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ABSTRACT Magnetic Fluid Hyperthermia mediated by iron oxide nanoparticles is one of the most
promising therapies for cancer treatment. Among the different candidates, magnetite and maghemite
nanoparticles have revealed to be some of the most promising candidates due to both their performance and
their biocompatibility. Nonetheless, up to date, the literature comparing the heating efficiency of magnetite
and maghemite nanoparticles of similar size is scarce. To fill this gap, here we provide a comparison
between commercial Synomag Nanoflowers (pure maghemite) and bacterial magnetosomes (pure magnetite)
synthesized by the magnetotactic bacterium Magnetospirillum gryphiswaldense of hDi ≈ 40–45 nm. Both
types of nanoparticles exhibit a high degree of crystallinity and an excellent degree of chemical purity and
stability. The structural and magnetic properties in both nanoparticle ensembles have been studied by means
of X–Ray Diffraction, Transmission Electron Microscopy, X–Ray Absorption Spectroscopy, and SQUID
magnetometry. The heating efficiency has been analyzed in both systems using AC magnetometry at several
field amplitudes (0–88 mT) and frequencies (130, 300, and 530 kHz).
INDEX TERMS Hyperthermia, nanoparticles, X–ray diffraction, magnetic properties.
I. INTRODUCTION

In recent years, there has been an increasing number of
works on iron oxide based magnetic nanoparticles for different kinds of biomedical applications, such as Drug Delivery, Magnetic Resonance Imaging (MRI), Magnetic Particle
Imaging (MPI), and Magnetic Hyperthermia [1]–[6]. Among
The associate editor coordinating the review of this manuscript and
approving it for publication was Montserrat Rivas.
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these, Magnetic Hyperthermia, which is mediated by magnetic nanoparticles (MNPs), constitutes a promising approach
for cancer treatment. The basic idea behind this treatment
consists on delivering the MNPs to the tumor area so that,
under the application of an external AC magnetic field with a
frequency f ranging between 100 kHz and 1 MHz, the MNPs
release heat in a localized way, thereby deactivating the cancer cells without affecting the healthy ones [7], [8]. Phase I
clinical trials on magnetic hyperthermia were performed in
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the early 2000s in Germany (MagForce Nanotechnologies,
see [9]), and recently new trials have been approved for
treatment of specific type of cancers (e.g. glioblastoma and
prostate) in several countries around the world, including
Japan, Germany, USA, and China [10]–[14].
Although different materials have been investigated as
magnetic hyperthermia agents, iron oxide based MNPs have
received most of the attention due to their chemical stability, high magnetization, relatively well–known metabolism,
high biocompatibility, etc. [7], [15]. On top of that, some
of the best heating results in magnetic hyperthermia have
been reported for iron oxide based MNPs, with heating
efficiency values (quantified by the Specific Absorption
Rate, SAR) up to SAR/f = 8 W/gkHz in exchange coupled ferrites [16]–[18]. Nevertheless, the term ‘‘iron oxide’’
is generic and can encompass a wide range of different
oxide phases, such as γ -Fe2 O3 (maghemite), Fe3 O4 (magnetite), α-Fe2 O3 (hematite), FeO (wüstite), etc. [19]. Each
one of these iron oxide phases presents different kinds of
magnetic behavior, and therefore, a very different heating
efficiency. As has been previously described [20], the heating efficiency of the MNPs is directly related to the ‘‘hysteresis losses’’ of the MNPs under an external AC field.
These losses are proportional to the hysteresis loop area, and
therefore, are directly related to the magnetic behavior of
the MNPs. Although there have been a few reports on the
heating efficiency of MNPs made of iron oxide phases such
as FeO [21], –Fe2 O3 [22] or α–Fe2 O3 [23], most of the
current articles are based on MNPs composed of magnetite
and/or maghemite, since these compounds are the only ones
