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Abstract
Magnetic nanoparticles offer many exciting possibilities in biomedicine, from cell imaging to cancer treatment. 
One of the currently researched nanoparticles are magnetosomes, magnetite nanoparticles of high chemical 
purity synthesized by magnetotactic bacteria. Despite their therapeutic potential, very little is known about their 
degradation in human cells, and even less so of their degradation within tumours. In an effort to explore the 
potential of magnetosomes for cancer treatment, we have explored their degradation process in a 3D human lung 
carcinoma model at the subcellular level and with nanometre scale resolution. We have used state of the art hard 
X-ray probes (nano-XANES and nano-XRF), which allow for identification of distinct iron phases in each region of 
the cell. Our results reveal the progression of magnetite oxidation to maghemite within magnetosomes, and the 
biosynthesis of magnetite and ferrihydrite by ferritin.
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Cancer has become one of the leading causes of prema-
ture death worldwide, with the number of cases expected 
to increase to 28.4 million by 2040 [1]. Amongst all can-
cers, lung cancer stands out as the deadliest, with a mor-
tality rate (18%) that surpasses those of breast, prostate 
and colorectal cancers combined. Its poor overall survival 
rates are mainly associated with late diagnosis, resistance 
to common treatments like chemo and radiotherapy, and 
the toxic side effects associated with conventional thera-
pies [2], highlighting the need for innovative approaches 
to cancer diagnosis and treatment. In response to these 
challenges, nanotechnology has emerged as a promising 
avenue.

Amongst the new nanotechnologies of interest, iron 
oxide magnetic nanoparticles (IONPs) are promising 
candidates. Due to their magnetic properties, IONPs 
can be directed to the region of interest using an exter-
nal magnetic field, thus avoiding damage to healthy 
tissues. Their physicochemical properties allow for mul-
tiple applications, from magnetic resonance imaging for 
diagnostic purposes [3, 4], to magnetogenetics [5], pho-
tothermia [6] and magnetic hyperthermia [7] cancer 
treatments. Furthermore, IONPs can be administered 
via inhalation to target lung tumours [8]. While most 
nanoparticles are still in a preclinical stage, some IONPs 
have been approved for glioblastoma treatment in Europe 
since 2010 [9], and there are clinical trials in progress for 
their use in prostate carcinoma in the USA [10] and pan-
creatic ductal adenocarcinoma in Spain [11].

Obtaining uniform nanoparticles of a similar mean 
particle size and uniform crystallinity is often a chal-
lenge with chemically synthesized nanoparticles. One 
promising alternative are magnetosomes, nanoparticles 

of high chemical purity synthesized by magnetotactic 
bacteria [12–14]. Magnetosomes are biocompatible and 
surrounded by a proteolipidic membrane, allowing for 
modifications with drugs, peptides and antibodies [15–
18]; they have a mineral core of high purity composed of 
either magnetite (Fe3O4) or greigite (Fe3S4); and present 
a very narrow size distribution, which ranges from 30 to 
120 nm depending on the bacterial species [12, 19].

While the biocompatibility and heating potential of 
magnetosomes have been well documented [20–22], 
very little is known about their transformation and deg-
radation process once they are inside living organisms. 
Since iron is naturally present in human cells, magneto-
somes are expected to be degraded and easily incorpo-
rated into the patient’s metabolism. Understanding how 
they degrade in tumours is particularly relevant for their 
use in nanomedicine, as it might reveal insights into the 
durability of magnetosomes as therapeutic agents both 
in their role as heat generators for hyperthermia and as 
Fe2+ generating agents for ferroptosis induction [6], and 
on unknown aspects of iron metabolism. Additionally, 
tumours present characteristics [Reviewed in 23] that 
affect their interaction with drugs and nanoparticles 
(NPs), and are replicable in three-dimensional tumour 
models: lack of oxygen in the interior of the tumour; 
variation in the cell’s energy metabolism; acidic microen-
vironment; cell-cycle arrest in the interior of the tumour 
and lastly, tight interactions between cells. These char-
acteristics can affect the degradation process of IONPs: 
tight cell interactions could affect nanoparticle excre-
tion, the acidic microenvironment could accelerate deg-
radation, while the cell-cycle arrest could slow down 
the degradation process. Moreover, the degradation of 
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magnetosomes within cancer cells could hold therapeu-
tic potential, as the release of iron ions can stimulate the 
production of reactive oxygen species (ROS) through 
Fenton and Fenton-like reactions, inducing lipid peroxi-
dation and ferroptosis [24].

A few studies have been carried out on IONP degra-
dation: in vivo studies in mice and rats have shown that 
nanoparticles are internalized by the liver and spleen, and 
then slowly degraded by them [25–28]. The rate of deg-
radation is highly affected by factors such as the coating 
of the nanoparticles, their hydrodynamic size, and their 
internal architecture [27]. The degradation of magne-
tosomes is of particular interest, given their therapeu-
tic potential [29]. Some studies have been done on this 
topic: our group previously detailed the magnetosome 
degradation process in RAW264.7 macrophages and 
A549 human lung carcinoma cells in two-dimensional 
cultures. We observed both excretion to the surrounding 
environment and intracellular degradation, producing 
maghemite, ferrihydrite and goethite [30]. Meanwhile, 
another group has analysed magnetosome degradation 
by mesenchymal stem cells, showing a remagnetisation 
process in two-dimensional (2D) stem cell cultures that 
they suggest could be stem cell and 2D culture specific 
[31].

