (w00) com-
ponent of the susceptibility give amagnetic anisotropic energy of
370�10 Kwith a characteristic attempt time of �6 ps. Inset: The
calculated Ne¤ el time tN is 0.13 ns. [The color figure for this article
isavailableonlineat www.interscience.wiley.com.]
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the low-coercivity magnetic moment of the ferritin
nanoparticle [Gilles et al., 2000; Brem et al., 2006].

RESULTS AND DISCUSSION

The power loss is very small when compared with
the subunit or intermolecular cohesion energies of order
300 and 8 kJ M�1, respectively [Stefanini et al., 1996;
Yau et al., 2000]. Therefore, the magnetic fields used in
our experiment will not be sufficient to modify the
structure of the proteic cage. However, the dissipated
energy may be enough to increment the population of
low energy vibrational states (schematic in Fig. 3). It
has been shown that, given spatio-temporal symmetry,
this increase results in a growth or broadening in the
anti-Stokes region of the Raman spectrum associated
with the excited state [Li et al., 1992].

We observe such an asymmetric increase in the
low energy region of the anti-Stokes spectrum meas-
ured during the application of a magnetic field (1 MHz
and 30mT). The change is up to 13% of the initial
spectrum at low frequencies (Fig. 4A). On the other
hand, the Stokes spectrum shows a smaller and less
defined growth at frequencies below 80 cm�1 (Fig. 4B).
The change in the anti-Stokes intensity is roughly linear
with the magnetic field amplitude (Fig. 4C). For a rough
calculation of the energy absorbed by the proteic cage,
the low frequency anti-Stokes Raman spectrum appears
displaced by about 0.6 cm�1, compared to about
0.03 cm�1 for the Stokes spectrum. This is equivalent
to an energy E¼ hn� 6� 1023& 7 J M�1. Our esti-
mate for the dissipated power would be of order 1–
2 J M�1 for a 10-min exposure (Raman measure-

ment time). The disagreement may be due to an
underestimation of the relaxation time, which could
lead to larger power loss.

The vibrational frequencies with increased pop-
ulation are characteristic of breathing or backbone
vibration modes involving many atoms. Although they
correspond to the low frequency modes in molecular
dynamics, they are still about six orders of magnitude
faster than the applied fields, that is, 0.1–1 THz
vibrations compared with 0.1–1 MHz fields. The
temperature during the experiment remains constant
and the Raman intensity goes back to its original value
once the field is removed.

As the exposure time is increased, the energy
dispersed through vibrations and/or Brownian motion
can lead to changes in protein function that remain once
the field is removed. The next step is to probe whether
these changes are sufficient to alter the normal protein
functioning. The biological roles of ferritin are the
oxidation and storage of harmful Fe2þ that will later be
released via iron chelators and/or reducing agents. In
this article we study the effects of RF magnetic field on
this function. When iron ions added to a ferritin solution

Fig. 3. Schematic for the suggested effect with the time scales
involved.When ferritin is exposed to an alternatingmagnetic field
of period tMF, themagnetization of the superparamagnetic nano-
particle relaxes with a characteristic Ne¤ el time (tN¯el).The power
dissipated by the nanoparticle due to themagnetization lag leads
to molecular vibrationswith a period tVibration or is dissipated via
Brownian motion. [The color figure for this article is available
onlineat www.interscience.wiley.com.]