approved by the United States Food and Drug Administration (FDA) and the European Medicines Agency (EMA) for
clinical use.
Magnetite and maghemite are ferrimagnetic iron oxides
with a similar cubic structure [24]. Magnetite presents a
face–centered cubic spinel crystal structure with tetrahedral
sites occupied by Fe3+ ions while octahedral sites are evenly
filled by Fe2+ and Fe3+ ions. In stoichiometric magnetite,
the ratio of Fe2+ and Fe3+ is 1:2. Magnetite phase tends to
oxidize into maghemite upon exposure to oxygen, resulting
in the conversion of all Fe2+ ions into Fe3+ . For the case
of this stoichiometric magnetite, the ferrimagnetic moment
arises from unpaired Fe2+ spins in octahedral sites, while in
the case of maghemite, unpaired octahedral Fe3+ spins are
the ones responsible for the magnetism [19], [25].
Since maghemite is a more stable iron oxide phase
than magnetite, many of the MNPs developed for magnetic hyperthermia, especially commercial ones, are made
either of maghemite, or a magnetite core and an oxidized maghemite shell [26]–[30]. For example, in a recent
work, Bender et al. [31] showed that commercial maghemite
Nanoflowers (hDi ∼ 40 nm), composed of several
crystallites/cores, presented very high heating efficiency,
SAR (µ0 H = 8.8 mT, f = 939 kHz ) = 322 W/g,
in comparison to other similar iron oxide based nanoparticles.
On the other hand, pure magnetite nanoparticles are also very
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promising but generally they need to be coated with some
kind of capping agent in order to prevent oxidation. Several
works have studied their use for magnetic hyperthermia [17],
[18], [32]. An interesting case is that of magnetosomes,
pure magnetite MNPs synthesized by magnetotactic bacteria
and intrinsically coated with a lipid bilayer. To this respect,
recent works have reported very high heating efficiency
values in these cube–octahedral magnetosomes of hDi ≈
45 nm (SAR/f up to 5 W/gkHz) [33]–[37]. In both cases
(NFs and BMs), several works ( [38] or [39], respectively)
have evidenced their high biocompatibility, as they can be
almost completely assimilated by human cells once their
therapeutic function is completed, being degraded afterwards.
In addition, we must stress that although sometimes in the
literature magnetite and maghemite are presented as ‘‘interchangeable’’ materials when referring to MNPs, due to their
similar saturation magnetization (Msat Fe3O4 ∼ 92 Am2 /kg
and Msat γ –Fe2O3 ∼ 76 Am2 /kg [25]), this is not entirely
correct, given that these iron oxide phases do actually present
several differences in their magnetic response (e.g. magnetic
anisotropy, Verwey transition. . . ), and this can affect their
performance in different biomedical applications, including
magnetic hyperthermia [40]. Therefore, a good characterization of the magnetic properties of magnetite/maghemite
MNPs becomes mandatory [17], [41], [42].
Considering all this, in this work we have compared two of
the most promising MNPs for magnetic hyperthermia: commercial maghemite Nanoflowers (NFs) and magnetite bacterial magnetosomes from Magnetospirillum gryphiswaldense
(BMs). Both samples present similar size (hDi ∼ 40–45 nm),
high crystallinity, and well defined morphology (multicore
for the NFs and cube–octahedral for the BMs). We have analyzed their microstructure using X–Ray Diffraction (XRD)
and Transmission Electron Microscopy (TEM), checked their
composition by using X–ray Absorption Near Edge Spectroscopy (XANES) to ensure the chemical purity of each
ensemble, studied their magnetic response with DC magnetometry, and finally compared their heating efficiency using
AC magnetometry. To this respect, we have employed a
novel home–made setup for AC magnetometry measurements, which has allowed us to measure the SAR of these
MNPs at 3 different frequencies, applying AC fields up to
88 mT. This has allowed us to clearly depict the different
heating ranges of these magnetite/maghemite MNPs, and
also to obtain a landscape of the fields and frequencies that
maximize their heating efficiency under certain safety limits.
II. MATERIALS AND METHODS

