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Abstract: Derived from magnetotactic bacteria (MTB), magnetosomes consist of magnetite crystals
enclosed within a lipid bilayer membrane and are known to possess advantages over artificially
synthesized nanoparticles because of the narrow size distribution, uniform morphology, high purity
and crystallinity, single magnetic domain, good biocompatibility, and easy surface modification.
These unique properties have increasingly attracted researchers to apply bacterial magnetosomes
(BMs) in the fields of biology and medicine as MRI imaging contrast agents. Due to the concern of
biosafety, a long-term follow-up of the distribution and clearance of BMs after entering the body is
necessary. In this study, we tracked changes of BMs in major organs of mice up to 135 days after
intravenous injection using a combination of several techniques. We not only confirmed the liver as
the well-known targeted organs of BMs, but also found that BMs accumulated in the spleen. Besides,
two major elimination paths, as well as the approximate length of time for BMs to be cleared from
the mice, were revealed. Together, the results not only confirm that BMs have high biocompatibility,
but also provide a long-term in-vivo assessment which may further help to forward the clinical
applications of BMs as an MRI contrast agent.

Keywords: bacterial magnetosomes (BMs); clearance; biocompatibility; targeted organs; magnetic
resonance imaging (MRI)

1. Introduction

Bacterial magnetosomes (BMs) are natural magnetic nanomaterials synthesized by
magnetotactic bacteria (MTB), consisting of magnetite crystals enclosed within a lipid
bilayer membrane [1–3]. The core mineral part of the magnetosome is mainly composed
of either magnetite (Fe3O4) or greigite (Fe3S4), while the peripheral membrane is highly
similar to the cell membrane [4–8]. The biogenic membranes not only make BMs stable and
disperse well, but also provide a large number of functional groups and proteins to allow
easy isolation, purification, and modifications [9,10]. BMs display narrow size distribution
and uniform morphologies in a single magnetotactic bacterial species or strain [11]. The
process of the biomineralization of iron crystals and the formation of BMs are subject to
strict gene control which guarantees good crystallinity and uniformity of the particle size
and morphologies [11–13]. It is noteworthy that among various MTBs, Magnetospirillum
gryphiswaldense MSR-1 is known as the most suitable MTB strain for medical applications,
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due to the fast growth rate and high productivity at >10 mg of BMs per liter, as well as the
non-toxic culturing condition [14].

Studies on the applications of BMs are increasing in recent years, especially in the
biomedical field. As superparamagnetic nanoparticles, BMs were reported to have higher
transverse relaxivity (r2) and more effective signal decay than chemically synthesized
nanoparticles as contrast agents for magnetic resonance imaging (MRI) application [15–17].
Several studies have also shown that BMs possess great potential to be used as an MRI con-
trast agent after modification to actively target tumors due to sufficient spatial resolution,
together with high sensitivity and biocompatibility, as well as low dosage in preclinical
studies [18–23]. BMs were reported as magnetic resonance imaging (MRI) contrast agents
for molecular imaging of brain tumors and can be modified with peptides for targeted
MRI to acquire improved transverse relaxation decay rate (R2) [17,24]. Mériaux et al.
examined the MRI contrasting efficiency of BMs in mouse brains and found that a low
dose of BMs as few as picomoles per kilogram can still be detected with an ultra-high field
MRI scanner [19]. Besides, applications of BMs in enzyme immobilization, food safety, cell
separation, and cancer therapy using magnetic hyperthermia or as drug delivery carriers
have drawn great attention as well [25–30].

As an MRI contrast agent, applications of BMs in vivo require systematic studies
on the toxicity and biocompatibility, including their distributions and clearance after
intravenous injection. However, so far, most researches focus on the potential applications
of BMs, and few have reported their toxicity and biosafety. Sun et al. examined for the
first time the systematic effect of BMs on rats for the acute toxicity, immunotoxicity, and
cytotoxicity of BMs from MSR-1 [22]. However, this work only followed up to two weeks
and did not monitor the distribution changes of BMs in vivo during the two weeks. As
the core of BMs is inorganic magnetite which cannot be easily degraded, it is necessary to
conduct a long-term in-vivo study to track their dynamic distributions in various organs
and understand the elimination pathway in mice.

In this study, we have performed long-term in-vivo and in-vitro experiments to track
the distribution and clearance of BMs. We monitored BMs after intravenous injection for
135 days by magnetic resonance imaging (MRI) of mice and found that BMs could cause fast
signal decay in T2-weighted images of the liver and spleen, and the signal was gradually
recovered with the clearance of BMs, indicating that the targeted organs were liver and
spleen. Prussian blue staining and Haematoxylin and Eosin (HE) staining of tissues
further verified MRI results and further showed good biocompatibility of BMs. Moreover,
inductively coupled plasma mass spectrometry (ICP-MS) was applied to quantitatively
analyze the iron content at different time points after intravenous injection. Together with
the degradation of BMs in cells observed by immunocytofluorescence (ICF) imaging, a
picture of the distribution and elimination paths of BMs in mice was obtained. We expect
that this work will help to understand the biocompatibility and in-vivo behavior of BMs,
and can provide a reference for the future clinical applications of BMs.

2. Materials and Methods
2.1. Preparation of Bacterial Magnetosomes (BMs)

Magnetospirillum gryphisiwaldense MSR-1 (DSM 6361, Brunswick, Germany) was ob-
tained from China Agricultural University. The wild-type magnetotactic bacteria MSR-1
were cultured at 30 ◦C and 100 rpm/min in the medium as described in our previous
study [24]. The bacteria were collected by centrifugation at 12,000 rpm for 5 min. To extract
the BMs, MSR-1 cells were re-suspended in 10 mL phosphate-buffered solution (PBS 10 mM,
pH 7.4) and sonicated for 26 min at 200 W (working 3 s, intermittent 5 s) [24,31,32]. After
bacterial lysis, BMs were separated from the bacterial debris using a magnet overnight.
Afterwards, the supernatant was discarded, the absorbed BMs were resuspended by PBS
to continue sonicating for 26 min at 120 W and then positioned against a magnet for 4 h to
attract the BMs. This procedure was repeated twice with the power changing from 80 W to
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40 W, respectively. After ultrasonic, the BMs were washed twice with ultrapure water, then
lyophilized into powder and stored at −20 ◦C for later use.