In this work, we present evidence on the degradation 
process of magnetosomes at the subcellular level in a 3D 
human lung carcinoma model for a 36-day period, using 
magnetosomes isolated from Magnetospirillum gry-
phiswaldense. We have used cutting-edge synchrotron 
probes (nano X-Ray Fluorescence combined with nano 
X-Ray Absorption Near Edge Structure) to map the dis-
tinct iron phases appearing upon degradation with nano-
meter scale resolution, demonstrating the potential of 
this technique to trace chemical phases at the subcellu-
lar level. We have combined these data with TEM, mag-
netometry and gene expression analysis, to provide new 
insights on both magnetosome degradation, and on the 
biosynthesis of magnetic nanoparticles by a human lung 
carcinoma tumour model.

Results and discussion
Microscopy analysis of magnetosome incorporation and 
degradation in a 3D human lung carcinoma model
To study magnetosome degradation in a human lung car-
cinoma model, magnetosomes were isolated from Mag-
netospirillum gryphiswaldense and then incubated for 
2 h with A549 human lung carcinoma cells. The magne-
tosome-loaded cells were used to generate 3D spheroids, 
which were kept and studied for up to 36 days. We first 
confirmed and quantified iron internalisation by means 
of SQUID magnetometry, which revealed an internalized 
amount of approximately 26 pg of magnetite per cell (Fig-
ure S1A-B). We also confirmed that this amount of iron 

was not toxic for the spheroids by measuring cell activity 
(ATP quantification) 10 days after magnetosome inter-
nalisation (Figure S1C).

We then proceeded to visualize magnetosome inter-
nalisation and degradation via transmission electron 
microscopy (TEM) image acquisition (Fig.  1). Images 
were acquired from spheroids sections of 70 nm in width, 
and samples were not stained with osmium or uranyl 
acetate, as these can generate small dark dots, which 
could be confused with magnetosome degradation prod-
ucts [32]. Magnetosomes were visible mostly in clusters, 
which were present for the entire analysed period, from 
the earliest time point imaged (2 h), to the last time point 
(36 days) (magnetosomes marked in blue in Fig.  1A). A 
change in magnetosome size (≈ 44 nm in diameter at the 
starting point) was visible from two days after internalisa-
tion. The decrease in size persisted in time, reaching the 
lowest average diameter of 30 nm by 20 days of degrada-
tion (Fig. 1B). The degradation of magnetosomes seemed 
to halt towards the end of the analysed period, which 
could be due to the cell-cycle arrest characteristic of the 
interior of 3D tumour models. While lack of staining 
prevented the visualisation of intracellular membranes 
in our samples, previous reports indicate that clusters of 
magnetosomes are located in endosomes/lysosomes [33].

Moreover, from two days after internalisation onwards, 
smaller nanoparticles were visible, with diameters rang-
ing from 2 to 10 nm (Fig. 1A). These nanoparticles were 
present both scattered all over the cell and in clusters, 
often nearby areas in which magnetosomes were also 
visible. Previous studies on IONP degradation [34] have 
shown that similar clustered small nanoparticles are 
enclosed inside membranes (i.e., in endosomes or lyso-
somes), suggesting that the nanoparticles we observe in 
clusters could be located in such organelles, while the 
nanoparticles scattered over the cell might be located in 
the cytoplasm. Due to the size range observed for these 
small nanoparticles (< 10 nm), we hypothesized that they 
could be synthesized by ferritin. Ferritin is an iron stor-
age and homeostasis protein consisting of heavy and light 
chain subunits, which assemble in a nano-cage with an 
outer diameter of 12 nm [35] and an inner cage diameter 
of 10 nm. Ferritin can capture highly toxic free Fe2+, and 
store it in a mineral core of ferrihydrite.

Interestingly, the size of the small nanoparticles 
evolved during the degradation process, and was differ-
ent for the nanoparticles found in clusters and for those 
dispersed (Fig. 1C). At the earlier stages (t = 2 days) these 
nanoparticles had a diameter of 4.7 nm. However, 8 days 
after magnetosome internalisation, the size of the small 
nanoparticles increased considerably, reaching a diam-
eter of 6.1 ± 1.0  nm for those dispersed, and a signifi-
cantly larger diameter of 8.0 ± 1.2 nm for those found in 
clusters. The diameter then decreased slightly by 20 days 
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after magnetosome internalisation, at 5.2 ± 0.8  nm (dis-
persed small NPs) and 6.4 ± 0.9  nm (in clusters). By the 
final point imaged (t = 36 days), these nanoparticles had 
regressed to their initial size, with diameters of 4.7 ± 1 
and 4.2 ± 0.7 nm respectively.

To determine the nature of these small nanoparticles 
we analysed them with elemental mapping/energy dis-
persive X-ray spectrometry (EDS) (Fig.  1D), a method 

that identifies the elements present in a sample by ana-
lysing the characteristic X-rays generated by the material 
when it is impacted by the high energy electron beam 
of an electron microscope. We observed a clear enrich-
ment in iron and oxygen in the regions containing clus-
ters of small nanoparticles, suggesting the nanoparticles 
were products of magnetosome degradation. We also 
analysed the electron diffraction patterns of these small 

Fig. 1  (A) TEM images of A549 spheroid sections, incubated with magnetosomes for up to 36 days. A control of a spheroid with no magnetosomes, after 
20 days of incubation, is also shown. Blue arrows point to clusters of magnetosomes. Orange arrows point to clusters of smaller NPs. Small NPs are also 
visible dispersed in the cell (circle in green). (B) Size of magnetosomes by time of degradation. (C) Size of smaller nanoparticles, by distribution and by 
time of degradation. (D) TEM image of a small nanoparticle cluster, 2 days after internalisation, and iron and oxygen element maps of the same region. 
(E) SAED pattern obtained from a cluster of small particles from a 20 day sample, showing a distinct ring near 1.5 Å
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nanoparticle clusters with selected area electron dif-
fraction (SAED) (Fig. 1E), and in some cases observed a 
diffuse ring around 1.5 Å. This ring suggests that some 
nanoparticles are on their way to developing some 
short-range order, whereas other clusters appeared to be 
entirely amorphous (they did not produce any rings in 
SAED patterns). The 1.5 Å ring matches that reported for 
ferrihydrite, the mineral core found within ferritin [36]; 
however the other characteristic spacing of 2-line ferri-
hydrite at 2.5 Å was not observed. High resolution TEM 
(HR-TEM) images obtained from the small nanoparticles 
did not show crystallinity.