Commercial Synomag Nanoflowers were supplied by Micromod Partikeltechnologie GmbH (Germany). Each flower
consists on Dextran–coated (∼ 12 nm thickness) maghemite
γ -Fe2 O3 multicores (∼ 10 cores/each). The multicore
maghemite structure is of ∼ 45 nm. These MNPs were synthesized following a polyol method [43], [44].
The magnetosomes employed in this study are magnetite
Fe3 O4 nanoparticles synthesized by magnetotactic bacteria
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from the Magnetospirillum gryphiswaldense strain MSR-1
(DMSZ 6631). Bacteria were cultured microaerobically at
28◦ C for 48 hours in Flask Standard Medium, as described
by Heyen and Schüler [45], supplemented with 100 µM
iron (III)–citrate to support magnetosome formation. Briefly,
culture was carried out in three 1 L-bottles at 28◦ C under
microaerobic conditions (bottles loosely capped and without
shaking). Cells were collected after 120 h when well–formed
magnetosomes were present. BMs have been measured either
in the whole cells (DC–magnetometry, XRD and XANES)
or isolated from the bacteria (TEM, AC magnetometry).
For the preparation of whole bacteria samples, the cells
were harvested by centrifugation, fixed in 2% glutaraldehyde, and washed three times in mQ water. The fixed and
washed cells were freeze-dryed, resulting in a powder sample. Complementary, magnetosomes were extracted following the protocol described by Grünberg et al. [46] with minor
modifications. The cells were collected by centrifugation,
suspended in 20 mM HEPES–4 mM EDTA (pH = 7.4),
and disrupted using a French press at P = 1.4 kbar. The
lysated cells were sonicated, promoting the separation of
magnetosomes, and centrifuged at 600 g for 5 min, to remove
cell debris. Then, magnetosomes were collected from the
supernatant by magnetic separation and rinsed 10 times with
10 mM HEPES-200 mM NaCl (pH = 7.4). Finally, the isolated magnetosomes were re–dispersed in deionized water
(pH 7.4), sterilized in autoclave (115◦ C, 15 min), and stored
at 4◦ C. The stability of the magnetite magnetosomes against
oxidation is secured during several weeks.
XRD measurements were performed at room temperature
on Synomag NFs and freeze-dried bacteria using a Bruker
D8 Advance diffractometer equipped with a high count rate
Lynxeye detector. This detector reduces the total counting
time, which constitutes a great advantage to minimize the
possible deterioration of the samples. The diffractometer
was used working on Bragg-Bentano geometry and Cu-Kα
(λ = 1.5418 Å) radiation. Patterns were collected within the
range 20◦ ≤ 2θ ≤ 110◦ with a 0.02◦ increment.
TEM was performed on both Synomag NFs and BMs
(extracted from the bacteria) adsorbed onto 300 mesh
carbon-coated copper grids. TEM images were obtained with
a JEOL JEM–14000Plus electron microscope at an accelerating voltage of 120 kV. The particle size distribution was
analyzed using a standard software for digital electron microscope image processing, ImageJ [47].
XANES measurements were performed on Synomag NFs
and on BMs located within the bacteria (whole cells). The
main aim of these measurements was to access information
concerning medium–range order, which allow us to clearly
differentiate the oxidation state (phase identification) in both
MNP ensembles, as XRD provides long–range order information [48]. Fe K–edge XAS measurements of the NFs were
carried out at the BL22 CLAESS beamline of the ALBA synchrotron (T = 77 K) and at the XAFS beamline of the Elettra
synchrotron (Trieste, Italy) (Room Temperature, RT). On the
other hand, the BMs were measured at the XAFS beamline of
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the Elettra synchrotron at RT. In all cases, measurements were
performed in transmission mode using a double Si crystal
monochromator oriented in the (111) direction. A reference
Fe–sample was measured for determining the position of the
bacteria Fe–K edge (E = 7112 eV).
DC magnetization (M ) measurements were performed
on bacteria (obtained as described before), encapsulated
in gelatin capsules. Data were collected using a Quantum
Design QD-MPMS (SQUID) magnetometer in the temperature range of T = 5–300 K applying magnetic fields µ0 H
between 0.5 mT and 2.05 T. M vs. T curves were measured
from 10 to 300 K, following the Zero Field-Cooling/FieldCooling protocol (ZFC–FC): The samples were cooled in the
absence of any external field from 300 K to 5 K. At 5 K a fixed
magnetic field of 5 mT was applied and the magnetization
was measured upon warming to 300 K (ZFC). With the field
still on, the sample was cooled to 5 K and the magnetization
was measured upon warming to 300 K (FC). M vs. µ0 H
loops were measured at 300 K applying fields up to 5 T. The
high-sensitivity of the SQUID (∼ 10 −7 emu) allowed us to
use small amounts of the MNPs (m = 12.3 mg in the case of
the NFs and m = 0.9 mg of freeze-dried bacteria). Here again,
we decided to keep the BMs intracellular to avoid oxidation
process and magnetic interactions among the magnetosomes.
AC magnetometry characterization was performed on NFs
and BMs extracted from the bacteria (i.e., isolated magnetosomes) using a versatile home–made magnetometer that
generates high magnetic fields able to saturate the samples.
This device is capable of working at a wide frequency range
(100 kHz–1 MHz) with large field intensity: 90 mT at low
frequency side and 35 mT at high frequency side. Further
details on the set up can be found in [49].