2.2. Preparation of the Polyclonal Antibody of BMs

Two healthy New Zealand rabbits were used to prepare polyclonal antibodies against
the surface proteins of BMs, which were then used for the localization of BMs in subse-
quent Immunocytofluorescence (ICF) assay. The rabbits were immunized with 1 mL BMs
(2 mg/mL) that were fully emulsified with the same dose of Freund’s complete adjuvant
and injected into the back of rabbits at multiple points for the first immunization. Then
1 mL BMs (0.5 mg/mL) were fully emulsified with the same dose of incomplete Freund’s
adjuvant to enhance the immunization every 2 to 3 weeks. Afterwards, the serum of rabbits
was taken for Elisa detection after three immunizations. If the antibody titer was above
1:16,000, all serum would be collected for purification. If the antibody titer was lower than
1:16,000, the immunization strengthening step was continued until qualified. Finally, all
serum of each rabbit was taken and purified by protein affinity column chromatography.

2.3. Transmission Electron Microscopy (TEM) Analysis

TEM (JEM-1230, JEOL, Tokyo, Japan) was used to visualize the morphological charac-
teristic of BMs. BMs were washed three times with ultrapure water and resuspended in
ultrapure water to make a stock solution, then diluted to an appropriate concentration with
ultrapure water. The sample was dropped on a duplex copper grid coated with carbon
film to incubate for 3 min and air-dried at room temperature. Images were recorded at an
accelerating voltage of 80 kV.

2.4. Size and Zeta Potential Measurement

Zetasizer Nano ZS (Malvern Instruments Ltd., Worcestershire, UK) was used to
determine the surface charge and the size distribution of BMs dispersed in ultrapure water.
All measurements were conducted at room temperature.

2.5. Cell Culture

Raw 264.7 cells were cultured in high-glucose Dulbecco’s modified Eagle’s medium
(DMEM; Hyclone, UT, USA), 10% fetal bovine serum (FBS; Gibco BRL, NE, USA), and
1% penicillin/streptomycin (Macgene, Beijing, China) at 37 ◦C in a humidified 5% CO2
atmosphere. When cells reached 80% confluence, 30 µg/mL of BMs were added and
incubated for 24 h before conducting the follow-up experiments.

2.6. BMs Internalization into Magcrophages

To visualize the intracellular localization of BMs, sulfo-cyanine5 NHS ester (Abcam,
ab146459, Cambrige, UK) was used to label BMs. Raw 264.7 cells were incubated with
labeled BMs at 37 ◦C for 3 h. After incubation, Raw 264.7 cell membrane was stained
with DIO membrane fluorochrome at 37 ◦C for 20 min (Beyotime Biotechnology, Shanghai,
China), and the cell nucleus was stained with Hochest 33342 (Sigma, St. Louis, MO, USA)
at 37 ◦C for 10 min, and then observed the images by laser confocal microscope (Leica SP8
STED 3X, Mannheim, Germany).

2.7. Immunocytofluorescence (ICF) Assay

To check the fate of BMs after entering the cell, Raw 264.7 cells were seeded in confocal
dishes at 80% confluence and incubated with BMs (30 µg/mL) for the designated time. The
cells were collected and confocal laser imaging was performed at 0 h, 3 h, 6 h, 12 h, 24 h,
48 h, 72 h, 96 h, and 120 h, 144 h, respectively. Specifically, the supernatant of cells was
discarded and replaced with fresh medium at 6 h to remove extracellular BMs. at 0 h, 3 h,
6 h, 12 h, 24 h, 48 h, 72 h, 96 h, and 120 h, 144 h, respectively (the supernatant of cells was
discarded and replaced with fresh medium at 6 h).
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After incubation, cells were washed with PBS (10 mM, pH 7.4) and fixed with 4%
paraformaldehyde for 15 min, and then permeabilized with 0.5% Triton X-100 for 20 min
and blocked with 10% bovine serum albumin (BSA) for 1 h at room temperature. After-
wards, cells were incubated with the anti-magnetosomes antibody overnight at 4 ◦C, then
washed with PBS three times, and incubated with FITC goat anti-rabbit antibody (Beyotime
Biotechnology, Shanghai, China) at room temperature for 1 h. Finally, cells were stained
with DAPI (Macgene, Beijing, China) for 5 min and images were obtained by laser confocal
microscope (Leica SP8 STED 3X, Mannheim, Germany).

2.8. Prussian Blue Staining

Raw 264.7 cells incubated with BMs were subjected to Prussian blue staining (Solarbio
life sciences, Beijing, China) to evaluate the degradation of the inorganic core of BMs inside
the cells. The cells were collected and Prussian blue staining were performed at 0 h, 3 h, 6 h,
12 h, 24 h, 48 h, 72 h, 96 h, and 120 h, 144 h, respectively (The culture medium was discarded
and replaced with the fresh one at 6 h). Cells were first fixed with 4% paraformaldehyde
for 15 min and stained with Prussian blue dye by incubating at 37 ◦C for 30 min, followed
by washing with ultrapure water twice and stained with Prussian blue counterstain for 30
to 60 s. Finally, cells were washed with ultrapure water and imaged by EVOS microscope
(Life Technologies, Carlsbad, CA, USA).