We also analysed the expression of the two ferritin 
genes, Ferritin Heavy Chain 1 (FTH1) and Ferritin Light 
Chain (FTL) (Fig.  2). FTH1 encodes the heavy chain of 
ferritin, this subunit has ferroxidase activity [37] and 
can oxidize Fe2+ to Fe3+ to protect the cell from oxida-
tive stress and inhibit ferroptosis [38]. We observed a 
significant increase in FTH1 expression throughout mag-
netosome degradation, with an expression peak halfway 
through the analysed period and a return to baseline 
towards the end (Fig.  2A), correlating with the pattern 
observed for the small nanoparticle diameter. This fur-
ther suggests that the observed small nanoparticles are 
being synthesized by ferritin, and points to a different 
need for protection from oxidative stress at different time 
points of magnetosome degradation.

Interestingly, when we analysed the expression of the 
Ferritin Light Chain gene (FTL), we observed an initial 
increase in its expression at the 2 h time point, followed 
by a decrease in its expression with an opposing pattern 
to that observed for the FTH1 gene (Fig. 2B). The Light 
subunit of ferritin is thought to support the nucleation 
(crystal formation) within ferritin, although its role is 
still not well understood. Tissues involved in iron stor-
age (such as the liver and spleen) are known to contain 
mainly FTL, as this subunit can store more iron [39]. 

L-rich ferritins have been reported to have a mineral core 
of more pronounced crystallinity [40], thus the H-enrich-
ment we observe could be a contributing factor to the 
nanoparticles not having crystalline order (Fig. 1E).

Given the regression to baseline in ferritin expression 
(Fig.  2) and the decrease in the size of the small NPs 
(Fig.  1C) towards the end of the 36  day study, we con-
sidered two hypotheses: (1) that cells could be expelling 
iron, thereby decreasing the amount of free Fe2+ in the 
cell that needs to be captured and stored in ferritin; or 
(2) that a lower rate of magnetosome degradation (in 
the form of Fe2+ release from the magnetosomes) could 
decrease the requirement for its capture and storage in 
ferritin.

Iron can be expelled from the cell via ferroportin, a 
transmembrane protein that can transport free Fe2+ 
and is the sole known iron exporter in vertebrates [41]; 
or as the ferrihydrite within ferritin, as the ferritin 
located within lysosomes has previously been reported 
to be secreted through a non-classical lysosomal secre-
tion pathway or via secretory autophagy [42, 43]. To 
rule out the presence of these iron secretion pathways 
we analysed the amount of total iron in spheroids dur-
ing the 36 day period using Inductively Coupled Plasma 
Atomic Emission Spectroscopy (ICP/AES). This method 
revealed an amount of iron of around 22 pg/cell (Figure 
S2), which was constant throughout the experiment, 
indicating no iron was being lost from the spheroid. 
Furthermore, we performed quantitative reverse tran-
scription PCR (qRT-PCR) to analyse the expression 
of ferroportin in spheroids, but the expression lev-
els were too low to detect, suggesting that ferroportin 
does not play a significant role in the degradation of 
magnetosomes or in iron homeostasis in human lung 
carcinoma spheroids. These results rule out iron secre-
tion from the lung carcinoma model, and vastly dif-
fer from those observed for magnetosome degradation 

Fig. 2  Relative expression of Ferritin Heavy Chain 1 (A) and Ferritin Light Chain (B) genes. Gene expression was measured at each timepoint in spheroids 
with magnetosomes (orange) and without magnetosomes (green), and normalised to the expression of the reference gene RPLP0
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in two-dimensional cultures of human lung carcinoma 
cells [30]. This may be explained by the following char-
acteristics of 3D models vs. traditional cell-culture mod-
els: cell-cell interactions lower the cells’ ability to divide 
and split magnetosomes between daughter cells, cell-
cell interactions may also decrease the ability of cells 
to expel magnetosomes to the surrounding media, and 
lower access to nutrients by cells inside the spheroid 
decrease their cell activity perhaps leading to a lower 
degradation rate of the magnetosomes within the cells. 
This lower access to nutrients may also affect different 
aspects of the cells’ metabolism, including iron metabo-
lism, as transition into 3D cultures has been shown in 
ovarian cancer to be associated with modifications of 
the iron metabolism aimed at preventing the accumula-
tion of free and redox iron [44].

Having ruled out iron secretion from the cell, we con-
cluded that magnetosome degradation occurs mainly in 
the first days after internalisation, and that the degrada-
tion rate decreases a few weeks after internalisation, per-
haps due to the lower cell activity found in 3D tumour 
models. Lastly, we concluded that one of the products 
of degradation is small nanoparticles that appear to be 

synthesized by ferritin, and that often localise in clusters 
nearby magnetosomes.

Macroscopic analysis of magnetosome degradation 
products with XANES and magnetometry
To analyse the changes around the iron atoms during 
degradation, we measured the X-ray absorption near-
edge structure (XANES) spectra at the Fe K-edge (Fig. 3) 
from the magnetosome-loaded spheroids, in BM23 
Beamline of the ESRF synchrotron (France).

