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uptake and subcellular
localization of bacterial magnetosomes in
mammalian cells†
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Magnetosomes represent biogenic, magnetic nanoparticles biosynthesized by magnetotactic bacteria.

Subtle biological control on each step of biomineralization generates core–shell nanoparticles of high

crystallinity, strong magnetization and uniform shape and size. These features make magnetosomes

a promising alternative to chemically synthesized nanoparticles for many applications in the

biotechnological and biomedical field, such as their usage as biosensors in medical diagnostics, as drug-

delivery agents, or as contrast agents for magnetic imaging techniques. Thereby, the particles are directly

applied to mammalian cells or even injected into the body. In the present work, we provide

a comprehensive characterization of isolated magnetosomes as potential cytotoxic effects and particle

uptake have not been well studied so far. Different cell lines including cancer cells and primary cells are

incubated with increasing particle amounts, and effects on cell viability are investigated. Obtained data

suggest a concentration-dependent biocompatibility of isolated magnetosomes for all tested cell lines.

Furthermore, magnetosome accumulation in endolysosomal structures around the nuclei is observed.

Proliferation rates are affected in the presence of increasing particle amounts; however, viability is not

affected and doubling times can be restored by reducing the magnetosome concentration. In addition,

we evidence magnetosome–cell interactions that are strong enough to allow for magnetic cell sorting.

Overall, our study not only assesses the biocompatibility of isolated magnetosomes, but also evaluates

effects on cell proliferation and the fate of internalized magnetosomes, thereby providing prerequisites

for their future in vivo application as biomedical agents.
D-95447 Bayreuth, Germany. E-mail: dirk.

Jena University Hospital, D-07747 Jena,

i-jena.de

, D-95447 Bayreuth, Germany

for Molecular Biomedicine (CMB), Jena

ESI) available: Supplementary methods:
gures: Fig. S1, relative uorescence of
. S2, hydrodynamic diameters of WT
tes; Fig. S3, transmission electron
mes; Fig. S4, uorescence microscopy
by FaDu cells; Fig. S5, transmission
internalized magnetosomes; Fig. S6,

incubated with different amounts of
id formation of FaDu-NR cells aer
ables: Table S1, bacterial strains and
dy; Table S2, statistical analysis on
ll death rates for different mammalian
tosomes; Table S4, statistical analysis
e-treated BeWo, FaDu, HCC78, and
c

the Royal Society of Chemistry
Introduction

Magnetic nanoparticles are of increasing interest for plenty of
applications in the elds of cellular biotechnology and
biomedicine. The latter include their future usage as e.g.
biosensors in medical diagnostics, as contrast agents for
magnetic imaging techniques, or as agents for controlled drug
delivery.1–5 Depending on the envisioned application, a narrow
size distribution in the range from 30–200 nm is required as
smaller particles show no sufficient magnetization, whereas
larger particles are not able to cross the barrier through the
capillaries to reach their targets.6,7 However, controlling the
mean particle size and providing suspensions of high, uniform
crystallinity is still challenging.8,9 A promising alternative to
chemically synthesized nanoparticles might be provided by
bacterial magnetosomes biosynthesized by magnetotactic
bacteria like the alphaproteobacterium Magnetospirillum gry-
phiswaldense (Fig. 1A). Magnetosomes consist of a core of
chemically pure magnetite (Fe3O4) enveloped by a proteina-
ceous phospholipid bilayer, the magnetosome membrane, and
are therefore reminiscent to magnetic core–shell nanoparticles
(Fig. 1B and C).10,11 The latter harbors a set of magnetosome-
Nanoscale Adv., 2021, 3, 3799–3815 | 3799
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Fig. 1 (A) Transmission electron microscopy (TEM) micrograph of
a representative cell of the wildtype strain of M. gryphiswaldense. The
latter biosynthesizes �40 magnetosomes per cell arranged in a chain-
like manner admidcell. (B) TEMmicrograph of a suspension of isolated
magnetosomes (negatively stained) containing well-dispersed parti-
cles of �35 nm in diameter. Magnetosomes consist of a cuboctahe-
dral, monocrystalline core of pure magnetite (Fe3O4) that is
surrounded by an electron-light organic shell (indicated by blue
arrows), representing the magnetosome membrane. (C) Schematic
illustration of a single magnetosome nanoparticle. The magnetite core
is enveloped by a phospholipid bilayer (magnetosomemembrane) that
harbours a set of magnetosome specific proteins (Mam proteins).
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specic proteins that full functions in particle biosyn-
thesis.12–14 Strict control on each step of biomineralization
enables the generation of particles with a narrow size distri-
bution and uniformmorphology, exhibiting characteristics that
can hardly be achieved by chemical synthesis (high crystallinity,
strong magnetization and stable magnetic moments).15–18 Due
to these features magnetosomes have been envisioned as
promising tools for many applications in the biomedical and
biotechnological eld.19,20

Magnetosomes were already successfully tested for cancer
treatment using magnetic hyperthermia21–25 and as contrast
agents for magnetic resonance imaging (MRI).24,26–28 In addition,
their internalization by different types of carcinoma cells has
been investigated. For instance, Mannucci and co-workers could
demonstrate a strong particle uptake by human colon carcinoma
HT-29 cells, revealing three phases of interaction (i.e. adherence,
transport and accumulation in Golgi vesicles).24 Although the
analysis and evaluation of biocompatibility is of great impor-
tance for the use of nanoparticles in (bio)medical applications,
cytotoxicity and cellular uptake of bacterial magnetosomes by
mammalian cells have so far not comprehensively been studied.
Furthermore, in most studies varying cell lines were investi-
gated, which differ in their sensitivity to magnetosome treat-
ment, and assays are applied that assess different metabolic
activities. Thus, collected data are difficult to compare across the
3800 | Nanoscale Adv., 2021, 3, 3799–3815
published studies and different research groups, and there is
still no comprehensive evaluation that includes cytotoxicity,
potential effects on cell proliferation as well as the interaction
and uptake of the particles by mammalian cells.

Recently, our group established and characterized isolation
procedures for bacterial magnetosomes from M. gry-
phiswaldense combining magnetic separation and density-
based ultracentrifugation.13,14,29 The resulting, highly puried
magnetosome suspensions were homogeneous and nearly free
of impurities such as cell debris or polyhydroxybutyrate (PHB).
As for many envisioned biomedical applications the particle
suspension would be directly applied to mammalian cells or
injected into the body, potential cytotoxic effects were further-
more investigated. For that purpose, puried magnetosomes
were incubated with mammalian cells for 24 h. The viability
rates for the tested FaDu (squamous hypopharyngeal carci-
noma) cell line conrmed biocompatibility for magnetosome
concentrations up to �200 mg mL�1, and for higher particle
amounts (390 mg mL�1) a moderate viability ($69%) was
observed.29 However, it so far remained unclear if isolated
magnetosomes remain stable upon prolonged incubation in
physiological uids. The latter usually represent complex
mixtures of organic compounds, such as amino acids or sugars,
and varying concentrations of salt that might affect the state of
the surrounding magnetosome membrane (e.g. charge patches
or hydrophobicity), potentially causing the formation of
unstable agglomerates. The colloidal stability in such media is
therefore an important prerequisite for further studies on
effects of the magnetosome-treatment on cell viability and
proliferation.