2.9. Animal Experiment

All animal experiments were conducted in accordance with the institutional guide-
lines approved by the Institutional Ethical Committee of Animal Experimentation of the
National Center for Nanoscience and Technology. Animals received care following the
Guidance Suggestions for the Care and Use of Laboratory Animals. Healthy male 6–8week-
old C57BL/6NCrl (C57) mice, SPF grade, were provided by Charles River Laboratories.
Laboratory animal license number: Beijing SYXK 2017-0033 Beijing SYXK 2017-0022.

2.10. Mice Magnetic Resonance Imaging (MRI)

The 6–8 week-old male C57 mice were divided into three groups with three mice in
each group for MRI. The clinical dosage of ferroferric oxide is around 7.5 µmol Fe/kg [33].
Sun et al. have estimated that LD50 of BMs is 62.7 mg/kg in rats [22]. Therefore, we
decided to use half of the LD50 value as the high dosage and a low dosage that is 1/4 of
the high one. Three groups of mice were intravenously injected with 100 µL PBS, 100 µL
PBS containing BMs at 8 mg/kg (5 mg Fe/kg) and 32 mg/kg (20 mg Fe/kg), respectively.
Then magnetic resonance imaging (MRI) was performed regularly at designated time-
points to observe the signal changes of nuclear magnetic resonance in mice. The T2-
weighted MR imaging of the BMs in mice was performed at room temperature with 7 T
(BioSpec70/20USR, Bruker, Germany), using a circular polarized 1H mouse whole-body RF
coil and corresponding animal bed. The experimental parameters were as follows: pulse
sequence: T2-TurboRARE/Bruker: RARE, TE: 40 ms, TR: 3000 ms, TA: 01 (min): 15 (s), FA:
90◦, Slice thickness: 1 mm, FOV: 40 × 40 cm2, ETL: 10, and MTX: 256 × 256.

2.11. Immunohistochemistry (IHC) and HE Staining of Mice Tissue

Haematoxylin and eosin (HE) staining and immunohistochemical (IHC) analysis
were performed on paraffin-embedded sections of mice liver and spleen tissues. Tissues
were first fixed by immersion in 4% paraformaldehyde, then embedded in paraffin. And
Paraffin sections were dewaxed with xylene, gradient alcohol hydration. After dewaxing
and hydration, endogenous peroxidase blocking was carried out (0.3% H2O2 for 25 min).
Afterwards, the sample was incubated with F4/80 primary antibody, goat anti-mouse
secondary antibody labeled with HRP, and finally stained with DAB. HE staining was
performed following a standard protocol. The staining results were captured by microscope
(Nikon E100, Tokyo, Japan).
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2.12. The Distribution of BMs in Mice

The 6–8 week-old male C57 mice were divided into ten groups with three mice in each
group for Prussian blue staining. Prussian blue staining was used to visualize the distribu-
tion of BMs in mouse tissue. The mice were intravenously injected 100 µL PBS containing
32 mg/kg BMs (20 mg Fe/kg). At the designated time point, three mice were sacrificed,
and the liver, spleen, heart, lung, kidney, intestine, and brain from each were removed,
fixed with paraformaldehyde, and embedded with paraffin for ultra-thin sectioning. The
ultra-thin sections were stained with Prussian blue and images were acquired.

2.13. ICP-MS

The inductively coupled plasma-mass spectrometry (ICP-MS) analysis was performed
with a Thermo ICAP-QC Series ICP-MS. The 6–8 week-old male C57 mice were divided
into ten groups with three mice in each group for detecting Fe concentration. The mice
were injected intravenously with magnetosome suspension at a dosage of 32 mg/kg
(20 mg Fe/kg). Then, the liver, spleen, blood, urine, and feces samples were obtained
at the designated time point. To prevent the blood remaining in the tissues from in-
terfering with the determination of iron level, cardiac perfusion was performed before
harvesting tissues.

2.14. Cardiac Perfusion

Mice were anesthetized by injecting 200 µL 4% chloral hydrate into the abdominal
cavity. The limbs of mice were fixed on the anatomical table. The xiphoid process was then
lifted with tweezers, the chest was cut with scissors, and the pericardium was torn open
with tweezers, exposing the heart. The right auricle was cut open with scissors, and the
prepared saline syringe was inserted into the left ventricle to conduct the perfusion. The
perfusion was ended when the fluid out of the right auricle was clarified.

2.15. Statistical Analysis

All the quantitative data in our studies were subjected to statistical analysis and were
expressed as mean ± standard deviation (SD). The statistical analysis was performed
with GraphPad Prism statistics software. p values of less than 0.05 were considered to be
statistically significant.

3. Results
3.1. The Characterization of the Magnetosomes (BMs)

The BMs were purified from Magnetospirillum gryphisiwaldense MSR-1 magnetotactic
bacteria by the ultrasonic crushing method [24]. The transmission electron microscopy
(TEM) was used to visualize the morphological characteristics of BMs (Figure 1A). The
average diameter of BMs was about 38 nm (Figure 1A). It can also be observed that purified
BMs have good dispersibility and were organized in chains. Dynamic light scattering using
Zetasizer Nano ZS confirmed the size distribution of the BMs (Figure 1B), and the zeta
potential of the BMs was around −30.7 mV (Figure 1C).
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Figure 1. Characterization of bacterial magnetosomes (BMs). (A) The transmission electron microscopy image and the size
distribution of BMs. The size distribution was calculated by Nano Measurer software based on the TEM results. Scale bars:
200 nm. (B) The size distribution of BMs determined by Zetasizer Nano ZS (PDI = 0.368). (C) The Zeta potential distribution
of BMs determined by Zetasizer Nano ZS.