III. RESULTS AND DISCUSSION
A. STRUCTURAL CHARACTERIZATION

Figure 1 shows the X–Ray Diffraction (XRD) patterns
together with the Rietveld refinements (a and b) and two
representative Transmission Electron Microscopy (TEM)
images, with the size distribution on the right (c and d)
corresponding to the γ –Fe2 O3 NFs and the Fe3 O4 BMs
(freeze–dried bacteria for XRD and isolated magnetosomes
for TEM).
The Rietveld refinements performed on the NFs
(see Figure 1 a) are consistent with a single phase of cubic
Fd–3m space group, with a lattice parameter a = 8.3451(3) Å,
and a mean nanoparticle size of hDγ −Fe2O3 i = 50.0(4) nm for
the whole MNP core. The calculations also provide information on the microstrain, where a minimal η = 0.93(1)% has
been obtained, which is indicative of their good crystallinity.
The achieved low Bragg factor RB = 3.6% guarantees the
reliability of the fitting. Given that all the XRD peaks are
indexed with those corresponding solely to the γ –Fe2 O3
phase [50], the XRD characterization indicates that NFs are
mainly composed of maghemite. The TEM images of these
NFs (Fig. 1 c) verify the multicore structure (flower–shape)
VOLUME 9, 2021
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FIGURE 1. a) and b) include the XRD patterns together with the Rietveld refinements corresponding to the NFs and the
BMs, respectively. The XRD patterns for the NFs are consistent with single phase of maghemite, whereas the positions for
the Bragg peaks of the bacteria are consistent with a single phase of magnetite. In c) and d), two representative TEM
images and size distribution are shown for NFs and BMs, respectively.

of each flower, where ∼ 10 grains/core form the maghemite–
core. A LogNormal size distribution with an average diameter
hDMNP i = 42.3 nm and variance σ = 3.6 nm has been
obtained from the analysis of the TEM images. This size is
slightly smaller with respect to the one obtained by means of
XRD, as expected [51].
On the other hand, the XRD pattern and Rietveld refinements (RB = 4.5%) performed on freeze–dried bacteria are
shown in Fig. 1 b. The results are consistent with a single
phase of cubic Fd–3m structure, with a = 8.3985(2) Å, which
corresponds to magnetite [52]. No extra peaks apart from
those corresponding to magnetite show up, which showcases
the good crystallinity and the high chemical purity of the
magnetosomes. The cell gives a contribution to the scattering
intensity in the form of a background rise for 2θ < 50◦ .
The Rietveld refinements point to a mean nano-crystallite
size for magnetite hDFe3O4 i = 45.1(3) nm. Here, an even
lower microstrain η = 0.384(2)% is found, which ensures a
minimal unit cell distortion, revealing the high crystallinity
of the BMs. Fig. 1 d shows a TEM image corresponding
to magnetosomes extracted from the bacteria. The analysis
of the TEM images indicate a Gaussian size distribution
centered in hDMNP i = 42.8 nm with σ = 7.3 nm, which is
again slightly smaller with respect to the XRD one.
Although XRD can give us crystallographic information
about the different iron oxide phases present in our samples,
additional structural information can be obtained by XANES.
XANES is a powerful technique that provides accurate data
concerning the local environment and the oxidation state of
the absorbing atoms, in our case, Fe [53]. Figure 2 shows the
Fe K–edge (E0 = 7112 eV) XANES spectra corresponding
VOLUME 9, 2021