In our study, we therefore rst systematically assessed the
stability of magnetosomes when incubated in different complex
cell culture media at various Fe concentrations, thereby
dening conditions suitable for in vitro investigations. We then
evaluated biocompatibility and the interaction and uptake of
isolated magnetosomes by mammalian cells. As many cell lines
are assumed to differ in their sensitivity,6 we tested a set of four
different cell lines including primary cells as well as carcinoma
cells with regard to cell viability upon the treatment with varying
magnetosome concentrations. A representative carcinoma cell
line, FaDu, was nally chosen to further evaluate magneto-
some–cell interactions. First, the cellular uptake of the particles
upon prolonged incubation times was studied. Next, for
increasing particle amounts, potential effects of the
magnetosome-treatment on cell proliferation were monitored
by real-time analyses. Finally, we investigated magnetosome-
loading of FaDu cells upon short-term incubation to allow for
subsequent magnetic cell sorting. The magnetization of the
cancer cells (due to increased interactions with the magneto-
somes) might therefore be of great importance for the appli-
cation of magnetosomes e.g. as targeting agents, in particular
for circulating tumor cells (CTCs).30

Overall, our study critically examines the suitability of puried
bacterial magnetosomes for future biomedical applications from
different angles, thereby comprehensively assessing effects on
cell proliferation, viability (i.e. metabolic activity) and cell death.
The obtained overall picture of magnetosome biocompatibility is
© 2021 The Author(s). Published by the Royal Society of Chemistry
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furthermore complemented by in-depth evaluation of the inter-
action of isolated particles with a representative cancer cell line
(FaDu), including magnetic labelling, cellular uptake and
subcellular localization. We therefore rmly believe that our
collected data might soon pave the way for the future use of
puried bacterial magnetosomes in real-world applications.
Experimental section
Cell culture

For assessing the cytotoxicity of isolated magnetosomes, four
different mammalian cell lines were tested (Table S1†). In order
to provide optimal growth conditions and to ensure that
potential impairments in cell viability and proliferation are
solely due to magnetosome treatment, cultivation was per-
formed as recommended by the suppliers for the respective cell
lines.

The adherent squamous hypopharyngeal carcinoma cell line
FaDu (HTB-43, ATCC, Manassas, VA, USA)31 was cultured in
Dulbecco's Modied Eagle's Medium (DMEM) supplemented
with 10% (v/v) Fetal Bovine Serum (FBS) (Sigma-Aldrich, Stein-
heim, Germany). The adherent non-small cell lung carcinoma
cell line HCC78 was obtained from DSMZ (ACC 563,
Braunschweig, Germany). The cell line was established from
a pleural effusion from a 65 year old man.32 HCC78 cells were
cultured in RPMI1640 medium with GlutaMAX-I (RPMI) and
10% (v/v) FBS. Primary human placental pericytes (hPC-PL;
PromoCell GmbH, Heidelberg, Germany) are mesenchymal-
like cells oen found in association with small blood vessels.
These cells were initially cultivated in Pericyte Growth Medium
(PGM; PromoCell GmbH, Heidelberg, Germany) according to
the purchaser's recommendations and then adapted to DMEM
supplemented with GlutaMAX-I and 10% (v/v) FBS. Pericyte
cultures were used in passages 6 to 10. The trophoblast cell line
BeWo (ACC 458, DSMZ, Braunschweig, Germany) is derived
from a choriocarcinoma.33 The cell line was initially cultivated
in Ham's F12 supplemented with 15% (v/v) FBS and 2 mM L-
glutamine and then adopted to DMEM supplemented with
GlutaMAX-I and 15% (v/v) FBS.

All cell lines were cultivated in a cell culture incubator (37 �C,
5% CO2, 95% relative humidity). The cells were sub-cultured at
a conuence of 80–90%. Therefore, the medium was removed
and the cell cultures were washed two times with 5 mL phos-
phate buffered saline (PBS). Aerwards, 3 mL trypsin-
ethylenediaminetetraacetate (EDTA) 0.05% solution was
added and the cell cultures were incubated for 3 min at 37 �C
until the cells detached from the culture ask. Cell suspensions
were diluted in appropriate ratio by adding fresh medium. In
regular intervals cell cultures were tested regarding mycoplas-
mic contaminations using the commercial PCR-based Venor
Gem mycoplasma detection kit (Sigma-Aldrich Chemie GmbH,
Steinheim, Germany).
Preparation of FaDu-NR cells

In order to uorescence label FaDu cells were transduced with
the IncuCyte™ NucLight Lentivirus Red Reagent (Essen
© 2021 The Author(s). Published by the Royal Society of Chemistry
BioScience, Göttingen, Germany) three times and subsequently
selected against puromycin (2 mg mL�1) enabling a stable
nuclear labelling by nuclear-restricted mKate2 expression,
hereinaer named FaDu NucLight Red (FaDu-NR).

Cultivation of M. gryphiswaldense

The wildtype (WT) strain of M. gryphiswaldense34 was grown in
modied ask standard medium (FSM) under moderate
shaking (120 rpm) at 30 �C.35 Cultivation was performed in 10 L
asks, and magnetite formation was ensured by applying
a headspace-to-liquid ratio of �1 : 4 with air in the headspace.
Oxygen concentrations declined from high initial levels in the
medium with increasing cell numbers, eventually reaching low
dissolved oxygen concentrations (i.e. microoxic conditions),
thereby inducing magnetite synthesis.36 Cells of the late expo-
nential phase were harvested by centrifugation (9000g, 4 �C, and
20 min). The cell pellets were washed with 20 mMHEPES, 5 mM
EDTA, pH 7.2 and stored at �20 �C until further use.

Magnetosome isolation and purication

Extraction/purication of magnetosomes was performed as
previously described.14,29 Briey, cell pellets of M. gry-
phiswaldense were resuspended in 50 mM HEPES, 1 mM EDTA,
pH 7.2, prior to disrupting the cells by 3–5 passages through
a microuidizer system (M-110L, Microuidics Corp., West-
wood, MA, USA). The obtained crude extracts were passed
through a MACS magnetic-separation column (5 mL; Miltenyi
Biotec, Bergisch Gladbach, Germany), which was placed
between two neodymium-iron-boron magnets (each 1.3 T). Aer
loading the extracts onto the column, the latter was washed with
50 mL 10 mM HEPES, 1 mM EDTA, pH 7.2, followed by 50 mL
high-salt buffer (10 mM HEPES, 1 mM EDTA, 150 mM NaCl, pH
7.2) to remove electrostatically bound cellular compounds, and
again 50 mL 10 mM HEPES, 1 mM EDTA, pH 7.2. Finally, the
magnets were removed and the magnetosomes retained in the
column were eluted with H2Odd. Residual cellular contaminants
still present in the magnetosome suspension were removed by
an ultracentrifugation step. The eluted magnetosomes were
loaded onto a sucrose cushion (60% w/v in 10 mM HEPES,
1 mM EDTA, pH 7.2) and centrifuged for 2 h at 200 000g and
4 �C. The magnetosome pellet formed upon centrifugation was
subsequently resuspended in 10 mM HEPES, 1 mM EDTA, pH
7.2, and the particle dispersions were stored in Hungate tubes
under a nitrogen atmosphere at 4 �C until further use.

Determination of iron concentrations

Iron contents of suspensions of isolated magnetosomes were
determined by atomic absorption spectroscopy. Magnetosomes
were pelleted, resuspended in 1.0 mL 69% nitric acid and
digested at 98 �C for 3 h. Samples were lled up with H2Odd to
a nal volume of 3.0 mL and subsequently analyzed using an
Analytik Jena contrAA300 high-resolution atomic absorption
spectrometer (Analytik Jena, Jena, Germany) equipped with
a 300 W xenon short-arc lamp (XBO 301, GLE, Berlin, Germany)
as continuum radiation source. The equipment included
a compact high-resolution double monochromator (consisting
Nanoscale Adv., 2021, 3, 3799–3815 | 3801
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of a prism pre-monochromator and an echelle grating mono-
chromator) and a charge-coupled device (CCD) array detector
with a resolution of about 2 pm per pixel in the far ultraviolet
range. Measurements were performed at a wavelength of
248.3 nm using an oxidizing air/acetylene ame. The number of
pixels of the array detector used for detection was 3 (central
pixel 1). All measurements were carried out in quintuplicates on
three technical replicates.
Fluorescent labelling of isolated magnetosomes

DyLight 488 Amine-Reactive Dye (NHS ester-activated derivative
of high-performance DyLight 488; Thermo Scientic, Waltham,
MA, USA) was used for uorescent labelling of WT magneto-
somes. Isolated particles (24 mg Fe) in 162 mL 50 mM NaHCO3,
pH 9.0 were supplemented with 1.15–4.6 mL DyLight 488 NHS
ester (10 mg mL�1 in dimethylformamide) and incubated in the
dark for 2 h at 16 �C. Excess dye was removed by extensive
washing steps in which the particles were pelleted by centrifu-
gation (4000g, 15 min) and aer discarding the supernatant,
resuspended in 200 mL 10 mM HEPES, 1 mM EDTA, pH 7.2.
Success of the labelling reaction was conrmed by uorescence
microscopy (Fig. S1†) using an Olympus IX81 microscope
equipped with a Hamamatsu Orca AG camera as previously
described.36
Transmission electron microscopy