3.2. The Distribution of BMs in Mice by MRI

To track the distribution and clearance of BMs after tail administration, magnetic
resonance imaging (MRI) was performed on mice at the designated time points from day 0
to day 62 and 135 for the low and high dose, respectively, when the transverse relaxation
time (T2) nearly returned to the control level (Figure 2). The result showed that for the
low dosage group (8 mg/kg, BMs), there were significant changes in the liver and spleen
on the first and second days after injection. The liver signal returned to the normal level
on the tenth day (Figure 3), but the spleen became normal rather quickly on the sixth day.
In the high dosage group (32 mg/kg, BMs), MRI signals in the liver and spleen of mice
were also changed significantly from the first day. The transverse relaxation time (T2)
was the shortest at approximately day 15, indicating that the amount of BMs was mostly
accumulated in these two organs. After 120 days, the signal of the liver became normal,
suggesting BMs were discharged from the liver. However, T2 of the spleen returned to the
control level slightly earlier than the liver, which is at approximately 90 days (Figure 4).
Noticeably, there were no significant changes in the kidney in all three groups, revealing
that BMs do not accumulate in the kidney. The recovery of T2 further confirms that BMs
were discharged from mice.
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Figure 2. T2-weighted MR imaging (7.0 T) of mice after tail vein administration of PBS. (A) T2 weighted imaging at different
time points after intravenous injection of PBS. The lower-left corner of each image is a partial enlargement of the mouse
liver and the lower-right corner is the enlargement of the mouse spleen. Changes of the transverse relaxation time (T2) of
the liver (B) the spleen (C) and the kidney (D) in mice at the designated time points were calculated.
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Figure 3. T2-weighted MR imaging (7.0 T) of mice after tail vein administration of BMs at the dosage of 8 mg/kg. (A) T2
weighted imaging at different time points after intravenous injection of BMs. The lower-left corner of each image is a partial
enlargement of the mouse liver and the lower-right corner is the enlargement of the mouse spleen. Changes of the transverse
relaxation time (T2) of the liver (B) the spleen (C) and the kidney (D) in mice at the designated time points were calculated.
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Figure 4. T2-weighted MR imaging (7.0 T) of mice after tail vein administration of BMs at the dosage of 32 mg/kg. (A) T2
weighted imaging at different time points after intravenous injection of BMs. The lower-left corner of each image is a partial
enlargement of the mouse liver and the lower-right corner is the enlargement of the mouse spleen. Changes of the transverse
relaxation time (T2) of the liver (B) the spleen (C) and the kidney (D) in mice at the designated time points were calculated.

3.3. The Tissue Ultrathin Section Staining

To confirm BMs targeted organs and cells after being injected into the mice, we
conducted Prussian blue staining on mice tissues after the continuous ultra-thin section.
Briefly, at the designated time point, mice were sacrificed, and the heart, liver, spleen,
lung, kidney, brain, and intestine were obtained for the ultrathin sectioning. Additionally,
macrophages in the liver and spleen were subjected to immunohistochemical staining
using F4/80 as the marker. The Prussian blue results showed that BMs were mainly
accumulated in the liver and spleen after entering and circulating in the blood. No blue
coloration was founded in other organs, indicating few BMs were accumulated at other
parts of the body (Figure 5). BMs were distributed more evenly near the liver portal triad
than in the spleen, where the images show deeper darkness in the parenchymal marginal
area (Figure 6). Consistent with MRI results, Prussian blue staining also showed that



Nanomaterials 2021, 11, 1235 10 of 16

the distributions of BMs in the organs decreased and cleared at 90 days with the high
dosage injection. Additionally, the results of Prussian blue and immunohistochemical
staining of the liver and spleen showed that the localization of BMs was the same as the
location of macrophages, indicating the targeted cells of BMs after intravenous injection
were macrophages in the liver and spleen (Figure 6C,D).

Next, hematoxylin-eosin (HE) staining was carried out to determine whether the BMs
cause damage to the liver and spleen after tail vein injection into mice. No infiltration of
inflammatory cells, deposition of foam cells, plaques, cell degeneration, and necrosis were
founded (Figure 6E), indicating that BMs barely cause damage to the organs.

Figure 5. Prussian blue staining of the tissue ultrathin section of the heart, lung, kidney, brain, and intestine at the designated
time points after tail vein injection of BMs at the dosage of 32 mg/kg. Scale bars: 50 µm.
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Figure 6. The liver and spleen ultrathin section staining at the designated time points after tail vein injection of BMs at
the dosage of 32 mg/kg. Prussian blue staining images of the liver tissue (A) and the spleen tissue (B) were shown with
scale bars of 50 µm. Comparisons between Prussian blue staining of the tissues and the immunohistochemical staining of
macrophages for the liver second days (C) and spleen twentieth days (D) after BMs were injected intravenously and images
were at scale bars of 50 µm. (E) HE staining of the liver and spleen tissue ultrathin sections at the designated time points
after tail vein injection of BMs at 32 mg/kg. Scale bars: 50 µm.

3.4. ICP-MS Analysis

Quantitative measurement of the iron element using inductively coupled plasma
mass spectrometry (ICP-MS) was performed to detect changes of the iron level in the liver,
spleen, blood, urine, and feces after injection of BMs at the dose of 32 mg/kg. Since the
blood has a high level of iron, to reduce the interference of the blood in organs, cardiac
perfusion was carried out to flush out the blood in the organs until the color of the liver
changed from purple to khaki.