XANES spectra provide information about the elec-
tronic and structural organisation around the Fe absorb-
ing atoms, and are very sensitive to the oxidation state of 
the absorbing atom. Several regions of the spectrum can 
be distinguished (Fig. 3A): (1) the pre-edge region, which 
appears 15–20 eV before the main edge, and depends on 
the nature and symmetry of the absorbing atom; (2) the 
edge position, which provides information on the oxida-
tion state of the absorbing atom; and (3) the post-edge 
region, which gives information on the medium range 
order around the absorbing atom.

While we did not detect changes in the pre-edge region 
(Fig. 3A), we observed changes both in the edge (Fig. 3B) 

Fig. 3  A. Fe K-edge XANES spectra of A549 spheroids incubated with magnetosomes, from 2 h to 36 days. The pre-edge, edge, and post-edge regions are 
indicated with a dashed square. B-C. Zoomed up sections of the edge and post-edge regions. Shifts are shown with arrows. D. Linear combination fitting 
of sample containing spheroids with magnetosomes, 15 days after internalisation. E. Atomic fraction of maghemite and magnetite in spheroid samples 
incubated with magnetosomes, from 2 h to 36 days. Best fits contain magnetite (blue circles) and maghemite (green squares)

 



Page 7 of 14Gubieda et al. Journal of Nanobiotechnology          (2024) 22:529 

and post-edge regions (Fig. 3C). As shown in Fig. 3B, the 
edge region shifts towards higher energy during the deg-
radation process. Similarly, the post-edge region (Fig. 3C) 
changes during the degradation process.

These changes to the XANES spectra suggest changes 
in the Fe oxidation state and in the surroundings of the 
Fe atoms during the degradation process. To identify 
the iron species appearing upon degradation, we per-
formed a linear combination fit of our spectra at each 
time point to the following known standards: magnetite, 
maghemite, and horse spleen ferritin (with a ferrihy-
drite core). Results of the fits are shown in (Fig. 3D-E). 
Main changes occur during the first 10 days after inter-
nalisation, with the magnetite in the magnetosomes 
slowly oxidising into maghemite, and maghemite tak-
ing up to 36% of the iron of the cell. After this point, 
degradation reaches a plateau, and the best fit does not 
change, with the ratio of magnetite and maghemite in 
the sample staying the same for the rest of the analysed 
period. The lack of ferrihydrite in the fitting analysis of 
the spheroids was particularly interesting, as clusters 
of small NPs, which we presumed to be ferritin, were 
observed in the samples analysed by TEM and associ-
ated to an increase in FTH1 expression. This suggests 
that the contribution of other iron species, such as fer-
rihydrite, to the XANES spectra should be less than 10% 
of the total Fe in the sample [13].

Given that the magnetic properties of magnetosomes 
are what makes them of interest for therapeutic appli-
cations, we wondered what the effect of magnetite 
degradation could be on the magnetic properties of 
the human lung carcinoma spheroids. We employed 
SQUID magnetometry to measure the magnetic 
moment for spheroids from 1 to 36 days of degradation 

(Figure S3). Up to seven replicates were measured for 
each time point. Magnetisation overall decreased only 
slightly during the process, with 5% lower magnetisa-
tion at the 36  day time point compared to the start-
ing time point. This result matches what would be 
expected from the XANES results, as maghemite, the 
main degradation product, is also ferrimagnetic, and 
the decrease in saturation magnetic moment expected 
from 35% maghemite/65% magnetite would be of 
6%, given the corresponding saturation magnetisa-
tion values (92 emu/g for magnetite and 76 emu/g for 
maghemite).

We also measured the zero field cooled (ZFC) mag-
netisation curve (Fig. 4A), an experiment in which the 
sample in a demagnetized state is cooled down from 
300 K to 10 K, and the magnetisation curve is measured 
while increasing temperature with an applied magnetic 
field of 50 Oe. This measurement is very sensitive to 
magnetic changes arising from the different magnetic 
phases present in the sample. Interestingly, the ZFC 
magnetisation curve does show important changes 
upon degradation, which are especially evident in the 
derivatives of the ZFC magnetisation curves (Fig.  4B). 
At 2 h the derivatives display mainly two peaks: one (at 
approx 25 K), usually attributed to surface effects, and 
another one (at approx 90 K) corresponding to the Ver-
wey transition characteristic of magnetite. The latter 
disappears upon degradation, evidencing its sensitiv-
ity to the chemical purity of magnetite [45]. Noticeably, 
a shoulder can be hinted already at day 4, at around 
15 K. This shoulder progressively evolves and becomes 
a sharp peak by day 32. This peak could be attributed 
to the appearance of magnetic nanoparticles emerging 
during the degradation process.

Fig. 4  A. Evolution of ZFC curves of A549 cell spheroids from 2 h to 32 days after magnetosome internalisation. B. Derivatives of ZFC magnetisation 
curves (shown in A) as a function of temperature. An inset is shown to display the low temperature region
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Spatially resolved magnetosome degradation at nano-
meter scale by nano-XRF and nano-XANES
To identify the subcellular location of the Fe phases we 
had observed with XANES, as well as identify the Fe 
phase of the small nanoparticles we had detected with 
TEM imaging, we used a combination of 2D XRF map-
ping and nano-XANES at the Hard X-Ray Nanoprobe 
(HXN) beamline at NSLS-II (USA). This method gen-
erates a stack of 2D nano-XRF maps at several energy 
points across the absorption edge and therefore each 
pixel contains a XANES spectrum. A detailed method-
ology can be found at Pattammattel et al. [46]. The spa-
tial resolution of the method allows for the detection of 
additional Fe phases even if they are minoritary, as will be 
shown below.