For transmission electron microscopy (TEM) analysis, FaDu
cells were grown on 22 � 22 mm glass coverslips and incubated
with WT magnetosomes corresponding to an iron concentra-
tion of 5 mg cm�2, 25 mg cm�2 or 50 mg cm�2 for 24 h. Cells were
prexed in culture medium with 2.5% glutaraldehyde, pH
adjusted to 7.2, for 20 min at 37 �C. Cells were then xed in
0.1 M HEPES, 4 mM CaCl2, 2.5% glutaraldehyde (Serva Elec-
trophoresis, Heidelberg, Germany), 2.5% formaldehyde
(Science Services, Munich, Germany), pH 7.2 for 1 h at room
temperature plus 4 h at 4 �C. Fixative was replaced twice. Cells
were post-xed with 1% OsO4 for 45 min at room temperature
and then incubated in 1% uranyl acetate overnight at 4 �C.
Between each step the samples were washed 3–4 times for 5 min
each in 0.1 M HEPES, 4 mM CaCl2, pH 7.2. Dehydration of the
samples in ethanol, inltration with Epon (Serva Electropho-
resis) and at embedding was done by standard procedures.37

Ultrathin serial sections (�60–70 nm) were cut with a diamond
knife (type ultra 35�; Diatome, Biel, Switzerland) on an EM UC6
ultramicrotome (Leica, Wetzlar, Germany) and mounted on
single-slot Pioloform-coated copper grids (Plano, Wetzlar, Ger-
many). Sections were stained with uranyl acetate and lead
citrate38 and viewed with a JEM-2100 or JEM-1400Plus trans-
mission electron microscope (JEOL, Tokyo, Japan) operated at
80 kV. Micrographs were taken at the JEM-2100 using a 4000 �
4000 charge-coupled device camera (UltraScan 4000; Gatan,
Pleasanton, CA) and Gatan Digital Micrograph soware (version
1.70.16.). Image brightness and contrast were adjusted and
gures assembled using Adobe Photoshop 8.0.1 and GIMP
(GNU Image Manipulation Program) 2.10.18.
3802 | Nanoscale Adv., 2021, 3, 3799–3815
For TEM of isolated magnetosomes, specimens were directly
deposited onto carbon-coated copper grids (Science Services,
Munich, Germany). Particles were negatively stained with 2%
uranyl acetate. TEM was performed on a CEM 902A (Zeiss,
Oberkochen, Germany) with an acceleration voltage of 80 kV.
Images were taken with a Gata Erlangshen ES500W CCD
camera.

Dynamic light scattering (DLS) measurements

The colloidal stability of puried magnetosomes in various
buffer solutions and cell culture media was investigated by
using dynamic light scattering (DLS). Thereby it could be
ensured that the isolated particles stay stably in suspension
during incubation with mammalian cells and did not irrevers-
ibly form agglomerates. Magnetosome suspensions were pel-
leted by centrifugation (4000g, 15–30 min, 4 �C) and
resuspended in cell culture media (RPMI, DMEM) or buffer
solutions (Hank's Balanced Salt Solution, HBSS) at a nal
concentration of 50, 100, 200 or 400 mg Fe mL�1. Suspensions
were subsequently incubated for 12, 24 or 48 h, and DLS was
used to determine hydrodynamic diameters and to monitor the
formation of potential agglomerates. Measurements were per-
formed in quintuplicates on three biological replicates (ntotal ¼
15) using a Zetasizer Nano (Malvern, UK) and 70 mL UV micro
cuvettes (Brand, Wertheim, Germany). The evaluation soware
provided by the supplier (Malvern Zetasizer Soware 7.13) is
based on the Cumulant method and uses the Stokes–Einstein-
equation for size determination.

PrestoBlue cytotoxicity assay

Aer incubation with different particle amounts, the viability of
the magnetosome-treated FaDu, BeWo, HCC78 or hPC-PL cell
cultures was analyzed using the PrestoBlue assay (Invitrogen,
Karlsruhe, Germany). It is based on the ability of metabolically
active, vital cells to reduce the non-uorescent resazurin to the
uorescent resorun.

For that purpose, 15 000 (FaDu, BeWo, HCC78) or 25 000
(hPC-PL) cells per well in 72 mL of the respective growthmedium
supplemented with penicillin/streptomycin (P/S) (10 000 U
mL�1, 10 000 mg mL�1) were seeded into a black-walled 96-well
plate and cultivated for 24 h. Subsequently, 18 mLmagnetosome
suspension with nal iron concentrations of 5 mg cm�2, 25 mg
cm�2, 50 mg cm�2, and 100 mg cm�2 (diluted with the respective
growth medium supplemented with P/S) were added. For the
untreated negative control, 18 mL of the respective growth
medium supplemented with P/S were applied. As a positive
control, 18 mL of Triton X-100 were used, resulting in a nal
concentration of 0.02% (w/v). Incubation with the different
treatments was performed for 24 or 48 h in a cell culture incu-
bator (37 �C, 5% CO2, 95% relative humidity). Aer the incu-
bation, 10 mL of PrestoBlue reagent was added to each well and
the plate was incubated for 30 min in a cell culture incubator at
37 �C. The plate was placed for 5 additional minutes on
a Magnetic-Ring Stand 96-well plate in the dark in order to
prevent disturbances during uorescence measurement by the
magnetosomes. The uorescence (ex/em: 560/600 nm) was
© 2021 The Author(s). Published by the Royal Society of Chemistry
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measured with the CLARIOstar microplate reader (BMG LAB-
TECH GmbH, Ortenberg, Germany).

SYTOX staining

In order to study cytotoxic effects of magnetosomes, SYTOX™
staining was performed. SYTOX™ red dead cell stain (Invi-
trogen, Karlsruhe, Germany) is a membrane-impermeable DNA
dye, which is able to enter cells with compromised cell
membranes. When binding to DNA, the dye undergoes signi-
cant uorescence enhancement, leading to a selective staining
of dead cells when excited with 633/635 nm red laser light,
which can be detected at 658 nm.

In scope of evaluating potential cytotoxic effects of magne-
tosomes, the respective cell lines (BeWo, FaDu, HCC78, and
hPC-PL; each 500 000 cells) were seeded into 6-well plates and
cultivated overnight. Aer incubation with the indicated
concentrations of magnetosomes for 24 or 48 h, the cells
including the supernatant were harvested by treatment with
Accutase (Sigma-Aldrich, Merck, Darmstadt, Germany). Aer
washing twice with PE (2 mM EDTA in PBS), the cells were
resuspended in 500 mL of a 2.5 nM SYTOX™ red dead cell stain
solution and incubated at 4 �C in the dark for 15 min. For
control purposes, an unstained sample as well as samples
containing only magnetosomes were prepared simultaneously.
Furthermore, a positive control using 0.1% Triton X-100 was
included. The samples were measured instantly without per-
forming another washing step, because the dye binds in equi-
librium with the DNA and therefore external concentration has
to be maintained (FACSCalibur, Becton-Dickinson, Heidelberg,
Germany).

Confocal laser scanning microscopy

Subconuent FaDu cell cultures were incubated with 10 or 25 mg
Fe cm�2 DyLight488-labeled WT magnetosomes (green) for
24 h. Interaction and uptake were analyzed with the confocal
laser scanning microscope LSM 510 META (Carl Zeiss, Jena,
Germany) and the appendant soware ZEN 2012 SP1 blue
edition (version 8.1). The cytoskeleton was visualized with
phalloidin-AF633 (red) (Invitrogen, Karlsruhe, Germany) and
the nuclei with Hoechst 33258 (blue) (Invitrogen, Karlsruhe,
Germany).