The results showed that the iron level in the liver increased sharply in a short time
after intravenous injection of BMs, from 10–20 mg/kg to more than 400 mg/kg. The iron
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level in the liver was the highest in the first two days and began to decrease, but remained
significantly high for 30 days, and returned to the base level gradually (Figure 7A). In the
spleen, the iron level did not show noticeable change within the first 10 days, but increased
significantly after 10 days, and reached the peak that was twice the base level at around
day 30 (Figure 7B). The base iron level in the blood is high and has a slight increase at day
10 after injection and gradually returned to the pre-injection level at day 50 (Figure 7C).
Compared to other tissues, the base level of the iron in the urine was less than 1 µg/mL [34]
and the absolute change values are not large, even though there was a gradual increase
from the first day and peaked on the 10th day with the amount at 4 µg/mL, which is
10 times more than the basal level (Figure 7D). It is also noticeable that the level lowered to
a few times higher than the normal at day 20 and remained for 3–4 months. However, the
increase of iron in feces was striking in the first two days, then returned to the normal level
after two days (Figure 7E). Comparisons of changes of the percentages of iron occupying
the total injected amount in different tissues (Figure 7F), we found in the first two days,
a majority of injected BMs accumulated in the liver, and approximately 1/2 of the total
amount were discharged to feces. We think this is probably because BMs were infiltrated
to the bile ductule and further went to the duodenum with the secretion of bile. As time
went on, BMs were degraded into small particles and iron ions, leading to an increase
in blood and spleen. At the later stage, iron ions were slowly eliminated from the body
through urination. The iron level in mice returned to close to the normal 3–4 months after
the injection.

Figure 7. ICP-MS analysis of the iron content in various samples after injection of BMs at the dosage of 32 mg/kg. Changes
of the iron content in the liver (A), spleen (B), blood (C), urine (D), and feces (E) and the proportion of total iron in these
samples at the designated time points (F). (* p < 0.05, ** p < 0.01 means significantly different from pre-injection level.).

3.5. The Internalization and Elimination of BMs in Macrophages

The colocalization of BMs with macrophages in the liver and spleen suggested they
entered macrophages, resulting in the accumulation in the liver, spleen, and blood that have
a large number of macrophages. In the meantime, the iron level peak in the urine should
be contributed by iron ions, suggesting BMs undergo degradation in the macrophages.

To verify that BMs were internalized by macrophages, we performed the immunoflu-
orescence (IF) assay to observe the localization of labeled BMs. As shown in Figure 8A,
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confocal analysis showed that BMs were ingested by Raw 264.7 cells and distributed
between the membrane and the nucleus.

Figure 8. The cellular internalization and elimination of BMs in macrophages. (A) The inter-nalization of BMs in Raw
264.7 cells. Scale bars: 10 µm. Hochest 33342, DIO, and Cy5 were taken to stain cell nucleus, cell membrane and BMs into
blue, green, and red respectively. (B) The laser confocal imaging results of Raw 264.7 cells incubated with BMs of 30 µg/mL
at different time intervals. The blue shows the nuclei and the green refers to proteins on the BMs membrane. Scale bars:
25 µm. (C) The Prussian blue staining of Raw 264.7 cells incubated with BMs of 30 µg/mL at different time intervals. The
red shows the cell nuclei, and the blue indicates the inorganic core of BMs. Scale bars: 50 µm.
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To analyze the degradation of magnetosomes in cells, we conducted immunocytofluo-
rescence (ICF) experiments using antibodies against BMs to detect the membrane integrity
of BMs at different time intervals after incubation of BMs with Raw 264.7. The inorganic
iron core was also monitored using Prussian blue staining. Laser confocal imaging of ICF
showed that green fluorescence signals enhanced apparently at 3 h after incubation with
BMs, the intensity increased as the incubation continued and lasted until 12 h (Figure 8).
The signal reduced significantly after 24 h and disappeared after 72 h. Two factors may
explain the gradual signal fade-out: one is the magnetosome membrane proteins and
lipids break-down in macrophages; the other is the proliferation of cells causing BMs to be
divided into daughter cells which were therefore diluted.

To check the degradation of BMs inorganic core in cells, we performed the cellular
Prussian blue staining. As shown in Figure 8C, as cells divided, BMs were distributed
among more cells in the first two days. The blue color disappeared significantly on day 3,
indicating the inorganic BMs core was mostly broken down in the cell, and the degradation
was almost complete within 4 days.

4. Discussion

In this study, we tracked the distribution and clearance of bacterial (MSR-1) magne-
tosomes in major organs for up to 135 days after intravenous injection into mice using
MRI and various methods. MRI signal decay can be detected in the first two days for the
low dosage and a few weeks for the high dosage. This is expected because almost half of
BMs went to feces in the first two days (discussed below) and the particles uptaken by
macrophages were mostly eliminated in 72 h. The consistency of MRI results and others
confirms the high sensitivity of BMs as a contrast agent. ICP-MS measures both BMs and
iron ions and is very sensitive; besides systemic measurement errors, the fact that BMs are
not evenly distributed in the liver and spleen, variations of the individual mouse, and the
slight difference of the excretion amount have caused variations of the quantitative ICP-MS
results. Therefore, the averaged results only reflect trends of changes in different tissues
and organs over time, which are consistent with MRI and Prussian blue staining results.

The clinical dosage of ferroferric oxide as an MRI contrast agent is approximately
7.5 µmol Fe/kg body weight [33]. Since BMs have been reported to have high biocompati-
bility and to enhance contrast of the targeted site, we have tried 8 and 32 mg/kg of BMs
which are approximately 5 and 20 mg Fe/kg, corresponding to 10 and 50 times the clinical
dosage. The tissue ultrathin section staining results showed that even at high dosages, few
BMs were accumulated at the heart, lung, kidney, and brain. Besides, all tissues appear
normal without any damages, including the liver and spleen, proving again that BMs have
high biocompatibility.

Our results are consistent with Sun et al. who reported BMs accumulated in the liver,
but they did not find BMs present in other organs [22]. However, we found the spleen
was another target organ and we think this can be explained by the presence of a lot of
macrophages in the spleen. This is also confirmed by the observation of the Prussian
blue staining (Figure 6D) that BMs mostly distributed in the marginal zone of the spleen
parenchyma where macrophages dwell. The result also suggests that BMs can be an MRI
contrast agent for imaging the liver and spleen. In the case when other targets than the
liver and spleen are desired for the disease treatment or diagnosis, modifications of BMs
should be performed to avoid macrophage uptake.