Fig. 4. Molecular dynamics measurements via Raman spectro-
scopy. The main graphs show the subtracted intensities
(exposed-control) plotted as a percent of the initial spectrum. A:
Variation in the anti-Stokes Raman spectra during RF magnetic
fieldsof1MHzand 25^30 mT. Inset: anti-Stokes Ramanspectrum
(control).B: Variation in the Stokes spectrum.The effect is smaller
andbroader. Inset:Stokes Ramanspectra (control).C:Variationof
the low-frequency change in anti-Stokes intensity (DASI) with the
appliedmagnetic field. [The color figure for thisarticle isavailable
onlineatwww.interscience.wiley.com.]
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are uptaken by the protein, there is an increase in the
optical absorption of the solution. The changes in OD at
310 and 420 nm have been calibrated as 2745 and
550 mol�1 of absorbed iron and cm of solution,
respectively [Macara et al., 1973]. We will define
the effect of the magnetic field on iron uptake
as: DFeuptake¼ (DODcontrol�DODexposed)/DODcontrol,
with DODcontrol/exposed the change in OD at 310 or
420 nm for control/exposed samples 1 h after adding the
iron ions (Mohr’s salt) to the ferritin/apoferritin
solution. We will show that the abilities of ferritin to
oxidize and store iron are reduced after being exposed
to RF magnetic field, that is, DFeuptake> 0. The change
is a function of the molecular concentrations,
exposure time and oB product. During the field
exposure and iron uptake measurement, the temper-
ature of the exposed ferritin solution is equal at all times
to the control sample (within our limit of detection of
0.1 8C).

The iron absorbed in 3.5mM ferritin solutions
exposed to field of 30mT (H¼ 30 A m�1) at 1 MHz for
5 h (total energy released �35 J M�1), is 20� 10%
smaller than for control samples for added iron
concentrations between 0.25 and 1 mM. However, for
the same conditions in apoferritin (protein without inner
ferrihydrite nanoparticle), the effect drops to 1� 4%
(Fig. 5). The P-value for the combined iron concen-
trations is <0.05 for 1 mM ferritin, <0.005 for 3.5mM
ferritin, and >0.5 for 3.5mM apoferritin. For low and
medium iron concentration (250 and 500 mM) the effect
has a significance of P< 0.05, whereas for high iron

concentration it has no significance. Therefore, the
effect depends on the relative ferritin–iron concen-
trations and is statistically nil on apoferritin, reinforcing
our hypothesis that the mechanism of interaction is
mediated by the nanoparticle, since there is no effect in
proteins without ferrihydrite.

The effect remains roughly the same if the product
oH is constant, even over large frequency ranges that
imply changes in the magnetic field of order 20
(Fig. 6A). In agreement with our hypothesis of a mech-
anism governed by Equation (1), this proves that the
effect is DFe/oB when the frequencies are such that
o�1 tN. At a constant frequency, the effect depends
on the magnetic field, and only at the highest field is the
effect statistically significant with P< 0.05 (Fig. 6B).

The higher dependence on B compared with iron
release experiments (which are dependent on HB, that
is, 4HP given the relation P/B2 at constant o
[Céspedes and Ueno, 2009]), may be due to the rapid
decrease of the effect after the iron salt is added, from an
initial 50% to 17% after 1 h (averaged over our range of
frequencies, Fig. 6C). For iron release, the decrease
over 1 h is smaller, from 55% to 42%. The rapid
decrease of the effect in iron uptake results in a
comparatively (with iron release measurements)
smaller effect after 1 h at high field-frequency products,
and a non-significant effect at field-frequency products

Fig. 5. Changes in ironuptake inducedby the exposure to amag-
netic field: DFe uptake¼ ((Fe uptake in control samples� Fe
uptake in exposed samples)/Fe uptake in control samples).Expo-
sure to a field of1MHzand 30 mT during 5 hwith different iron and
ferritin concentrations leads to a significantly reduced ironuptake
inproteinswitha ferrihydratenanoparticle:1 mM ferritin (P< 0.05),
3.5 mM ferritin (P< 0.005), and 3.5 mMapoferritin (P> 0.5).N is the
number of measurements (half control). [The color figure for this
article isavailableonlineatwww.interscience.wiley.com.]