to a) the NFs and b) BMs within the bacteria, together with
reference patterns of γ –Fe2 O3 [54] and Fe3 O4 , and Linear
Combination Fits (LCFs). These LCFs allow us to quantify
the content of each Fe–phase in the samples, as it has been
shown in previous studies (e.g., [55]).
According to the XANES spectrum plotted in Figure 2 a),
the edge position for the NFs, defined as the energy value at
which the normalized absorption µ (E) reaches 0.5, is located
at E0 ≈ 7124 eV, which is the typical value of maghemite,
γ –Fe2 O3 [54], [56]. LCFs indicate a perfect match between
the reference γ –Fe2 O3 pattern and the experimental XAS
data corresponding to the NFs. This allow us to verify the
chemical purity of the NFs that was pointed by XRD characterization. On the other hand, the XANES spectrum corresponding to the BMs (Fig.2 b)) is left-shifted in energy
with respect to the NFs (edge position E0 ≈ 7122 eV,
i.e., 1E0 ≈ 2 eV). This indicates a lower Fe–oxidation state,
which is expected, as magnetite combines both Fe2+ and
Fe3+ , whereas for maghemite, only Fe3+ is present [53], [57].
Here, the LCFs confirm the 100% magnetite–composition of
the BMs. Therefore, we can unequivocally conclude that the
NFs are fully composed of maghemite, whereas the BMs are
fully composed of magnetite.
B. MAGNETIC CHARACTERIZATION

Figure 3 shows the magnetic characterization (M (T , µ0 H ))
of both MNP ensembles. In Fig. 3 a), the ZFC-FC curves
measured at µ0 H = 5 mT can be inspected. First, concerning
the NFs (blue squares), the ZFC and FC branches are separated in the whole temperature range, showcasing the high
magnetic irreversibility of these Superparamagnetic (SPM)
99555
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FIGURE 2. Normalized absorption µ (E) Fe K–edge XANES spectra corresponding to a) maghemite NFs and b)
magnetite BMs. LCFs performed with reference XAS spectra corresponding to pure γ −Fe2 O3 (blue) and Fe3 O4
(red). The reliability of these LCFs can be checked by the residual lines (bottom), which are close to zero.

FIGURE 3. a) Zero Field Cooling-Field Cooling (ZFC-FC) M(T ) curves for γ −Fe2 O3 NFs (blue circles) and Fe3 O4 BMs (red
squares) measured at µ0 H = 5 mT. In b), the evolution of the IA parameter vs the magnetic applied field µ0 H is shown. It can
be seen how the BMs achieve their maximum value at higher µ0 H than the NFs. The inset shows the normalized hysteresis
loops M/Msat measured at T = 300 K.

MNPs [31]. On the other hand, the BMs (within the bacteria)
(red circles), which are magnetically blocked at T = 300 K,
evidence the expected Verwey transition, around TV ≈ 106 K,
characteristic of Fe3 O4 . This transition is marked by a sudden drop of the magnetization with decreasing T . The TV
value agrees well with those previously reported for magnetosomes [57], [58] and it is found to be below the TV ∼ 120 K
corresponding to bulk magnetite [59]. Needless to say, this
Verwey transition is not present in the NFs, as expected for
a pure maghemite system [31], [48]. Interestingly, the value
of the magnetization measured at T = 300 K in the BMs
(M ≈ 4.2 Am2 /kg) is almost half the value corresponding
to the NFs (M ≈ 9.8 Am2 /kg). This would suggest a higher
anisotropy barrier (Ebarrier ∝ K · V ) for the former. As both
IONP ensembles are very close in size (i.e., very similar V ),
the BMs are revealing as an ensemble with higher anisotropy
(K ) with respect to the NFs. As has been reported in the
literature, the effective anisotropy (Keff ) is a key parameter to
optimize the heating efficiency of MNPs in magnetic hyperthermia ( [25], [60]). Given that the interactions among the
magnetic moments do affect this Keff , we have analyzed the
99556

dependence of the Irreversibility Area parameter (IA, defined
in [61]), with respect to the external applied field µ0 H in the
static regime. As described in [61], this parameter provides
information on the robustness of the magnetic interactions
among the magnetic moments, as the greater the interactions,
the larger magnetic fields are needed to overcome the energy
barriers between two spin states. The results, represented
in Fig. 3 b, show that the BMs attain their maximum IA =
174 at µ0 H = 12.5 mT, whereas for the NFs, their maximum
IA = 127 is achieved at µ0 H = 4 mT, i.e. a field three
times larger is required to overcome the energy barrier in the
case of the BMs. This result confirms the higher effective
anisotropy of the BMs in comparison to NFs. The enhanced
Keff in the BMs can also be traced in the form of coercitivity (µ0 HC ) in the normalized hysteresis loops measured at
T = 300 K (see inset in Fig. 3 b)). There, while the NFs
exhibit a negligible value of µ0 HC , the BMs show a value
of µ0 HC ≈ 20 mT. On the other hand, another important
parameter that determines the heating efficiency of the MNPs
is the saturation magnetization Msat . In our case, Msat values
obtained for NFs and BMs are ∼ 63 and 92 Am2 /kg. A higher
VOLUME 9, 2021
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Msat value for BMs would in principle be an advantage for
their use as magnetic hyperthermia agents, since it will give
rise to higher hysteresis losses [62].