We used sections of magnetosome loaded human lung 
carcinoma spheroids of 350  nm in width, at two time 
points of degradation: 2 hours (initial control) and 8 
days (time point at which the small NPs observed with 
TEM had the biggest diameter and at which degradation 
was close to the maximum observed in XANES results). 
We mapped spheroid regions of up to 6 × 7 µm2, with 
50–100  nm/pixel resolution. Two representative XRF 
maps are shown in Fig. 5A-B.

We first analysed the XANES spectra of the entire 
XRF maps, fitting them to reference spectra of magne-
tite, maghemite and horse spleen ferritin (ferrihydrite) 
(Fig. 5C). At the 2 h time point, the spectra showed the 
best fit with just magnetite, as would be expected for 
magnetosomes that had just been internalized by the 
cells. Whereas after 8 days of degradation, the maps 
showed 25% of maghemite, indicating a clear oxida-
tion of the magnetite. These results are similar to the 
ones obtained of XANES of entire spheroids, indicating 
that the XRF maps shown are representative of the full 
spheroids.

We then proceeded to analyse different regions from 
each map, by fitting the spectra of regions of interest 
(150 × 150 nm to 500 × 500 nm, see regions in Fig. 5A-B) 
to those of magnetite, maghemite and horse spleen fer-
ritin. Examples of these spectra and fits are shown in 
Fig.  5D, and all analysed spectra and fits are shown in 
Figure S4.

At the 2 h time point, Fe-rich clusters were clearly vis-
ible, and the spectra from different regions of the clus-
ters fitted with 100% magnetite, or in some cases, 90% 
magnetite and 10% maghemite (Fig.  5E). These results 
indicate that the observed clusters correspond to mag-
netosomes that have just been internalized by the cells. 
When contrast of the image was increased (see Fig.  5A 
zoom-in), no further Fe-rich clusters were visible in the 
background region.

At the 8-day degradation point, Fe-rich clusters were 
also visible, but unlike in the 2-hour maps, increasing the 

contrast of the image allowed to detect further Fe-rich 
clusters of lighter intensity (Fig.  5F). These results mir-
ror those observed with TEM, with clusters of smaller 
nanoparticles rich in Fe appearing next to clusters of 
magnetosomes (Fig. 1A and D). Interestingly, fitting the 
spectra of representative regions of these clusters show-
cased differences in their composition, which allowed us 
to categorise them in two categories: clusters in which 
the best fit contained only magnetite and maghemite 
(which are numbered with the letter M); and clusters in 
which the best fit included horse spleen ferritin with a 
ferrihydrite core and hardly any maghemite (which are 
numbered with the letter F). To better showcase the dif-
ference between both types of clusters, a merge of clus-
ters in each category is shown in Figure S5.

In M clusters, the best fits were obtained with magne-
tite ranging from 70 to 80%, and maghemite from 20 to 
30%, indicating that the magnetite in magnetosomes was 
being oxidized to maghemite. These results are similar 
to those obtained from XANES of the entire spheroid, 
suggesting that these clusters are the predominant form 
of iron in the spheroids. F clusters, on the other hand, 
showed a best fit with magnetite (70–85%) and horse 
spleen ferritin (15–25%) (Fig. 5F). The lack of maghemite 
in most F clusters suggests that they may be newly syn-
thesized magnetite, and not a direct product of magne-
tosome degradation. Furthermore, the fact that these 
clusters only appear in the 8  day sample, in combina-
tion with the presence of ferrihydrite in them, suggests 
that the magnetite detected in them is being synthesized 
by ferritin. The appearance of magnetite nanoparticles 
smaller than 10  nm (as would be expected of magnetic 
nanoparticles synthesized in ferritin’s inner diameter 
cage) would explain the appearance of the peak in the 
derivative of the ZFC magnetisation curve at around 15 K 
(Fig. 4B).

Ferritin is well described to store iron in a ferrihydrite 
mineral core, although it is able to synthesize magnetic 
nanoparticles in vitro under specific circumstances, such 
as anaerobiosis, high temperatures (60–65 °C), and high 
pHs (8.5) [47]. The resulting magnetic protein is called 
magnetoferritin. While lung tumour spheroids have low 
oxygen concentration in their interior, it does not reach 
the anaerobiosis level (nor the high temperature or pH) 
employed for magnetoferritin synthesis in vitro. Our 
results suggest that ferritin is able to synthesize magne-
tite in human cells in a state of Fe excess, perhaps as pro-
tective measure against oxidative stress, as suggested by 
the overexpression of FTH1.

