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ABSTRACT

Magnetosomes extracted from Magnetospirillumgryphiswaldense bacteria were suspended in a water-based solution
and their ferromagnetic resonance effect have been traced by experimental means. A set-up providing incident electric
field strengths of 1100-1200 V/m was used to expose the non-magnetic and magnetic liquid samples to continuous wave
at four frequencies in the range (2.40-2.55) GHz. The magnetic sample with a weight concentration of 10° g/l of
magnetite showed a clear resonance at high power exposure, when exposed in the microwave oven for 10 seconds. In
the laboratory controlled field exposure but at much lower field strength, only the 2.55 GHz frequency stimulus induced
a small resonance. After 15 minutes of exposure, theslope of the heating rateof magnetosome solution was 2.4 times
larger than that of the similar but non-magnetic liquid.
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INTRODUCTION

Magnetosomes are naturally synthesized magnetite (Fe;O4) nanoparticles enveloped in a biological membrane and
chained in a form of flattened helical chains inside magnetotactic bacteria cells. Their main role is to sustain magnetic
field orientation during movement of bacteria. However, a number of very interesting applications exist based on the
fact that such high purity magnetite nanoparticles may be used in various applications of medicine and biotechnology
[1]. One of the applications is magnetic hyperthermia, which classically use intense electromagnetic fields (EMF) at
low frequency range, (50-450) kHz, to heat up magnetite nanoparticles. When injected in specific locations of tissues,
such nanoparticles may destroy, by heating, for example cancer cells, when the target volume is exposed to EMF. The
magnetic hyperthermia at low frequencies is well represented in the literature by numerous and continuous findings [2],
[3]. However, magnetic hyperthermia at ultra-high frequencies has been much less explored, mainly because the costs
of producing intense EMF at such frequencies is very expensive and because the penetration depth in tissues, at higher
frequencies, decreases very much. With the development of wireless communication technologies, even if the emitted
powers are not large for such devices, a question may raise about the contribution to the total heating of tissues, due to
the presence of magnetite nanoparticles in some body parts/tissues and exposure of those parts to very/ultra-high
frequency fields emitted by telecommunication sources [4-5].

A major contribution to the knowledge of the response of magnetic nanoparticle fluids to ultra-high frequency fields
exposure, including microwaves, has been brought by the research group of Fannin [6-9], which showed that different
resonances of EMF absorption are observable in the 1-3 GHz range at different type and dimensions of magnetic
nanoparticles, including peculiarities such as geometric and magnetic anisotropy. The phenomenon behind resonant
behaviour is the ferromagnetic resonance (FMR), which practically quantify the coupling between the EMF and the
magnetization of the traversed medium[10-13]. This coupling phenomena induces the loss of the incident’s wave power
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while the absorbtion is due to the precessingof the magnetization vector of the material (Larmor precession). The lost
materializes into dissipated heat. The coupling occurs when the frequency f of the incident wave equals the Larmor
frequency of the substance and when the polarization of the wave matches the orientation of the magnetization vector of
the material.
In 1998, experimental measurements of the resonant properties of magnetic fluids in the low-GHz frequency range
proved that the complex magnetic permeability/complex susceptibility of ferrofluids, including the ones based on Fe;0,
nanoparticles, were frequency dependent [6]. The resonant frequency and the real part of the susceptibility varied with
the magnetic nanoparticles’ concentration and with their magnetic anisotropy, while the imaginary susceptibility
presented peaks at specific frequencies. Therefore, heating peaks are expected for liquid suspensions containing
magnetite nanoparticles which were not much explored in this frequency range [14-16]. The metrics of the magnetic
hyperthermia refers in the literature at either the specific power loss(SPL) or the specific absorption rate (SAR) of
energy dissipation, both expressed in W/kg. There is an immediate relationship between this measure and the
temperature increase, AT:

SPL = ¢ = AT Q)
where c is the specific heat of the EMF exposed material.
In the last years, biogenic magnetite nanoparticles present in magnetosomes became a great competitor of their
chemically synthesized counterparts, due to their perfect crystallization, larger sizes, and/or chain arrangement,
especially in hyperthermia applications [3] where an increased efficiency of hyperthermia was revealed due to the
presence of chain-arrangement of magnetosomesas compared to the case when they were individually dispersed in the
sample, as it happens with all synthetic magnetic nanoparticles [17-20].
Some previous studies of ours indicated that certain small resonances of different liquid suspensions of
magnetosomesexist in the low-GHz frequency range [21-22], therefore the present empirical approach aimed at
checking the amplitude of the FMR response of a water-based suspension of magnetosomes extracted from
Magnetospirillumgryphiswaldense bacteria, noted hereafter as MAG, when exposed to microwaves (MW) in the
frequency range between (2.40 — 2.55) GHz at incident electric (E) field strengths of the order of 1100-1200 V/m.