TABLE 1. Values corresponding to the different parameters obtained
from Figures 4 and 5 for the NFs and BMs measured at f = 130, 300 and
530 kHz. Errors for the values are below 5%.

C. MAGNETIC FLUID HYPERTHERMIA

In order to study the heating efficiency of the NFs and the
BMs (extracted from the bacteria), we have employed AC
magnetometry measurements. AC magnetometry allows us
to directly measure the AC hysteresis loops described by the
magnetic moments of the nanoparticles in order to calculate
their heating efficiency or SAR from the hysteresis losses
associated. Previous works have demonstrated the heating
efficiency of these MNP ensembles by measuring the Temperature vs time curves [62], [63] . The AC hysteresis loops
measured for both NFs and BMs dispersed in water (concentration ∼ 3.1 mg/ml and ∼ 1.5 mg/ml respectively) are
presented in Figure 4. These AC loops were measured at
three different frequencies, f = 130, 300, and 530 kHz, with
AC field amplitudes up to µ0 HAC = 88, 62, and 50 mT,
respectively.
As depicted, the shape of the AC loops changes when
increasing both the µ0 HAC and the f . Both samples exhibit
narrow and elongated AC loops at low field amplitudes, i. e.,
the typical lancet shape [64]. This gives rise to low hysteresis
losses and low heating efficiencies. Nonetheless, as the field
amplitude increases, the AC loops become bigger and more
squared until they reach a certain saturation at high enough
fields, where the differences between the saturated loops are
small. In addition, we can observe that the AC loops tend to
become slightly wider and more squared at high enough field
amplitudes.
If we compare both samples, quantitative differences are
already seen, especially at high field amplitudes: the coercive
field value, µ0 HC−AC , is up to ∼ 85% higher for BMs than
for NFs, and the Msat-AC is up to ∼ 26% higher. This suggests
that the heating efficiency of BMs is going to be higher than
NFs, especially in the high field region. In order to check this,
SAR values have been calculated for both MNPs. These SAR
values, in W/g, were directly obtained from the area, A, of the
AC hysteresis loops according to the following equation:
SAR =

f
f
·A= ·
c
c

I

µ0 Mt dHt

(1)

where Mt is the instantaneous magnetization at time t, Ht the
sinusoidal magnetic field of frequency f at time t, and c is
the magnetic material weight concentration in the dispersing
medium.
SAR vs. µ0 HAC curves are shown in Figure 5. For both
the NFs and the BMs, at field amplitudes below 5 mT, SAR
values are nearly negligible. If we increase the field amplitude, the SAR starts increasing rapidly until a saturation is
reached above a certain field, µ0 Hsat . As inserted in Table 1,
the maximum SAR values obtained with BMs are appreciably
higher (> 100%) than those obtained for NFs, independently
of the frequency. These differences can be essentially related
VOLUME 9, 2021

to two parameters: the magnetic moment and the effective
anisotropy of the MNPs.
Concerning the remanence and the coercive field, the BMs
display greater values than the NFs. This can be related to
differences in the effective anisotropy, Keff , of both MNPs,
as was already inferred from DC magnetic measurements.
In order to get an estimation of Keff , we can use the approach
described by Mehdaoui et al. [64]. According to their model,
an estimation of Keff from the coercive field values, HC , of the
AC hysteresis loops, can be obtained using the following
equation:
µ0 HC = 0.96 · µ0 Hκ (1 − κ 0.8 )

(2)

where Hκ = 2Keff /µ0 Msat is the anisotropy field, being κ a
parameter given by:


kB T
kB T
ln
(3)
κ=
Keff V
4µ0 Hmax Msat Vf τ0
where τ0 = 10−10 s, µ0 Hmax is the maximum applied field,
and V is the MNP volume.
Using this expression, the magnetic anisotropy, Keff , can
be estimated for our BMs and NFs, as indicated in Table 1.
The Keff values obtained for these magnetosomes lie within
the range of values typically reported for other highly crystalline magnetite nanoparticles of similar size [18], [34].
As observed, the higher effective anisotropy of BMs gives rise
to wider AC loops, and thereby to higher hysteresis losses.
This is valid, as has been explained before [65], [66], if the
applied fields are strong enough: µ0 HAC  µ0 Hc-hyp , being
µ0 Hc-hyp the field amplitude reached at the inflection point
of the SAR vs field curve [65], [66].
Therefore, these two factors, higher magnetic moment and
higher effective anisotropy, give an advantage to BMs, compared to NFs, in terms of heating efficiency.
Finally, for clinical applications it is important to consider
certain safety limits in the value of the field amplitude and
frequency in order to avoid producing non-specific heating in
the body that can harm the patient. In the literature, different
safety limits have been proposed. According to the so called
Atkinson-Brezovich criterion, H · f should be lower than
4.85·108 A m−1 s−1 [67], [68], while following the Hergt
criterion, which has become a more accepted estimation, this
limit is ten times higher, ∼ 5 ·109 A m−1 s−1 [69]. At this
point, it is worth mentioning that the Hergt criterion does not
take into account the exposed volume to the magnetic field.
Thus, in order to avoid the possible inductance of damaging
99557
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FIGURE 4. AC hysteresis loops measured for the NFs and the BMs (extracted from the bacteria) at three different
frequencies, f = 130, 300 and 530 kHz, with AC field amplitudes up to µ0 HAC = 88, 62, and 50 mT, respectively.

FIGURE 5. SAR vs. µ0 HAC curves for the NFs (blue squares) and the BMs (red circles) measured at a) f = 130, b) f = 300, and c)
f = 530 kHz, with AC field amplitudes up to µ0 HAC = 88, 61.5, and 50 mT, respectively. In all of the cases, the SAR corresponding to the
BMs is more than twice the one of the NFs at high fields.

eddy currents connected to the use of high field amplitudes
and/or frequencies, either the volume of exposed tissue or
the heating time should be reduced. Following this Hergt
criterion, the maximum achievable SAR of our samples can
be calculated. As indicated in Table 1, both samples achieve
their maximum SARlimit at f = 300 kHz (µ0 Hlimit = 20.7 mT),
reaching a value of 455 W/g and 1125 W/g for NFs and
BMs, respectively. The latter SARlimit for BMs compares well
with the reported ones found in the literature (e.g. [34]).
A larger SARlimit for BMs again supports the use of magnetite
based NPs for maximizing the heating efficiency in magnetic
hyperthermia under clinical conditions. Nevertheless, at this
stage, it should be reminded that Synomag NFs have been
blatantly presenting a high performance compared to other
more conventional iron oxide nanoparticles synthesized by
artificial routes. Such output is surely connected to the fact
that there is some degree of spin disorder and exchange
coupling in their nanometric scale, which altogether promote
a large figure of merit for biomedical purposes [31]. The
fact that they are commercially available demonstrates its
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technological interest, reasonable yield in large–scale production processes and high reproducibility. In addition, those
Synomag NFs may also be relevant for customized surface
modifications. All in all, it holds true that the magnetite
BMs present a higher hyperthermia performance compared to
maghemite NFs. Nevertheless, the conditions of reproducibility and large–scale production of such biological MNPs are to
be better defined, whereas Synomag NFs constitute already a
high–available technological advanced product.
IV. CONCLUSION

Magnetosomes synthesized by the magnetotactic bacterium
M. gryphiswaldense have revealed better performance for
Magnetic Fluid Hyperthermia purposes with respect to
commercial Synomag Nanoflowers. The higher effective
anisotropy and saturation magnetization of BMs give rise to
higher heating efficiency in comparison to NFs in all the
range of field amplitudes and frequencies analyzed. In this
way, it has been shown that the maximum SAR attainable
under clinical conditions, SARlimit , is nearly 2.5 higher in
VOLUME 9, 2021
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BMs with respect to Synomag NFs, which are already considered an outstanding candidate for Magnetic Hyperthermia
Therapy. In the case of BMs, the process of getting commercial amounts is the next challenge to be faced, as they are
still far from the production of these Synomag NFs, whose
fabrication process is well–standardized. The work presented
here is also opening a research line aiming to compare Magnetic Hyperthermia Therapy performance in promising candidates by both AC magnetometry and calorimetric methods.
Finally, the fact that both NFs and BMs can be almost totally
assimilated and degraded by human cells is, indeed, a strong
point for their clinical use and a key factor to their long–term
biocompatibility.
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