Magnetic iron oxide nanoparticles have previously 
been identified in human tissues: from brain tissue [48], 
to spleen, and cervical skin [49]. And their presence has 
often been linked to neurodegenerative diseases such as 
Alzheimer’s disease [50, 51]. However the origin of these 
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Fig. 5  (A) XRF map of Fe with 100 nm/px resolution, at 2 h after magnetosome internalisation in A549 cell spheroids. Regions of interest are marked with 
white squares. Intensity is shown in arbitrary units. A zoom-in of the selected are in shown with increased contrast. (B) XRF map of Fe with 50 nm/pixel 
resolution, at 8 days of magnetosome degradation in A549 cell spheroids. A zoom-in of the selected area is shown with increased contrast, to display all 
regions of interest, which are labelled as M or F depending on their composition. (C) Spectra for the entire XRF maps, and linear combination fit with mag-
netite, maghemite and horse spleen ferritin. (D) Spectra and linear combination fit for some of the regions highlighted in sections A and B. E-F. Results of 
fits with magnetite (blue), maghemite (green) and horse spleen ferritin with a ferrihydrite core (orange). Results are shown for the entire image (6 × 7 and 
5 × 4 µm2), as well as for all the regions of interest indicated in the XRF map
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IONPs has long been disputed, and external pollution 
and contamination of the samples has often been dem-
onstrated to be a source of the NPs [52–55]. Interestingly, 
Curcio et al. 2020 have reported that 2D mesenchymal 
stem cell cultures (but not 3D stem cell cultures nor 
human endothelial cells) are able to biosynthesize mag-
netite/maghemite during magnetite degradation, as they 
observe small nanoparticles with a magnetite/maghemite 
pattern in HR-TEM analysis [31]. Given their presence 
in 2D cell cultures but not spheroids, and in stem cells 
but not human endothelial cells, Curcio et al. hypoth-
esized that magnetic nanoparticle biosynthesis was a 
phenomenon of 2D stem cell cultures. Our results sug-
gest otherwise. Biosynthesis of magnetite might be a well 
established part of Fe metabolism, although the complex 
techniques required for detecting the small amounts of 
magnetite in the ferritin core could be the reason for it 
having been questioned for the last few decades. Further-
more, the process of nanoparticle biosynthesis in human 
cells in situations of high metal content might not be an 
iron specific phenomenon, as gold nanoparticles have 
also been shown to recrystallise following their degrada-
tion in human fibroblasts, in a process that is induced by 
ROS mediated oxidation of the NPs and might be stabi-
lized by metallothionein proteins [56]. Biosynthesis of 
metal nanostructures in this context could be a protec-
tive mechanism against oxidative stress.

Conclusions
We have used nano-XRF and nano-XANES, combined 
with traditional methods such as transmission electron 
microscopy, analysis of gene expression, and magne-
tometry, to describe the degradation of magnetosomes 
in a human lung carcinoma model. We have observed 
two distinct processes: the degradation of the magne-
tite in magnetosomes, which is oxidized to maghemite, 
and the biosynthesis of small magnetite and ferrihydrite 
nanoparticles.

The degradation of magnetite, with its oxidation to 
maghemite and release of iron ions has previously been 
described in a few articles studying IONP degradation, 
both in cell culture [30] and in vitro simulating lyso-
somal conditions [57]. However the degradation rate 
and products are heavily dependent on the cell type and 
the type of cell culture employed (2D vs. 3D), highlight-
ing the need for more biomimetic systems in biomedical 
research.

The biosynthesis of magnetic nanoparticles by cells, on 
the other hand, is not well understood. While magnetic 
nanoparticles of magnetite and maghemite have previ-
ously been observed in the human body, their origin has 
long been disputed. Our results suggest that biominerali-
sation of magnetite can occur in a 3D tumour model, and 
they support the hypothesis that ferritin can synthesize 

magnetite in human cells. Further studies will be required 
to understand how magnetite biomineralisation might 
play a role in iron metabolism and homeostasis.

As for the effect of our results on the biomedical pros-
pects of magnetosomes, we believe the results here pre-
sented make magnetosomes interesting for treatments 
targeting solid tumours, as the high magnetisation level 
maintained by the spheroids (both due to their low deg-
radation rate and their ability to biosynthesize magnetite) 
indicates low magnetosome dosages could be used for 
prolonged periods of time during treatment. Further-
more, patients with lung adenocarcinoma that accumu-
late iron in the tumour microenvironment have increased 
survival rates [58], suggesting that the presence of IONPs 
for a long time in a tumour could contribute to the treat-
ment on its own.

Materials and methods
Magnetosome isolation
Magnetosomes were extracted from M. gryphiswaldense 
MSR-1 (DMSZ: DMS 6631). Magnetotactic bacteria were 
cultured in flask standard medium containing 100 µM of 
Fe(III) citrate [59]. For magnetosome extraction, bacteria 
were first collected by centrifugation at 8000 G (4ºC, 15 
min), and resuspended in 20 mM HEPES − 4 mM EDTA 
(pH 7.4). The collected bacteria were then disrupted 
using a French Press (GlenMills) at 1250 psig, this step 
was performed twice to ensure disruption of the bacteria. 
The lysate was then sonicated and washed three times 
with the following steps; first, magnetosomes were iso-
lated in a magnetic rack, and rinsed with 10 mM HEPES-
200 mM NaCl (pH 7.4). Then, the obtained suspension 
was sonicated at 40 W (45 cycles of 15’’ ON, 5’’ OFF) in 
an ice bath. After three rounds of magnetic rack separa-
tion and sonication, the magnetosomes were dispersed 
in 1 mL of HEPES 20 mM (pH 7.4), and stored with 3% 
glycerol at -80ºC. Before each use, magnetosomes were 
thawed and sonicated for 15 min in a water bath.

Cell culture
A549 cells (DSMZ: ACC 107) were cultured in Dulbec-
co’s Modified Eagle’s Medium/Nutrient Mixture F-12 
Ham (DMEM/F-12, Sigma-Aldrich, D8900) supple-
mented with 2 mM L-glutamine, 10% fetal bovine serum 
(FBS, heat deactivated), 100 U/ml penicillin, 100 µg/mL 
streptomycin, and 0.25  µg/mL amphotericin B. Cells 
were cultured at 37ºC in a humidified atmosphere (95% 
relative humidity) and 5% CO2.