Prussian blue staining

For studying the interaction of magnetosomes with FaDu cells,
the Prussian blue staining was used as described previously by
Schlorf et al.39 Thereby, potassium ferrocyanide trihydrate
forms a blue complex with Fe(III)-ions derived from magneto-
somes. One day prior to the experiment, 400 000 FaDu cells
were seeded onto coverslips in 24-well plates. Aer incubation
with magnetosomes, cells were washed twice with PBS before
xation using 10% formalin solution for 15 min at RT. The
staining was performed using 2% (w/v) potassium ferrocyanide
trihydrate in 1 M HCl for 10 min at 37 �C. Aerwards, the cell
cytoplasm was counterstained using DiffQuick Stain solution
(Labor + Technik Eberhardt Lehmann, Berlin, Germany) and
the coverslips were analyzed instantly using the light
© 2021 The Author(s). Published by the Royal Society of Chemistry
microscope Axiovert 25, the camera AxioCam HRc and the
soware AxioVision SE64 4.9 (Carl Zeiss GmbH, Jena, Germany).

Live cell imaging and analysis

150 000 FaDu-NR cells were seeded in 96-well plates and culti-
vated for 24 h at 37 �C, 5% CO2 in a humidied atmosphere.
Cells were incubated with 5, 25, 50, 100 mg cm�2 magneto-
somes. Untreated FaDu-NR cells and cells incubated with
HEPES buffer served as positive control. Cell cultures treated
with 0.1% (v/v) Triton X-100 or 50 mg cm�2 polyethylene imine
(PEI) coated nanoparticles (micromod Partikeltechnologie,
Rostock, Germany) were used as negative control. The latter
represent magnetite core–shell nanoparticles of �150 nm in
diameter exhibiting a cationic surface charge. Positively
charged nanoparticles have been shown to exert toxic effects to
mammalian cells, depending on net charge, composition of the
shell and particle concentration applied. For instance, the
viability of human brain microvascular endothelial cells
(HBMEC) was drastically reduced upon incubation with PEI-
coated nanoparticles, and concentration >25 mg mL�1 caused
a high number of cell death events.40,41

The number of red-uorescent nuclei as a measure for the
number of vital cells over a time period of 44 h was determined
with the IncuCyte™ ZOOM live cell analyzer (Essen Bioscience,
Ann Arbor, MI, USA) and denominated as “red object count”.
The values at the starting point (0 h) were set “1” and the
measurements during the incubation period were related to this
value.

Three-dimensional growth

FaDu-NR cells were incubated with 25 mg cm�2 magnetosomes
in DMEM + 10% FBS for 24 h. The cells were detached with
Trypsin–EDTA, centrifuged and resuspended to a nal volume
of 1 � 106 cells per mL. The cell suspension was applied to
a MACS MS column (Miltenyi Biotec). The cells in the ow-
through and the retained cell fraction were counted. 5000
cells per well from both fractions as well as FaDu-NR cells
without magnetosome incubation were seeded into a 96-well u-
bottomed microwell plate (Greiner Bio-One, Frickenhausen,
Germany) and centrifuged at 200g for 5 min to allow the cells to
sediment at the bottom of the well. Spheroid formation was
allowed and monitored in an IncuCyte™ ZOOM live cell
analyzer (Essen Bioscience) in a humidied atmosphere at
37 �C, 5% CO2 for 96 h.

Magnetic separation

Cells from standard FaDu cell cultures were prepared by
applying 1� Accutase (Merck, Darmstadt, Germany) in order to
preserve the cell surface structure. Leukocytes were enriched
from the peripheral blood of a healthy volunteer by erythrocyte
lysis and subsequent centrifugation. 1 � 106 FaDu cells or 2.5 �
106 leukocytes were incubated with magnetosomes (10–100 mg
Fe mL�1) for 8 min independently. The suspensions were
subsequently separated using MS magnetic columns (Miltenyi
Biotec) and a SuperMACS device (Miltenyi Biotec). Cells from
the ow-through (negative fraction) and cells retained in the
Nanoscale Adv., 2021, 3, 3799–3815 | 3803
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magnetic eld (positive fraction) were counted (Coulter Counter
Z2, Beckman–Coulter, Brea, CA, USA). 125 000 FaDu-NR cells
(5%) were mixed with 2.5 � 106 leukocytes (95%) and treated
with magnetosomes (25 mg Fe mL�1) for different incubation
times (up to 20 min). The mixed cell suspensions were applied
to the SuperMACS device and separated magnetically. Cells
from the positive and negative fraction were counted. The
portion of FaDu-NR cells in the negative and the positive frac-
tion was determined by ow cytometry using a FACSCalibur
(Becton-Dickinson, Franklin Lakes, NJ, USA).
Statistical analyses

Group data are presented as mean � standard deviation, n
indicates the number of independent experiments. SPSS
Statistics soware (version 26) was used for one-way ANOVA
tests with 95% condence intervals followed by a multiple
comparison test and correction according to Tukey.42 Differ-
ences are considered as statistically signicant for p < 0.05 (*), p
< 0.01 (**), or p < 0.001 (***) as specied in the gure legends.
Results
Colloidal stability of isolated magnetosomes in physiological
uids

As prerequisite for cell culture experiments, we investigated the
colloidal stability of the particles in physiological uids (i.e.
different buffer solutions and cell culture media) to ensure
optimal particle dispersion and membrane integrity. Magneto-
somes were isolated from disrupted bacterial cells according
published procedures14,29 and incubated in HBSS (with or
without additional Ca2+ and Mg2+), RPMI, or DMEM (supple-
mented with different FBS concentrations) for 12, 24 or 48 h at
dened iron concentrations. For all tested conditions, DLS
revealed hydrodynamic diameters <800 nm (Fig. S2†), indi-
cating a general suitability for cellular uptake.6 Partially, a trend
towards increased sizes with prolonged incubation times was
observed, in particular for higher magnetosome concentrations
(400 mg Fe mL�1). This was essentially conrmed by TEM
micrographs, in which chains of up to 600 nm in length were
visible, as well as agglomerates of up to 500 nm in diameter
(Fig. S3†).

Interestingly, for incubation in RPMI at increasing FBS
concentrations, the hydrodynamic diameters of
magnetosomes/particle agglomerates decreased. Thus, for 5 or
10% FBS, nearly no agglomerates in the size range from 400 to
650 nm could be detected (as illustrated in Fig. S2†). This is
furthermore supported by TEM analyses (Fig. S3†), which
revealed the formation of longer chains for 2% FBS. In contrast,
for 5 or 10% FBS only smaller agglomerates/chains or individ-
ually dispersed magnetosomes were observed, again conrming
the results of the DLS measurements. These observations might
be explained by the formation of a protein corona on the
magnetosome surface, as it has been described e.g. by Gräfe and
co-workers for polyethyleneimine (PEI)-coated magnetic nano-
particles.43 In the mentioned study, the latter were incubated in
cell culture medium with increasing FBS concentrations.
3804 | Nanoscale Adv., 2021, 3, 3799–3815
Thereby, the formation of a protein corona was observed, and
the amount of corona proteins was increased with the amount
of FBS in the incubation medium. Whereas with lower FBS
concentrations medium-sized proteins of molecular weights
between 30 kDa and 100 kDa could be found within the protein
corona, for nanoparticles incubated within higher FBS
concentrations the fraction of corona proteins of 30 kDa and
less increased. Moreover, the protein corona reduced the
interaction of the nanoparticles (i.e. adhesion to the cell surface
and particle uptake) with human brain microvascular endo-
thelial cells (HBMEC) even aer short-term incubation of
30 min.43 Similarly, it can be assumed that during incubation
with FBS-containing media, a protein corona is formed that
surrounds individual magnetosomes, and differing FBS
concentrations might affect the composition of the protein
shell. Thus, increased FBS concentrations of 5 or 10%might not
only facilitate the formation of such a shell but also increase its
thickness. At such FBS concentrations, particle–particle inter-
actions might be inuenced or even shielded by corona proteins
to some extent, leading to smaller aggregates and individually
dispersed magnetosomes as indicated in Fig. S3B and C.†
Moreover, the magnetosomes showed different agglomeration
behavior when incubated in RPMI and DMEM media (each
supplemented with 10% FBS). This is obvious from TEM
micrographs (Fig. S3C and D†) as well as hydrodynamic diam-
eters of agglomerates determined by DLS. Whereas for magne-
tosomes incubated in RPMI + 10% FBS only smaller
agglomerates were detected, aggregation tendencies were
clearly increased in DMEM + 10% FBS, and size classes >500 nm
could be detected. The formation of a protein corona is strongly
inuenced by the surrounding environment and factors such as
the ionic strength, pH values and the presence of plasma
proteins.44,45 Thus, the composition of the cell culture medium
plays a crucial role in protein adsorption to the nanoparticle
surface.