The clearance time of BMs in mice was positively correlated with the injection amount.
When the amount was 8 mg/kg, the majority of BMs were eliminated from the liver at
around 30 days after injection. However, at the dosage of 32 mg/kg, the clearance took
120 days. From the ICP-MS, we estimated that approximately 1/2 of the injection infiltrated
the bile duct and went to the feces in the first two days, while the remaining BMs were
degraded into smaller particles and eventually became iron ions and eliminated through
urination [35]. The clearance from the body took more than 4 months with the iron level
in the urine still a little higher than pre-injection. Several reasons could contribute to this
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long-term clearance: one is the degraded iron ions can be stored in the body iron reservoir
system [36]; the other is that part of BMs can be re-absorbed by the intestine through
enterohepatic circulation [37,38].

5. Conclusions

To summarize, we reported for the first time a long-term follow-up of the distribution
and clearance of BMs in different tissues and organs in mice using a combination of several
methods including MRI. Our study further confirmed that BMs as an MRI contrast agent
have sufficient spatial resolution and high sensitivity. Meanwhile, we found the major
targeting organs of BMs, the length of time, and two main paths for BMs to be cleared
from mice. The targeting and biodegradability of the BMs suggest that it has the potential
as a contrast agent for imaging liver and spleen, or other organs and tissues for disease
treatment or diagnosis after modification to avoid macrophage uptake. The results may be
useful in the clinical application and contribute to the biosafety assessment of BMs.

Author Contributions: Conceptualization, J.T.; Formal analysis, X.N.; Funding acquisition, Z.H.
and Q.F.; Methodology, W.L.; Resources, Z.H.; Software, X.N.; Supervision, D.L. and Q.F.; Writing—
original draft, X.N.; Writing—review & editing, X.N. and Q.F. All authors have read and agreed to
the published version of the manuscript.

Funding: This study is supported by the Strategic Priority Research Program of the Chinese Academy
of Sciences (No. XDB36000000), and National Natural Science Foundation (grant nos. 32027801 and
31600814).

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Institutional Ethical Committee of Animal Experimen-
tation of the National Center for Nanoscience and Technology.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest in this work.

References
1. Blakemore, R. Magnetotactic bacteria. Science 1975, 190, 377–379. [CrossRef]
2. Balkwill, D.L.; Maratea, D.; Blakemore, R.P. Ultrastructure of a Magnetotactic Spirillum. J. Bacteriol. 1980, 141, 1399–1408.

[CrossRef]
3. Gorby, Y.A.; Beveridge, T.J.; Blakemore, R.P. Characterization of the bacterial magnetosome membrane. J. Bacteriol. 1988, 170,

834–841. [CrossRef]
4. Farina, M.; Esquivel, D.M.S.; de Barros, H.G.L. Magnetic iron-sulphur crystals from a magnetotactic microorganism. Nature 1990,

343, 256–258. [CrossRef]
5. Frankel, R.B.; Blakemore, R.P.; Wolfe, R.S. Magnetite in Freshwater Magnetotactic Bacteria. Science 1979, 203, 1355–1356. [CrossRef]
6. Bazylinski, D.A.; Frankel, R.B. Magnetosome formation in prokaryotes. Nat. Rev. Genet. 2004, 2, 217–230. [CrossRef]
7. Abreu, F.P.; Silva, K.T.; Farina, M.; Keim, C.N.; Lins, U. Greigite magnetosome membrane ultrastructure in ’Candidatus

Magnetoglobus multicellularis’. Int. Microbiol. 2008, 11, 75–80. [PubMed]
8. Grünberg, K.; Müller, E.C.; Otto, A.; Reszka, R.; Linder, D.; Kube, M.; Reinhardt, R.; Schüler, D. Biochemical and Proteomic

Analysis of the Magnetosome Membrane in Magnetospirillum gryphiswaldense. Appl. Environ. Microbiol. 2004, 70, 1040–1050.
[CrossRef] [PubMed]

9. Faivre, D.; Schüler, D. Magnetotactic Bacteria and Magnetosomes. Chem. Rev. 2008, 108, 4875–4898. [CrossRef]
10. Schüler, D.; Frankel, R.B. Bacterial magnetosomes: Microbiology, biomineralization and biotechnological applications.

Appl. Microbiol. Biotechnol. 1999, 52, 464–473. [CrossRef] [PubMed]
11. Bazylinski, D.A.; Garratt-Reed, A.J.; Frankel, R.B. Electron microscopic studies of magnetosomes in magnetotactic bacteria.

Microsc. Res. Tech. 1994, 27, 389–401. [CrossRef] [PubMed]
12. Dieudonné, A.; Pignol, D.; Prévéral, S. Magnetosomes: Biogenic iron nanoparticles produced by environmental bacteria.