Labelling cells with magnetosomes and spheroid 
formation
To label cells with magnetosomes, A549 cells in 6-well 
plates were incubated with magnetosomes for 2  h at a 
concentration of 30 µg/mL of magnetite, in DMEM/F-12 
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medium containing 5% FBS to prevent magnetosome 
aggregation. After 2 h, the culture medium was removed 
and replaced with fresh medium, in order to remove 
magnetosomes that were not attached to the cells, sup-
plemented with 10% FBS.

For spheroid generation, A549 cells were collected by 
centrifugation (2  min, 2000 G). Cells were then diluted 
to the concentration of interest in DMEM/F-12 supple-
mented with 2 mM L-glutamine, 10% FBS, 100 U/mL 
penicillin, 100  µg/mL streptomycin, and 0.25  µg/mL 
amphotericin B. Cells were then seeded in 96-well low-
adhesion U-bottom microplates for spheroid forma-
tion (ThermoScientific, Nuclon Sphera microplate). The 
media in the wells was changed to fresh DMEM/F-12 
media every two-to-three days.

Cell viability assay
Cell viability was measured via ATP quantification with 
the Cell-Titer-GLO 3D Cell Viability Assay (Promega), 
luminescence was measured with a Synergy HT (Biotek) 
plate reader, in white Nunc A/S 96-well plates. Spheroids 
of 1 × 104 cells were used for the cell viability assays.

Sample preparation for electron microscopy, elemental 
mapping and electron diffraction analysis
For transmission electron microscopy (TEM) and ele-
mental mapping/energy dispersive X-ray spectrometry 
(EDS) imaging, 1 × 104 cell spheroids were first washed 
with 0.1  M Sorensen’s phosphate buffer (pH 7.4) to 
remove excess media, and fixed with 2% glutaradeldehyde 
overnight at 4ºC in the same buffer. Afterwards, cells 
were washed several times with isoosmolar phosphate/
sucrose buffer, and dehydrated in increasing ethanol con-
centrations (from 30% up to 100%). The spheroids were 
then embedded in Epon Polarbed resin that polymerized 
at 55ºC for 48  h. A Leica UCT ultramicrotome with a 
Diatome diamond knife was used to obtain ultrathin sec-
tions of 70 nm thickness, which were then deposited onto 
carbon-coated copper grids.

Transmission electron microscopy (TEM)
TEM images were acquired in collaboration with the 
Analytic and High Resolution Microscopy in Biomedi-
cine Service (SGIker), of the University of the Basque 
Country (UPV/EHU). Images were acquired with a JEOL 
JEM-1400 Plus electron microscope at an accelerating 
voltage of 120 kV. Size analysis of iron nanoparticles was 
performed using Fiji [60] .

Elemental mapping/energy dispersive X-ray spectrometry 
(EDS)
Element maps were obtained in collaboration with the 
Electronic Microscopy and Material Microanalysis Ser-
vice (SGIker) of the University of the Basque Country 

(UPV/EHU). Transmission electron microscopy experi-
ments were performed on a Talos F200i field emission 
gun instrument equipped with a Bruker X-Flash100 
XEDS spectrometer.

Elemental maps were performed by XEDS in the STEM 
mode under high annular dark field (HAADF) detec-
tor for Z contrast imaging in STEM conditions (camera 
length of 160 mm) using a pixel size of 2 nm, a dwell time 
of 600 s and an image size of 512 × 512 pixels. Moreover, 
EDX microanalyses were carried out using a probe cur-
rent of 120 pA and a semiconvergence angle of 6 mrad.

Selected area electron diffraction patterns (SAED) and 
HR-TEM
Selected Area Electron diffraction patterns (SAED) and 
high-resolution TEM images were obtained at Nano-
lab, University of Pannonia, using a Thermo Fisher Talos 
F200X electron microscope, operated at 200  kV accel-
erating voltage. Image processing, including the fast 
Fourier transformation (FFT) of HR-TEM images were 
performed using the Velox software.

X-ray absorption near-edge structure (XANES)
XANES experiments were performed at the Fe K-edge 
(7.112 keV) at the BM23 Beamline of the ESRF synchro-
tron (France). Four to five spheroids of 5 × 104 cells were 
combined for each XANES sample, to ensure enough Fe 
for analysis: spheroids were placed on Kapton tape, left to 
dry under infrared light and covered with another layer 
on Kapton foil on top. Samples were then measured in 
fluorescence mode at 10 K to avoid radiation damage. The 
monochromator was a double Si (111) crystal. XANES 
spectra were measured up to k = 9 A-1, with a 0.2 eV step 
size at the edge region and 269 energy points. The energy 
was carefully calibrated by recording simultaneously a 
XANES spectrum of a Fe foil. Reference samples such as 
magnetosomes, maghemite and HoSF (Sigma-Aldrich, 
F7879) were measured in transmission configuration.

Data analysis was performed with the Athena program 
of the IFEFFIT package [61], using standard procedures 
for background subtraction and data normalisation. Lin-
ear combination fits to the aforementioned standards 
were also implemented in the Athena software. The 
goodness of the fits was evaluated by the R-factor [61]. 
R-factors for the fits were lower than 0.0005.

X-ray fluorescence microscopy (XRF) and nano-XANES
Samples were processed as for TEM experiments. A 
Leica UCT ultramicrotome with a glass blade was used 
to obtain thin sections of 350 nm thickness of 1 × 104 cell 
spheroids, which were then deposited onto Si3N4 mem-
branes of 200 nm thickness (Norcada, NXCT-0101-Cr-1).