Fig. 6. Effects of an RF field on samples with concentrations of
3.5 mMof ferritin and 500 mMFe(II) exposed for 2 h.A: Variation of
the effect with the frequency while maintaining the oB product
constant at 190 Ts�1. The line is a fit to a constant value of 17%.
NumberofmeasurementsN¼ 64, total significance forall the fre-
quenciesP< 0.005.Thestatisticsarebetter in the 500 kHz^1MHz
range, with P< 0.05 at those data points. B: Dependence of the
effectwiththemagnetic fieldataconstant frequencyof1MHz.Only
at high fieldsis the effect significant (P< 0.05).C:MaximumDFe is
reachedjust after theadditionof Fe(II) anddecreaseswith time for
all frequenciesbyalmosta factor 3. [Thecolor figure for thisarticle
isavailableonlineat www.interscience.wiley.com.]
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below 190 T s�1. The larger difference in the early
stages of the experiment may be due to a loss power
effect over the proteic region responsible for the early
formation of the diferric peroxo complexes [Theil et al.,
2000], rather than an effect over the incorporation of the
iron ions to the nanoparticle.

By using Equation (1) we can also calculate the
change in the power dissipated by the nanoparticle as a
function of the frequency of the magnetic field (Fig. 7,
calculation for horse and human spleen ferritin). From
this calculation, it is easy to see that the energy loss by
the nanoparticle inside ferritin is unlikely to lead to a
thermal effect at the concentrations usually found in the
body, even at relatively large magnetic fields and
frequencies. This calculation is, nevertheless, inde-
pendent of the effects that the loss power may have on
the proteic cage itself or on whether our suggested
mechanism is indeed the correct explanation for the
observed effects.

CONCLUSIONS

We have shown that exposure to an RF magnetic
field affects the ability of native ferritin to uptake iron.
However, in ferritin without inner superparamagnetic
nanoparticle, the RF magnetic field has no effect.
Previously we had shown the effects of an RF field on
iron release from native ferritin [Céspedes and Ueno,
2009]. We attribute these effects to the energy released
by the inner superparamagnetic nanoparticle due to the
magnetization lag [Rosensweig, 2002]. This dissipated
energy is calculated as 5–10mW kg�1 for the field used
in our experiment. If our hypothesis is correct, the effect

of the RF magnetic field on ferritin will depend not only
on the applied field but also on the magnetic properties
of the ferrihydrite nanoparticle inside ferritin. Proteins
from different animal species, individuals and organs
have different magnetic properties [Allen et al., 2000].
In particular, although the susceptibility will be roughly
proportional to the amount of iron in the body, the
relaxation times and frequency dependence of power
dissipation will vary greatly with the type of ferritin.
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Hergt R, Andrä W, d’Ambly CG, Hilger I, Kaiser WA, Richter U,
Schmidt HG. 1998. Physical limits of hyperthermia using
magnetite fine particles. IEEE Trans Magn 34:3745–3754.

Li P, Sage JT, Champion PM. 1992. Probing picosecond processes
with nanosecond lasers - electronic and vibrational -
relaxation dynamics of heme-proteins. J Chem Phys 97:
3214–3227.

Macara IG, Hoy TG, Harrison PM. 1973. The formation of ferritin
from apoferritin. Catalytic action of apoferritin. Biochem J
135:343–348.

Rosensweig RE. 2002. Heating magnetic fluid with alternating
magnetic field. J Magn Magn Mat 252:370–374.

Stefanini S, Cavallo S, Wang CQ, Tataseo P, Vecchini P, Giartosio A,
Chiancone E. 1996. Thermal stability of horse spleen
apoferritin and human recombinant H apoferritin. Arch
Biochem Biophys 325:58–64.

Theil EC, Takagi H, Small GW, He L, Tipton AR, Danger D. 2000.
The ferritin iron entry and exit problem. Inorg Chim Acta
297:242–251.

Yau ST, Petsev DN, Thomas BR, Vekilov PG. 2000. Molecular-level
thermodynamic and kinetic parameters for the self-assembly
of apoferritin molecules into crystals. J Mol Biol 303:667–
678.

Fig. 7. Estimates for powerdissipation based on Equation (1).The
measuredmagneticpropertiesofhorsespleenferritinandtheval-
ues for susceptibility and relaxation time for human thalassemic
spleen ferritin [Allen 2000]. [The color figure for this article is
availableonlineatwww.interscience.wiley.com.]

Radio Frequency Magnetic Field Effects 317

Bioelectromagnetics