Protein–nanoparticle interactions were found to be differ-
entially mediated by RPMI and DMEM cell culture media, and
protein coating occurred at different rates and dynamics.46 The
composition of the culture media might therefore explain the
observed agglomeration behavior. For instance, for DMEM the
overall content of amino acids is increased, as well as the
amount of sugar (D-glucose).47 Although these effects will
require further investigations, our data so far clearly indicate
that magnetosome concentrations up to 400 mg Fe mL�1 are
stable in DMEM or RPMI cell culture media (supplemented with
up to 10% FBS) for at least 48 h and thus, can be applied for
further studies on biocompatibility and interactions with
mammalian cells.
Magnetosomes exhibit no cytotoxic effects on mammalian
cells

In order to obtain a comprehensive, clear picture of potential
cytotoxic effects of isolated magnetosomes, different mamma-
lian cell lines were treated with varying particle concentrations,
and different assays were applied to assess viability and cell
death rates. Besides primary human placental pericytes (hPC-
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Cell viability of BeWo (A/B), FaDu (C/D), HCC78 (E/F) and hPC-PL (G/H) cell lines incubated with different concentrations of isolated
magnetosomes. PrestoBlue assays were performed to assess potential cytotoxic effects of the indicated amounts of isolated magnetosomes
when added to the respective cell line (incubation for 24 or 48 h). Viability values are given as percentage of the value obtained for untreated cells
(negative control). Cells incubated with 0.02% Triton X-100 served as positive control. As illustrated by the bar charts, for 24 h incubation time
magnetosome concentrations up to 50 mg cm�2 (194.4 mg mL�1) were considered to be biocompatible, with viability values $69% (classified as
moderate viability; EN ISO 10993-5:2009).48 For 48 h of incubation, trends towards decreasing viability rates were observed, however, sensitivity
to magnetosome treatment differed depending on the tested cell line, with FaDu exhibiting the highest viability rates (>90% for 100 mg Fe cm�2).
Number of biological replicates (n) as indicated, statistically significant differences are denoted as follows: p < 0.05 (*), p < 0.01 (**), p < 0.001
(***). Statistical analysis and p-values are provided in Table S2.† Please note, that statistically significant differences to Triton X-100 (which applies
to the majority of samples tested) are not included in the figure, but listed in Table S2.†

© 2021 The Author(s). Published by the Royal Society of Chemistry Nanoscale Adv., 2021, 3, 3799–3815 | 3805
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Fig. 3 Viability rates of magnetosome-treated BeWo, FaDu, HCC78
and hPC-PL cells determined by SYTOX™ staining assay. 500 000 cells
of the respective cell lines were incubated with isolated magneto-
somes (100 mg cm�2) for 24 or 48 h (“wM”). Afterwards, cell death rates
were determined using the SYTOX™ assay followed by flow cytometry
analysis. Untreated cells (“w/o M”) and cells treated with 0.1% Triton X-
100 served as controls. The obtained values (provided in Table S3†)
were subsequently taken to calculate cell viability rates. Incubation
with Triton X-100 resulted in viability rates #10%. Whereas for the
magnetosome-treated FaDu and HCC78 cells viability was compa-
rable to the corresponding untreated fractions, the more sensitive
BeWo and hPC-PL exhibited a slight but partially significant viability
decrease, which is in agreement with the results from PrestoBlue
assays (Fig. 2). Data are presented as mean� standard deviation, n$ 2.
Differences considered as statistically significant are specified as
follows: p < 0.05 (*), p < 0.01 (**), or p < 0.001 (***). Statistical analysis
is provided in Table S4.†
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PL) representing a non-transformed cell type, we used
epithelial-type tumor cell lines, namely FaDu originated from
a hypopharyngeal carcinoma,31 and the non-small cell lung
carcinoma cell line HCC78.32 In addition, the human chorio-
carcinoma cell line BeWo33 was included, which is an in vitro
model for trophoblasts and can be differentiated into syncy-
tiotrophoblasts. Aer incubation for 24 or 48 h with different
particle concentrations (5, 25, 50 or 100 mg Fe cm�2, which
equals 19.4, 97.2, 194.4 and 388.9 mg Fe mL�1), PrestoBlue
assays were performed to evaluate the cell viability. Untreated
cells and cells treated with 0.02% (w/v) Triton X-100 served as
controls. As the magnetosomes themselves led to low
uorescence/luminescence signals, a background correction
was performed. For direct comparison, treated cells were
normalized to an untreated control, which was set to 100% of
viable cells. Besides the FaDu cell line, concentration-
dependent effects on cell viability were observed (as shown in
Fig. 2). In general, for 24 h incubation time, magnetosome
concentrations up to 50 mg cm�2 (194.4 mg mL�1) were consid-
ered to be biocompatible, with viability values$69% (classied
as moderate viability according to EN ISO 10993-5:2009).48

Thereby, the tested cell lines differed in their sensitivity to
magnetosome treatment. Whereas for BeWo (Fig. 2A) and hPC-
PL (Fig. 2G) viability uctuated between 70 and 90%, the FaDu
cell line seemed to be more robust, with values >80% for all
applied magnetosome concentrations (Fig. 2C). In contrast, for
HCC78 a trend towards slightly decreasing viability rates was
observed, however, even for the highest tested concentration
(100 mg cm�2 or 388.9 mg mL�1) cell viability was still >70%
(Fig. 2E). Prolonged magnetosome treatment up to 48 h further
reduced cell viability for all cell lines investigated, and an
overall trend to decreasing values was observed. Again, HCC78
turned out to be more sensitive to magnetosome treatment, and
viability dropped to�50% for 50 or 100 mg cm�2 magnetosomes
(Fig. 2F). Similar, albeit less pronounced effects were observed
for BeWo and hPC-PL, with the highest tested magnetosome
concentration of 100 mg Fe cm�2 reducing cell viability to 60–
70% (Fig. 2B and H). As observed before, FaDu cells exhibited
the highest viability rates. Thus, even for 100 mg Fe cm�2 still
values >90% were observed (Fig. 2D). Overall, our collected data
suggest a general biocompatibility of magnetosomes for incu-
bation times up to 24 h. Although the tested cell lines differed in
their sensitivity to magnetosome treatment, viability rates argue
for moderate to good viability under the applied conditions.

Besides the magnetosome treatment, we also observed
a visible but not statistically signicant inuence of the HEPES
buffer per se on the cell viability. Thereby, for FaDu and hPC-PL
a positive inuence on viability was observed, whereas for BeWo
cells viability seemed to be reduced aer 24 or 48 h, respectively.

HEPES is a buffer commonly used for in vitro cultivation of
established cell lines as well as primary cells. It increases buffer
capacity and allows to control pH in the physiological range.49

This is of special importance for mesenchymal cells (e.g. peri-
cytes) and thus, may contribute to the elevated viability of hPC-
PL cells. Taking into account the small reaction volume (100 mL)
during the PrestoBlue cytotoxicity assay, the addition of HEPES
with a nal concentration of 2 mM may allow a better
3806 | Nanoscale Adv., 2021, 3, 3799–3815
maintenance of a physiological pH for at least 24 h and thus,
explain the lightly elevated values for HCC78 and FaDu cell
cultures. The observed reduction of BeWo viability in the pres-
ence of HEPES might be due to toxic effects. Suppliers of HEPES
point out that this substance should not be used in high
concentrations because of toxic effects on cell cultures. The
recommended nal concentration of HEPES in cell culture
media is 10–25 mM, thus 2 mM HEPES in our setting seems to
be not responsible for the reduced viability of BeWo cells.