Appl. Microbiol. Biotechnol. 2019, 103, 3637–3649. [CrossRef]
13. Scheffel, A.; Gruska, M.; Faivre, D.; Linaroudis, A.; Plitzko, J.M.; Schüler, D. An acidic protein aligns magnetosomes along a

filamentous structure in magnetotactic bacteria. Nat. Cell Biol. 2006, 440, 110–114. [CrossRef] [PubMed]

http://doi.org/10.1126/science.170679
http://doi.org/10.1128/JB.141.3.1399-1408.1980
http://doi.org/10.1128/JB.170.2.834-841.1988
http://doi.org/10.1038/343256a0
http://doi.org/10.1126/science.203.4387.1355
http://doi.org/10.1038/nrmicro842
http://www.ncbi.nlm.nih.gov/pubmed/18645957
http://doi.org/10.1128/AEM.70.2.1040-1050.2004
http://www.ncbi.nlm.nih.gov/pubmed/14766587
http://doi.org/10.1021/cr078258w
http://doi.org/10.1007/s002530051547
http://www.ncbi.nlm.nih.gov/pubmed/10570793
http://doi.org/10.1002/jemt.1070270505
http://www.ncbi.nlm.nih.gov/pubmed/8018991
http://doi.org/10.1007/s00253-019-09728-9
http://doi.org/10.1038/nature04382
http://www.ncbi.nlm.nih.gov/pubmed/16299495


Nanomaterials 2021, 11, 1235 16 of 16

14. Alphandéry, E. Applications of magnetotactic bacteria and magnetosome for cancer treatment: A review emphasizing on practical
and mechanistic aspects. Drug Discov. Today 2020, 25, 1444–1452. [CrossRef]

15. Hu, L.L.; Zhang, F.; Wang, Z.; You, X.F.; Nie, L.; Wang, H.X.; Song, T.; Yang, W.H. Comparison of the 1H1H NMR Relaxation
Enhancement Produced by Bacterial Magnetosomes and Synthetic Iron Oxide Nanoparticles for Potential Use as MR Molecular
Probes. IEEE Trans. Appl. Supercond. 2010, 20, 822–825. [CrossRef]

16. Tartaj, P.; del Puerto Morales, M.; Veintemillas-Verdaguer, S.; González-Carreño, T.; Serna, C.J. The preparation of magnetic
nanoparticles for applications in biomedicine. J. Phys. D Appl. Phys. 2003, 36, R182–R197. [CrossRef]

17. Boucher, M.; Geffroy, F.; Prévéral, S.; Bellanger, L.; Selingue, E.; Adryanczyk-Perrier, G.; Pean, M.; Lefèvre, C.T.; Pignol, D.;
Ginet, N.; et al. Genetically tailored magnetosomes used as MRI probe for molecular imaging of brain tumor. Biomaterials 2016,
121, 167–178. [CrossRef]

18. Benoit, M.R.; Mayer, D.; Barak, Y.; Chen, I.Y.; Hu, W.; Cheng, Z.; Wang, S.X.; Spielman, D.M.; Gambhir, S.S.; Matin, A. Visualizing
Implanted Tumors in Mice with Magnetic Resonance Imaging Using Magnetotactic Bacteria. Clin. Cancer Res. 2009, 15, 5170–5177.
[CrossRef]

19. Mériaux, S.; Boucher, M.; Marty, B.; Lalatonne, Y.; Prévéral, S.; Motte, L.; Lefèvre, C.T.; Geffroy, F.; Lethimonnier, F.; Péan, M.; et al.
Magnetosomes, Biogenic Magnetic Nanomaterials for Brain Molecular Imaging with 17.2 T MRI Scanner. Adv. Healthc. Mater.
2015, 4, 1076–1083. [CrossRef] [PubMed]

20. Erdal, E.; Demirbilek, M.; Yeh, Y.; Akbal, Ö.; Ruff, L.; Bozkurt, D.; Cabuk, A.; Senel, Y.; Gumuskaya, B.; Algın, O.; et al.
A Comparative Study of Receptor-Targeted Magnetosome and HSA-Coated Iron Oxide Nanoparticles as MRI Contrast-Enhancing
Agent in Animal Cancer Model. Appl. Biochem. Biotechnol. 2018, 185, 91–113. [CrossRef]

21. Kraupner, A.; Eberbeck, D.; Heinke, D.; Uebe, R.; Schüler, D.; Briel, A. Bacterial magnetosomes-nature’s powerful contribution to
MPI tracer research. Nanoscale 2017, 9, 5788–5793. [CrossRef]

22. Sun, J.; Tang, T.; Duan, J.; Xu, P.-X.; Wang, Z.; Zhang, Y.; Wu, L.; Li, Y. Biocompatibility of bacterial magnetosomes: Acute toxicity,
immunotoxicity and cytotoxicity. Nanotoxicology 2010, 4, 271–283. [CrossRef]

23. Yan, L.; Yue, X.; Zhang, S.; Chen, P.; Xu, Z.; Li, Y.; Li, H. Biocompatibility evaluation of magnetosomes formed by Acidithiobacillus
ferrooxidans. Mater. Sci. Eng. C 2012, 32, 1802–1807. [CrossRef]

24. Xiang, Z.; Yang, X.; Xu, J.; Lai, W.; Wang, Z.; Hu, Z.; Tian, J.; Geng, L.; Fang, Q. Tumor detection using magnetosome nanoparticles
functionalized with a newly screened EGFR/HER2 targeting peptide. Biomaterials 2017, 115, 53–64. [CrossRef] [PubMed]

25. Gandia, D.; Gandarias, L.; Rodrigo, I.; Robles-García, J.; Das, R.; Garaio, E.; García, J.Á.; Phan, M.H.; Srikanth, H.; Orue, I.; et al.
Unlocking the potential of magnetotactic bacteria as magnetic hyperthermia agents. Small 2019, 15, 1902626. [CrossRef] [PubMed]

26. Le Fèvre, R.; Durand-Dubief, M.; Chebbi, I.; Mandawala, C.; Lagroix, F.; Valet, J.-P.; Idbaih, A.; Adam, C.; Delattre, J.-Y.;
Schmitt, C.; et al. Enhanced antitumor efficacy of biocompatible magnetosomes for the magnetic hyperthermia treatment of
glioblastoma. Theranostics 2017, 7, 4618–4631. [CrossRef]

27. Xiang, Z.; Jiang, G.; Yang, X.; Fan, D.; Nan, X.; Li, D.; Hu, Z.; Fang, Q. Peptosome Coadministration Improves Nanoparticle
Delivery to Tumors through NRP1-Mediated Co-Endocytosis. Biomolecules 2019, 9, 172. [CrossRef]