Scanning XRF maps were acquired at the Hard 
X-ray Nanoprobe (HXN) beamline at the National 
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Synchrotron Light Source II (NSLS-II) at Brookhaven 
National Laboratory. XRF maps were acquired at 
7.2  keV. For nano-XANES data collection, XRF maps 
were collected across the Fe K-absorption edge at 
7.112 keV using Fresnel Zone Plate (30 nm outer zone 
width) as nanofocusing optics. Detailed instrumen-
tation of the beamline and data collection methods 
are reported here [46]. Briefly, XRF images were col-
lected from 7.09 to 7.20  keV, with 60 energy points, a 
1 eV step size at the edge region, at room temperature 
under 250  Torr He environment and with 0.05  s/pixel 
of exposure time per energy point. The incident energy 
was calibrated by measuring a Fe foil.

The data were acquired as follows: each pixel was irra-
diated 60 times, one for each energy point measured. 
The beam irradiated one pixel for 0.05  s, then moved 
on to the next pixel at the same energy, and so on until 
it measured the entire map at the desired energy. Once 
the entire map had been measured (> 7.5 min for the XRF 
maps shown in this work), the beam returned to the ini-
tial pixel, and irradiated it at the next energy for another 
0.05 s. The total time of irradiation for each pixel was of 
3 s (0.05 s at a time, every > 7.5 min).

After data acquisition, XRF maps were aligned with 
the ImageJ MultiStackReg plugging [62]. Images were 
analysed and the XANES spectra extracted using the 
XMIDAS software package [63]. XMIDAS package was 
used as well to remove background signal before spectra 
analysis. Linear combination fits were implemented in 
the Athena software [61]. R-factors for the fits were lower 
than 0.006.

RNA isolation and quantitative RT-PCR
Total RNA was isolated from 1 × 104 cell spheroids 
using the NZY Total RNA Isolation kit (NZY Tech), 
and eluted into 30 µL of double distilled H2O. The total 
RNA extracted was then quantified using nanodrop, and 
the quality was checked by means of 28 S/18S ratio with 
LabChip GX Touch (Perkin Elmer), in combination with 
Standard RNA Reagent kit.

A combination of Biomark HD Nanofluidic qPCR 
System (Fluidigm) and FlexSix Dynamic Arrays 
IFC (IFC) were used for mRNA expression analysis. 
Firstly, DELTAGene Assays (Fluidigm) and pre-made 

PrimeTime qPCR Primer assays (IDT DNA Tech-
nologies) were used for mRNA detection, using an 
unspecific EvaGreen fluorochrome as reporter. cDNA 
synthesis was then performed with a NZY First-Strand 
cDNA synthesis Flexible pack (NZYTECH). 200 ng of 
RNA were added to a final reaction volume of 20 µL. A 
mix of random primers and oligo dTs were employed 
for cDNA synthesis. Three controls were included: 
additional samples for the qPCR standard curve (with 
1000 ng RNA in 20 µL), RT-minus controls to check 
genomic DNA background in the sample (200 ng in 20 
µL, without the RT enzyme), and the No Template con-
trol (NTC-ST) without RNA sample. The expression of 
genes RPLP0, PPIA and TBP was measured for their 
potential use as references, and RPLP0 was chosen as 
the reference gene for having the lowest variability of 
the three (Table 1).

Magnetometry
Magnetic measurements were performed with a super-
conducting quantum interference device magnetometer 
(SQUID, Quantum Design MPM3) in DC mode. Infor-
mation on the saturation magnetisation of each sample 
(in emu) was acquired at 300 K, between − 5000 and 5000 
Oe. Each magnetometry measurement corresponds to 
one single spheroid.

For analysis in the SQUID magnetometer, spheroids 
were placed on Kapton foil, left to dry under infrared 
light and covered with another layer on Kapton foil on 
top. The sample was then placed in a straw for insertion 
into the magnetometer.

Inductively coupled plasma atomic emission spectroscopy 
(ICP/AES)
For iron quantification, four replicates were used for 
each time point analysed. Each replicate consisted of one 
spheroid digested in 300 µL of nitric acid at 80ºC and 100 
µL of PBS (24 h, 80ºC). The digested solutions were then 
diluted 60x for analysis by ICP-AES (Agilent, 5110).

Statistical analysis
Graphical representation of data and statistical analy-
sis were performed with GraphPad Prism 7.0. Gaussian 
distribution was tested with a D’Agostino-Person omni-
bus normality test. When the N value of a group was too 
low to run this normality test, non-parametric distribu-
tion was assumed. Unpaired t-test and Mann-Whitney 
tests were used when comparing two groups of data of 
parametric and non parametric distribution, respectively. 
Ordinary one-way ANOVAs and Kruskal-Wallis tests 
were employed to calculate significance of three or more 
groups of parametric and non-parametric distribution, 
respectively. P < 0.05 (*), P < 0.01 (**), and P < 0.001 (***) 
were considered significant results.

Table 1  Primers employed for qRT-PCR experiment
Gen Forward primer Reverse primer
FTH1 ​G​G​C​C​G​A​A​T​C​T​T​C​C​T​T​C​A​G​G​A​T​A ​T​G​C​A​C​A​C​T​C​C​A​

T​T​G​C​A​T​T​C​A​G
FTL ​T​G​T​A​C​C​T​G​C​A​G​G​C​C​T​C​C​T​A ​G​C​C​T​T​C​C​A​G​A​G​

C​C​A​C​A​T​C​A
RPLP0 ​G​C​G​A​C​C​T​G​G​A​A​G​T​C​C​A​A​C ​C​A​C​A​T​T​G​T​C​T​G​C​

T​C​C​C​A​C​A​A
SLC40A1 ​G​G​G​T​G​G​A​C​A​A​G​A​A​T​G​C​T​A​G​A​C ​C​C​A​C​A​C​A​G​G​A​T​

G​A​C​T​G​A​A​A​C​A
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