So far, the applied PrestoBlue assays had provided only
qualitative data on the viability of the respective cell lines when
incubated with magnetosomes, but no information on the total
number of vital cells. Therefore, we performed SYTOX assays
followed by ow cytometry analysis for (semi-)quantitative
determination of death rates of individual cells. The different
cell lines BeWo, FaDu, HCC78, or hPC-PL were incubated with
100 mg cm�2 magnetosomes for 24 or 48 h. As expected, for the
positive control (cells treated with 0.1% Triton X-100) cell death
rates$90% were observed. The obtained cell death rates (Table
S3†) were nally used to calculate the corresponding cell
viability values (illustrated in Fig. 3) to allow for direct
comparison with the PrestoBlue data (Fig. 2). The values for the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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magnetosome incubated cell cultures were mostly comparable
to the untreated cells aer 24 h. Thereby, for FaDu, HCC78 and
hPC-PL cell viability values $89% were detected. Only for the
BeWo cell line a slightly increased portion of dead cells was
observed upon magnetosome incubation (viability 80.7%,
untreated BeWo 89.7%). Aer 48 h, however, treated cell lines
exhibited a clear proportion of dead cells. Whereas for BeWo,
FaDu and HCC78 cell viability values were only marginally
diminished compared to the untreated fractions, a more
pronounced effect was observed for hPC-PL (viability 71.8%,
untreated hPC-PL 81.3%). These data are consistent with the
results of the PrestoBlue assay (Fig. 2), which indicated a high
cell viability (>70%) for all tested cell lines at the highest particle
concentration aer 24 h; however, upon prolonged magneto-
some treatment (48 h) cell conditions were affected to some
extent.
Magnetosome uptake and subcellular localization

For many envisioned magnetosome-based applications, such
as counting and enrichment of circulating tumor cells from
peripheral blood,50–52 evaluation of cell–particle interactions
are of great importance. For further analysis, in particular
investigations regarding magnetosome uptake and the fate of
the particles aer internalization, the FaDu cell line was
chosen, because of their robustness with regard to magne-
tosome incubation in our previous investigations.29

Furthermore, the latter has proven to be well-suited for
investigations regarding the cytotoxicity and uptake of
nanoparticles.53 When incubated with chitosan-based nano-
particles, FaDu cells exhibited viability values and cellular
uptake rates that were comparable to those of the HeLa-
derivative Hep-2 cells, a cell line that has oen been used
for studies on cytotoxicity and uptake of nanoparticles.54

First, we investigated magnetosome internalization by using
confocal laser scanning microscopy (cLSM). For that purpose,
Fig. 4 Internalization of magnetosomes by FaDu cells. Confocal lase
fluorescent, DyLight488-labelled WT magnetosomes (10 or 25 mg Fe cm
and localize in endolysosomes around the nucleus (white arrows). Fluo
red; nuclei (hoechst33258), blue.

© 2021 The Author(s). Published by the Royal Society of Chemistry
subconuent FaDu cells were incubated with uorescent,
DyLight488-labelledmagnetosomes (10 or 25 mg Fe cm�2) for 24 h.
For both tested particle concentrations cLSM analysis revealed
distinct uorescence signals indicating magnetosome internali-
zation. The particles showed no organized co-localization with
cytoskeletal structures but accumulated as distinct uorescent
spots in close proximity to the nuclei, suggesting a typical endo-
lysosomal signature (Fig. 4). Aer Prussian blue staining of the
respective cLSM preparations, a typical bluish stain was visible,
indicating the presence of ferric iron (data not shown). These
signals co-localized with the uorescence signals in cLSM, thereby
conrming particle uptake. Fluorescence microscopy essentially
conrmed these observations (Fig. S4†).

In order to obtain a more detailed picture on the magneto-
some uptake and the subcellular localization of the particles, we
incubated FaDu cells with unlabelled WT magnetosomes, xed
the cells and, aer dehydration and plastic embedding, cut
ultrathin serial sections of the preparations for subsequent
TEM analysis. Here, in a variety of cells vesicle-like structures
were visible that contained high amounts of particles (Fig. 5A, B
and S5†). These vesicles (up to 15 per cell) were located within
the cytoplasm, partially in direct vicinity to the nuclei, and were
surrounded by membranous structures (Fig. S5†). In addition,
even in dividing cells such vesicles could be found (Fig. 5B). Our
data therefore suggest endocytosis-based magnetosome inter-
nalization, with the particle stored in lysosomal, vesicle-like
structures. Furthermore, magnetosomes were still visible in
the area surrounding the cells. Here, agglomerates and smaller
particle chains could be observed, and variations in electron
density/contrast suggest intact magnetosome membranes
(Fig. 5A, inset ii).
Effects on cell proliferation

In TEM analyses, internalized magnetosomes were observed
even in dividing FaDu cells. In order to assess potential effects
r scanning microscopy (cLSM) analysis of FaDu cells incubated with
�2) for 24 h. cLSM indicated that the particles are taken up by the cells
rescent magnetosomes, green; actin cytoskeleton (phalloidin-AF633),

Nanoscale Adv., 2021, 3, 3799–3815 | 3807
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Fig. 5 Magnetosome uptake by FaDu cells and subcellular localization. FaDu cells were grown on coverslips and incubated with WT magne-
tosomes. After fixation, dehydration and flat embedding, ultrathin serial sections were cut and screened for particle internalization using
transmission electron microscopy. (A) TEM micrographs of ultrathin sections demonstrate magnetosome uptake, which is indicated by high
amounts of electron-dense particles being internalized in vesicle-like structures (iii), partially located in close proximity to the nucleus (i). In
addition to magnetosomes taken up by the cells, well-dispersed particles can be found in the area surrounding the cells (ii), forming the typical
chain-like arrangements (inset). (B) TEM image of a representative dividing FaDu cell, showing internalized magnetosomes. Even for dividing
cells, vesicle-like structures could be found, filled with high amounts of electron-dense nanoparticles (shown inmore detail in themagnifications
(i) and (ii)).

3808 | Nanoscale Adv., 2021, 3, 3799–3815 © 2021 The Author(s). Published by the Royal Society of Chemistry
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on the proliferation behavior, transduced FaDu cells with red-
uorescent nuclei (FaDu-NR) were incubated with different
particle amounts ranging from 5 to 100 mg cm�2 for 44 h.
IncuCyte real-time analyses on the cellular growth revealed
concentration-dependent effects on the proliferation rates
(Fig. 6). For a magnetosome concentration of 5 mg cm�2 growth
was comparable to that of untreated FaDu-NR cells or cells that
were incubated with HEPES buffer, with doubling times of
�28 h. Increasing magnetosome amounts signicantly reduced
cellular growth. Thus, at 25 mg cm�2 a doubling time of �45 h
was measured, and at 50 and 100 mg cm�2 cellular growth was
completely inhibited. However, microscopy analysis (Fig. S6†)
clearly indicated the presence of intact cells that were just
“trapped” and thus, unable to proliferate. These observations
are in agreement with the described viability assays (Fig. 2 and
3). In contrast, treatment with Triton X-100 or PEI-coated
nanoparticles (50 mg cm�2) drastically reduced FaDu-NR uo-
rescence below the initial value at t0. Here, aer 8 h of incu-
bation, a dramatic loss of the uorescence signal was observed,
indicating cell death.

As increasing particle amounts (25–100 mg cm�2) affected
proliferation of the FaDu-NR cells, we asked whether the pres-
ence of the applied magnetosome amounts throughout the
analysis or the magnetosomes attached to the cell surface and
the incorporated particles are responsible for that observation.
To prove this hypothesis, FaDu-NR cells were incubated with 25
mg cm�2 magnetosomes for 24 h. Aerwards, the cell suspen-
sion was concentrated and magnetically enriched, and dened
numbers of cells were seeded into fresh medium. The time-
Fig. 6 Real-time analysis of the proliferation behavior of magnetosom
cellular growth, transduced FaDu-NR cells were incubatedwith the indica
IncuCyte ZOOM system was used to determine the number of red-fluore
number of vital cells. Untreated FaDu-NR cells and cells incubated with H
100 or PEI-coated nanoparticles (50 mg cm�2) were used as negative co
magnetosome-treated fractions, a concentration-dependent decrease
ation. Number of biological replicates: n ¼ 3, each measured in quadrup

© 2021 The Author(s). Published by the Royal Society of Chemistry
dependent cell proliferation was monitored for 102 h
(Fig. 7A), and growth rates gradually increased with the number
of FaDu cells seeded (proliferation is given as “conuency of cell
layer [%]”, directly correlating with the cellular growth). The 200
K fraction and the 100 K fraction reached conuency aer 72 h
and 102 h, respectively. The calculated doubling time for these
fractions is 22 to 26 h, whereas for the 50 K fraction is
approximately 30 h. This is in good accordance to the speci-
cation of the DSMZ.Moreover, for the respective cell numbers of
both the untreated FaDu cells (“Control”) and cells incubated in
the presence of magnetosomes (“Magnetos.”) a nearly identical
growth behavior was detected. These observations suggest that
magnetosome treatment only reversibly inhibited cell prolifer-
ation. The separation of the magnetosome-treated cells via
MACS even enriched the vital cells. Thus, aer dissemination
and consequent reduction of the magnetosome load by dilu-
tion, the cells continued proliferating.