DESIGN, MATERIAL, PROCEDURE, TECHNIQUE OR METHODS
The MAG sample was prepared and then characterized by transmission electron microscopy. Magnetospirillum
gryphiswaldense (DSM-6361)magnetotacticbacteria were grown under microaerobic conditions in a flask standard
medium in the laboratory. After reaching the stationary growth phase, the cells were harvested by centrifugationand
followed a chemo-physical extraction method of magnetosome chains, as described in [21] and [22]. A field-emission-
gun scanning transmission electron microscope (STEM), 80-200 kV, with secondary electron imaging capability,
model Hitachi HD2700, allowed imaging of the sample (Fig. 1). It revealed the presence of some of the bacteria cells
(partially destroyed) and of the inner magnetosome chains. Post-processing, the dimensional histogram of magnetite
nanocrystals in the magentosomesindicated that magnetite nanoparticles had the dimensions of (39.93+£9.23) nm with
the median value of 40.73 nm. Fig. 1 contains an enlarged image of a chain to clearly observe not only the black
crystals of Fe;O,4 but also the membranes enveloping each nanoparticle to form the magnetosome and then the whole
chains (sustained by a cytoskeleton). The MAG sample contained also water as re-suspension medium, so that the
magnetite concentration by weight in the liquid (bacteria cells+water) was measured to be 10° g/I. In the experiments, a
volume of 0.6 ml of MAG and the same volume of deionized water (noted hereafter WAT), were the samples used for
comparison of the temperature increase differences due to EMF exposure. Fig. 1 shows also a larger volume of MAG
sample prepared for the experiments (repeated).
The EMF exposure set-up (Fig. 2) was composed of a radiofrequency signal generator model SM 300 from Rohde &
Schwarz, a radiofrequency amplifier up to 13 W model Ophir 5050, a horn antenna BBHA 9120A from Schwarzbeck, a
fiber optic temperature sensor with instrument model Optocon OEM from Weidmann and an isotropic E-field probe
model EM Sense 10 connected with a fiber optic cable to the to the EM Center, from ETS Lindgren. The interest
frequencies at which the samples were exposed were: 2.4 GHz, 2.45 GHz, 2.5 GHz and 2.55 GHz. The maximum
power delivered to the antenna was 13 W, but tacking into account its directional gain and its total efficiency, which
were dependent on the frequency, slightly different E-field strengths were obtained in the same location. Therefore, the
sample were always positioned after the E-field level measurement, so as to always preserve its value at incidence to
the sample.
The functioning and data recordings of the fiber optic temperature sensor was driven by Fotemp Assistant 2 software.
The temperature was recorded every 2 seconds as an average over the sampling frequency of 2 Hz. The total E-field
strength was measured by the Probe View V software, which integrates the field strengths from all three orthogonal
directions to provide an isotropic response. Since the “background” field level has never exceeded 2 V/m (the system is
wide-banded), we considered that the measured values of E, exceeding 1000 VV/m, could be estimated with sufficient
precision with a wide-band instrument in this case. The exposure system was placed and used in a laboratory, without
other shieldings or anechoic measures.
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LBT 30.0kV 8.2mm x70.0k BFSTEM 500nm

LBT 30.0kV 8.2mm x250k BFSTEM

Fig. 1 The TEM Image of the Sample: Bacteria Cells Suspension; Enlarged Inner Chains of Magnetosomes; a Detail of a
Chain to See the Magnetite Nanocrystals Enveloped in a Membrane; a photo of the sample of MAG as seen by necked
eye

Fig. 2 The measurement set-up showing the horn antenna, the position of the small liquid sample just in front of it (near
field exposure condition) and the immersed thin fiber optic temperature probe; in the right side the black sheet is the one
containing liquid crystals used to transform the incident field distribution into a thermal image
The E-field strength surface distribution in a vertical plane in front of the horn antenna, where the MAG and WAT
probes were then placed sequentially, was obtained by indirect heating image produced in a liquid crystal sheet on
plastic film (stock no. 72-375, temperature range 20-25 deg C, produced by Edmund Optics). The thermic image of the
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field distribution was obtained in the width of a paper’s sheet impregnated by distilled water, with the scope to place the
probes where the highest field was obtained in near field conditions, at each inspected frequency.

The same liquid crystal sheet was also used in another exposure system, respectively in a microwave oven. The
microwave oven was used as a kind of “reference” to observe, in a first instance, if the MAG sample heats higher than
the WAT sample, after a certain amount of time, namely 10 s, at the same incident field strength. The initial heating
experiment in the oven was made taking into consideration the field distribution in a multimode resonance cavity [23],
[24]. In order to provide the same incident E-field level on both samples, they were placed practically one near the other
and the heating image on the liquid crystal sheet should look properly to indicate the same temperature over the whole
surface the samples were occupying during irradiation.