28. Xu, J.; Hu, J.; Liu, L.; Li, L.; Wang, X.; Zhang, H.; Jiang, W.; Tian, J.; Li, Y.; Li, J. Surface expression of protein A on magnetosomes
and capture of pathogenic bacteria by magnetosome/antibody complexes. Front. Microbiol. 2014, 5, 136. [CrossRef]

29. Matsunaga, T.; Hashimoto, K.; Nakamura, N.; Nakamura, K.; Hashimoto, S. Phagocytosis of bacterial magnetite by leucocytes.
Appl. Microbiol. Biotechnol. 1989, 31, 401–405. [CrossRef]

30. Honda, T.; Tanaka, T.; Yoshino, T. Stoichiometrically Controlled Immobilization of Multiple Enzymes on Magnetic Nanoparticles
by the Magnetosome Display System for Efficient Cellulose Hydrolysis. Biomacromolecules 2015, 16, 3863–3868. [CrossRef]

31. Xiang, L.; Wei, J.; Jianbo, S.; Guili, W.; Feng, G.; Ying, L. Purified and sterilized magnetosomes from Magnetospirillum
gryphiswaldense MSR-1 were not toxic to mouse fibroblasts in vitro. Lett. Appl. Microbiol. 2007, 45, 75–81. [CrossRef]

32. Hamdous, Y.; Chebbi, I.; Mandawala, C.; Le Fèvre, R.; Guyot, F.; Seksek, O.; Alphandéry, E. Biocompatible coated magnetosome
minerals with various organization and cellular interaction properties induce cytotoxicity towards RG-2 and GL-261 glioma cells
in the presence of an alternating magnetic field. J. Nanobiotechnol. 2017, 15, 74. [CrossRef] [PubMed]

33. Wang, Y.-X.J. Superparamagnetic iron oxide based MRI contrast agents: Current status of clinical application. Quant. Imaging
Med. Surg. 2011, 1, 35–40.

34. Rodríguez, R.E.; Díaz, R.C. Copper and Zinc Levels in Urine: Relationship to Various Individual Factors. J. Trace Elem. Med. Biol.
1995, 9, 200–209. [CrossRef]

35. Du, B.; Yu, M.; Zheng, J. Transport and interactions of nanoparticles in the kidneys. Nat. Rev. Mater. 2018, 3, 358–374. [CrossRef]
36. Anderson, G.J.; Frazer, D.M. Current understanding of iron homeostasis. Am. J. Clin. Nutr. 2017, 106 (Suppl. 6), 1559S–1566S.

[CrossRef]
37. Dobrinska, M.R. Enterohepatic circulation of drugs. J. Clin. Pharmacol. 1989, 29, 577–580. [CrossRef]
38. Roberts, M.S.; Magnusson, B.M.; Burczynski, F.J.; Weiss, M. Enterohepatic Circulation. Clin. Pharmacokinet. 2002, 41, 751–790.

[CrossRef] [PubMed]

http://doi.org/10.1016/j.drudis.2020.06.010
http://doi.org/10.1109/TASC.2010.2041218
http://doi.org/10.1088/0022-3727/36/13/202
http://doi.org/10.1016/j.biomaterials.2016.12.013
http://doi.org/10.1158/1078-0432.CCR-08-3206
http://doi.org/10.1002/adhm.201400756
http://www.ncbi.nlm.nih.gov/pubmed/25676134
http://doi.org/10.1007/s12010-017-2642-x
http://doi.org/10.1039/C7NR01530E
http://doi.org/10.3109/17435391003690531
http://doi.org/10.1016/j.msec.2012.04.062
http://doi.org/10.1016/j.biomaterials.2016.11.022
http://www.ncbi.nlm.nih.gov/pubmed/27888699
http://doi.org/10.1002/smll.201902626
http://www.ncbi.nlm.nih.gov/pubmed/31454160
http://doi.org/10.7150/thno.18927
http://doi.org/10.3390/biom9050172
http://doi.org/10.3389/fmicb.2014.00136
http://doi.org/10.1007/BF00257612
http://doi.org/10.1021/acs.biomac.5b01174
http://doi.org/10.1111/j.1472-765X.2007.02143.x
http://doi.org/10.1186/s12951-017-0293-2
http://www.ncbi.nlm.nih.gov/pubmed/29041937
http://doi.org/10.1016/S0946-672X(11)80025-8
http://doi.org/10.1038/s41578-018-0038-3
http://doi.org/10.3945/ajcn.117.155804
http://doi.org/10.1002/j.1552-4604.1989.tb03385.x
http://doi.org/10.2165/00003088-200241100-00005
http://www.ncbi.nlm.nih.gov/pubmed/12162761

	Introduction 
	Materials and Methods 
	Preparation of Bacterial Magnetosomes (BMs) 
	Preparation of the Polyclonal Antibody of BMs 
	Transmission Electron Microscopy (TEM) Analysis 
	Size and Zeta Potential Measurement 
	Cell Culture 
	BMs Internalization into Magcrophages 
	Immunocytofluorescence (ICF) Assay 
	Prussian Blue Staining 
	Animal Experiment 
	Mice Magnetic Resonance Imaging (MRI) 
	Immunohistochemistry (IHC) and HE Staining of Mice Tissue 
	The Distribution of BMs in Mice 
	ICP-MS 
	Cardiac Perfusion 
	Statistical Analysis 

	Results 
	The Characterization of the Magnetosomes (BMs) 
	The Distribution of BMs in Mice by MRI 
	The Tissue Ultrathin Section Staining 
	ICP-MS Analysis 
	The Internalization and Elimination of BMs in Macrophages 

	Discussion 
	Conclusions 
	References