In order to investigate further effects of magnetosome-
treatment and magnetic separation, we subjected 150 000
FaDu cells to MACS MS columns aer incubation with 25 mg
cm�2 magnetosomes. Aer elution/passing the magnetic
column, the proliferation behavior of the respective fractions
was analyzed (Fig. 7B). Thereby, untreated FaDu cells (“w/o
magnetosomes, w/o magnetic separation”) and the
magnetosome-incubated cells that were magnetically retained
in the column (“positive fraction”) exhibited comparable
growth rates. It should be considered that in the course of
magnetic separation, the majority of the magnetosome-
incubated cells could be retained within the column, and only
e-treated FaDu-NR cells. In order to investigate potential effects on
tedmagnetosome concentrations, ranging from 5 to 100 mg cm�2. The
scent nuclei (denominated as “red object count”) as a measure for the
EPES buffer served as positive control, cells treated with 0.1% Triton X-
ntrol, as incubation with the FaDu-NR cells led to cell death. For the

of the fluorescence signal was observed, indicating impaired prolifer-
licates.
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Fig. 7 Cellular growth and spheroid formation of FaDu-NR cells after magnetosome loading. (A) FaDu-NR cells were incubated with 25 mg cm�2

magnetosomes for 24 h. After magnetic enrichment by subjecting the mixture to MACS MS columns, the indicated, defined cell numbers were
seeded into fresh medium to allow for proliferation. The time-dependent cellular growth was monitored for 102 h (“Magnetos.”) and compared
to the untreated cell fractions (“Control”). For both, the untreated and the corresponding positive fractions, nearly identical growth patterns were
observed, and proliferation rates gradually increased with the number of FaDu-NR cells seeded. Proliferation is given as “confluency of cell layer
[%]”, directly correlating with the cellular growth. (B) 150 000 FaDu-NR cells were subjected to magnetic separation after incubation with 25 mg
cm�2 magnetosomes. The majority of the magnetosome-treated FaDu-NR cells was retained in the matrix and only eluted after removal of the
magnetic field (“positive fraction”). Afterwards, the cellular growth was analyzed, which was comparable to untreated FaDu-NR cells (“w/o
magnetosomes, w/o magnetic separation”). Only a low number of magnetosome-treated FaDu-NR cells was directly eluted from the column
(“negative fraction”). Therefore, due to the reduced number of cells in the proliferation assay, decreased growth rates (compared to those of the
“positive fraction”) were observed. As a further proof of adequate cell behavior, the formation of spheroids was analyzed. For that purpose, FaDu-
NR cells were seeded in u-bottom shaped 96-well plates and monitored in the IncuCyte system for 96 h. Inset: (a) FaDu-NR cells without
magnetosome-incubation, without magnetic separation (5000 cells seeded); (b) FaDu-NR cells with magnetosome-incubation, magnetic
separation – positive fraction (5000 cells seeded); (c) FaDu-NR cells with magnetosome-incubation, magnetic separation – negative fraction
(2000 cells seeded).
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a low number of cells was directly eluted. Therefore, due to this
reduced number of cells in the “negative fraction”, the respec-
tive proliferation curve was clearly below that of the “positive
fraction”.

In addition, the formation of spheroids as an indicator for
adequate cell behavior was investigated. The interaction of cells
is inevitable to form structures that are more complex. A
common lab model for interaction is the formation of 3-
dimensional cell aggregates known as multicellular spheroids.
Cells within these structures form an extracellular matrix and
are polarized. As shown in Fig. 7B (insets) and S7,† in the
presence of magnetosomes the ability to form well-shaped
spheroids was not affected, indicating that the overall cell
behavior is not impaired.
Short-term labelling of FaDu cells with magnetosomes
enables cellular magnetization

Next, we compared magnetosomes–FaDu and magnetosomes–
leukocytes interactions upon short-term incubation. For that
purpose, we incubated 1 � 106 FaDu-NR cells or 2.5 � 106

leukocytes with unlabelled magnetosomes (10–100 mg Fe mL�1)
for 8 min. The suspensions were subsequently subjected to
magnetic columns that allow for magnetic separation of
particle-labelled/loaded cells. Both, cells of the ow-through
(i.e. the negative fraction) and cells that were retained in the
magnetic eld (i.e. the positive fraction) were counted (Fig. 8A).
Fig. 8 Interaction of magnetosomes with FaDu-NR cells andmagnetic se
leukocytes were incubated with magnetosomes (10–100 mg mL�1) for
columns, and cells of the flow-through (negative fraction) and cells retai
the leukocytes only weak interactions were detected (most cells were f
retained in the columns, indicating a sufficient particle-labelling formagn
mixed with 2.5 � 106 leukocytes and subsequently treated with magneto
described in (A), the suspensions were magnetically separated and cells o
used to determine the portion of FaDu-NR cells. With increasing incubati
NR cells was observed in the positive fraction, whereas the total cell num
increased interaction of magnetosomes with the tumor cell line (com
differences are denoted as follows: p < 0.05 (*), p < 0.01 (**), p < 0.001

© 2021 The Author(s). Published by the Royal Society of Chemistry
For all tested particle concentrations, only low numbers of
leukocytes were sufficiently loaded to be retained by the
magnetic eld (less than 10% of the total cell number), indi-
cating weak interactions with magnetosomes. FaDu-NR cells, in
contrast, exhibited signicantly increased retention rates. Thus,
already for magnetosome amounts corresponding to 10 mg Fe
mL�1 more than 35% of the total cell number could be
magnetically separated. The latter could be further increased by
incubation with higher particle amounts, with 25, 50 and 100 mg
Fe mL�1 retaining more than 50–60% of the cells. Thereby, for
iron concentration $25 mg mL�1, similarly ‘magnetized’ FaDu-
NR cell numbers were counted, suggesting an upcoming satu-
ration effect. In order to roughly simulate a composition/
conguration theoretically found in peripheral blood samples,
we mixed low amounts of FaDu-NR cells (125 000; 5% of the
total cell number) with a high portion of leukocytes (2.5 � 106;
corresponding to 95% of the total cell amount), and incubated
the cell suspension with magnetosomes (25 mg Fe mL�1)
(Fig. 8B). Aer magnetic sorting, the overall number of cells
retained in the magnetic eld was less than 5%; however, with
incremental incubation times, an increased portion of FaDu-NR
cells could be magnetically separated (>30% of the total FaDu-
NR cell number aer an incubation time of 20 min). Similar
observations had been made before for leukocyte/breast cancer
cell mixtures incubated with carboxymethyl-dextran coated iron
oxide nanoparticles,55,56 and might be explained by a more
paration of particle-loaded cells. (A) 1� 106 FaDu-NR cells or 2.5� 106

8 min. The suspensions were subsequently separated using magnetic
ned in the magnetic field (positive fraction) were counted. Whereas for
ound in the flow-through), up to 60% of the FaDu-NR cells could be
etic separation. Cell loss: 2–20%, n¼ 2. (B) 125 000 FaDu-NR cells were
somes (25 mg Fe mL�1) for different incubation times (up to 20 min). As
f the positive and negative fraction were counted. Flow cytometry was
on times, a significant increase of the portion of particle-labelled FaDu-
ber stayed constant in the range from 2–5%. These finding argue for
pared to leukocytes). Cell loss <15%, n ¼ 4. Statistically significant
(***).
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negative net surface charge and a higher membrane turnover of
the cancer cells compared to primary cells.57,58 Thus, in the
investigated leukocyte/FaDu-NR mixture, magnetosome–cell
interactions seemed to be increased for the FaDu cancer cell
line (compared to the leukocytes). The treatment with magne-
tosomes might therefore be used to efficiently magnetize and
consequently magnetically enrich tumor cells from cell
mixtures.