RESULTS AND DISCUSSION

In the first experiment we used a microwave oven with a nominal power of 700W in order to observe the final
temperature differences that might appear between the two samples, after they were exposed to the same field strength
during the same period of time. The magnetron of the microwave oven theoretically emits at 2.45 GHz, but practically
there isn’t a pure spectral line at this frequency solely, but the emitted frequencies covers a band between (2.43-2.47)
GHz, as seen in Fig. 3 — left side. The spectrum from Fig. 3 was captured by using a small E-field probe connected to a
swept spectrum analyser set with the max-hold trace type, and the probe was kept a few cm outside the oven’s door
(leakage field was sensed). In Fig. 3 — right side, it is observed the temperature distribution on the liquid crystal sheet
situated in perfect superficial contact with the water-impregnated porous paper, during exposure of the samples in the
microwave oven. After 10 s of simultaneous exposure in the same conditions, while almost identical temperature
distribution in the plane of exposure is observed, the sample temperatures were different. Fig. 4 shows the temperature
differences in the samples, 1.1°C, which maintained during allseven repetitions of the experiment. This finding
indicates that a resonant frequency of the MAG sample would be situated in this frequency range.

Center: 2.45 GHz
MARKER DELTA

Fig. 3 The spectrum captured from outside of the microwave oven (leakage field) — left side; E-field strength distribution
on the surface where the MAG and WAT samples were exposed simultaneously, in the oven
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Fig. 4 Temperature differences measured between the samples exposed to the same field strength in the microwave
ovenpost-exposure, after 10 s of continuous exposure
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Fig. 5 Heating curves of the magnetic and non-magnetic samples at different frequencies and at E-field strengths of
(1100-1200) V/m
The second group of experiments emphasized the rates of temperature increase in time, during controlled (but lower)
exposure, comparatively between the MAG and WAT samples, for the four tested frequencies. Fig. 5 refers to all four
tested frequencies. A number of five repetitions were enabled at each frequency. The environmental temperature control
could not be ensured at a lower value than 0.5 °C variation value. This is the main factor contributing to the uncertainty
budget. As observed in Fig. 5, when the samples were exposed at the same E-field strength component, between 1100-
1200 V/m, the slope of the heating curves during 260 s of exposure was practically the same for MAG and WAT. This
means that MAG doesn’t present any resonance at these frequencies.
A third group of experiments proposed following the temperature curves evolution on longer exposure times, namely
over 900 s. Repeated results showed that at 2.55 GHz, MAG sample tends to heat up faster than WAT (Fig. 6),
indicating that this frequency might represent a resonance of the magnetosome liquid. Extracting 300 s from the heating
curves and fitting a linear trend, the slope of temperature increase was 2.4 times larger for MAG than for WAT.
Practically, MAG sample heated at a rate of 1.48 x 10 °C/s while WAT sampleheated at a rate of 0.63x 107 °C/s. This
difference corresponds to an incident E-field strength of 1100 VV/m. The exposure was made however in the near field
of the horn antenna, and the magnetic (H) — field component has not been measured.
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Fig. 6 Heating curves of the samples at 2.55GHz over 15 mintes of exposure with linear fitting over 300 s
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Fig. 7 Thermal image of the near field distribution in front of the horn antenna at 2.55 GHz, as a preparation for the
exposure location of the samples

The placement location of the samples was chosen based on the thermal image obtained with the liquid crystal film.
Fig. 7 shows the thermal print of the field distribution (yet the temperature in the water sheet) in front of the antenna, at
2.55 GHz. The placement of the sheet is shown in Fig. 2 — right side. The samples were placed during exposure in the
green zone.

CONCLUSION

Identifying resonance frequencies ofliquids containing biogenic magnetite nanoparticles in the ultra-high frequency
range was the aim of the present work. Exposure of samples containing magnetosomes in form of chains, each
magnetosome containing a magnetite nanocrystal of an average dimension of 40 nm, was applied at four frequencies in
the microwave oven’srange of frequencies. After 10 s of exposure in the oven, a liquid sample containing
magnetosomes with a concentration of 1000 g/l magnetite heated more than the similar liquid sample that didn’t contain
magnetite. Based on this empirical finding, a set of tests at much lower field strengths (not larger than 1200 VV/m) were
made, with the objective of quantification the temperature increase differences due to the presence of magnetite in the
liquid.Because of the insufficient control of the environmental temperature, and because of very small heating slopes at
this field level, clear results could not be obtained. However, at longer exposures, of at least 15 minutes, the
magnetosome sample showed larger heating slope than the non-magnetic liquid, at 2.55 GHz. Better controlled
experiments are under preparation, because at these frequencies and at the nanometre dimensions of the
ferrimagneticcrystals, simulation of heating phenomena due to EMF exposure is not possible.
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