Discussion

In our study, we in-depth assessed the biocompatibility of iso-
lated magnetosomes, as well as particle–cell interactions upon
magnetosome-treatment of different mammalian cell lines. As
the uptake of individual particles or smaller chains is presum-
ably favored compared to particle agglomerates, we rst inves-
tigated the stability of magnetosome suspensions in
physiological uids, thereby mimicking conditions found in
vivo. Different particle concentrations were incubated in
complex cell culture media that might lead to particle agglom-
eration or even compromise the surrounding magnetosome
membrane. Our data suggest the co-existence of different
species, which could be explained by the formation of smaller
agglomerates, chains or combinations thereof. The tendency of
isolated magnetosomes to form chain-like structures and
agglomerates has been reported before.29,59 Magnetic attraction
as well as the particle surface charge (i.e. the charge patches of
the proteins and lipid compounds of the magnetosome
membrane) and Van-der-Waals forces are supposed to inuence
particle–particle interactions. Furthermore, the concentration
of FBS in the culture media seems to inuence the agglomera-
tion tendencies. Thus, with increasing FBS contents, a trend
towards smaller aggregates or individually dispersed particles
was observed. These ndings might be explained by the
formation of a protein corona on the magnetosome surface that
could have reduced particle–particle interactions. The forma-
tion of such a shell has been investigated before. For instance,
Gräfe and co-workers43 incubated PEI-coated magnetic nano-
particles in different FBS concentrations, and the amount of
corona proteins bound to the particle surface was increased
with the FBS content, thereby “shielding” the particles and even
reducing the interaction with HBMEC.

Moreover, the sizes of agglomerates or particle chains
increased with prolonged incubation times (up to 48 h),
however, the obtained values (<800 nm) still suggested a general
suitability for the uptake by mammalian cells,6 which might
represent a prerequisite for further investigations on biocom-
patibility and magnetosome–cell interactions.

So far, the cytotoxicity of bacterial magnetosomes has been
investigated on several diverse mammalian cell lines; usually
particle amounts in the range from 10 mg to 1.0 mg are applied.
However, obtained values oen signicantly differ depending
on the tested cell line. For instance, for H22 mouse hepatoma
cells or the HL60 human peripheral blood cell line a particle
concentration of 9 mg mL�1 was sufficient to cause cytotoxic
effects.60 In the same study, Sun and co-workers also performed
investigations on EMT-6 andMDA-MB-231 cells, and for particle
3812 | Nanoscale Adv., 2021, 3, 3799–3815
amounts $1.0 mg no or only low cytotoxic effects were
observed. In a related study, Mannucci et al. evaluated potential
cytotoxic effects of magnetosomes isolated from M. gry-
phiswaldense on HT-29 (human colon carcinoma) and U87MG
(human glioblastoma-astrocytoma, epithelial-like) cells.24 In
MTT assays, only moderate through negligible effects on cell
viability were observed when treated with particle concentra-
tions of 0.2, 0.5 or 1.0 mgmL�1. Similar observations weremade
for ARPE-19 cells (adult retinal pigment epithelial cell line-19)
incubated with particle amounts corresponding to 10, 50 or
100 mg Fe mL–1. Here, assays were applied that detected the cell
membrane integrity (LDH assay) or the activity of intracellular
dehydrogenases (CCK-8 assay). Aer 72 h of incubation, even
for the highest tested particle concentration (100 mg mL�1) cell
viability was only slightly reduced, with values >90%. Further-
more, the survival rates of ARPE-19 cells decreased with
increasing magnetosome concentrations and incubation times.
Aer 48 h incubation at 100 mg mL�1, a cell survival rate of
approximately 65% was determined.60,61

In our study, viability values obtained for magnetosome
treatment of up to 24 h indicated a robust biocompatibility for
particle concentrations ranging from 5–100 mg cm�2 (which
roughly equals 20–400 mg mL�1) (Fig. 2). Thereby, as expected
the treated cell lines (BeWo, FaDu, HCC78 and hPC-PL) differed
in their sensitivity; however, for HCC78 cells which exhibited
the strongest decrease in viability still values >70% were
observed. Extended incubation times up to 48 h further reduced
cell viability rates, and for all tested cell lines trends towards
decreasing viability values were observed. Overall, as observed
in our previous study,29 the FaDu cell line turned out to be more
robust, and even for 100 mg Fe cm�2 and 48 h of incubation
values >90% were measured. BeWo, hPC-PL and in particular
HCC78 seemed to be more sensitive to magnetosome treat-
ment, and aer 48 h viability partially dropped to 50–70%.
Although under these conditions the value classied as
moderate cell viability ($69%; EN ISO 10993-5:2009)48 could not
be reached, for many envisioned in vivo applications e.g. as
contrast agents26,28,62 or for magnetic hyperthermia23,63,64 the
retention time within the body is usually quite low, and the
particles are removed from the blood stream and excreted/
degraded aer several hours.5,6 The provided biocompatibility
for 24 h of incubation might therefore provide a general suit-
ability of magnetosomes not only for diagnostic, but also for
potential in vivo applications.

Further analyses regarding the fate of the particles upon
(prolonged) incubation were performed on the FaDu cell line.
TEM and cLSM clearly revealed magnetosome uptake and
accumulation within the cells (Fig. 4 and 5). Thereby, typical
endolysosomal signatures were observed, with high particle
amounts being internalized in vesicle-like structures in the
cytoplasm and partially in direct vicinity to the nuclei, indi-
cating endocytic uptake as it has also been suggested for other
cell lines. For instance, aer incubation of HeLa cells with
various amounts of magnetosomes isolated from Magnetovibrio
blakemorei MV-1 or M. magneticum AMB-1 for 12–24 h,65,66

particle internalization into endosomal or lysosomal vesicles
was observed. Similarly, Wang et al.67 investigated the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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interaction and uptake of magnetosomes (from M. magneticum
AMB-1) by human hepatoblastoma (HepG2) cells. As for the
HeLa cells, particles could bind to the cell surface and accu-
mulated in endosomes and lysosomes in a concentration-
dependent manner. In a related study, Mannucci and co-
workers68 studied the uptake of magnetosomes isolated fromM.
gryphiswaldense. The authors exposed U87MG cells to varying
particle concentrations, and magnetosome amounts of 0.2 mg
mL�1 and an incubation time of 24 h were suggested as best
conditions for internalization. Thereby, particles were distrib-
uted on the cellular membrane, within cytoplasmic vacuoles
and near the nucleus.

Upon long-term magnetosome-treatment, a concentration-
dependent effect on the proliferation of FaDu cells was
observed, with a particle amount $50 mg cm�2 repressing cell
growth dramatically. Interestingly, aer magnetic separation of
magnetosome-treated FaDu cells and further reduction of the
particle concentration in the surrounding medium by dissem-
ination of the cells, growth rates comparable to untreated FaDu
cell cultures could be recovered. As observed for chemically
synthesized/articial iron oxide nanoparticles,43,69,70 compo-
nents of the cell culture medium (such as proteins of the FBS)
might unspecically bind to the magnetosome surface, result-
ing in a corona of a variety of biomolecules on the magneto-
some membrane. As the latter is associated with a high number
of integral proteins (tightly packed within the phospholipid
bilayer) as well as proteins electrostatically bound to the
surface,13,14 the formation of a complex biomolecule “network”
could be hypothesized, that might crucially reduce the amount
of available nutrients and trace elements in the medium.
Moreover, the presence of increased particle amounts in direct
vicinity to the cells could disturb redox states and/or cause local
pH shis. The evaluation of such “stress factors” will be subject
of future studies, however, it can be assumed that magneto-
some treatment impairs cell culture conditions and in conse-
quence pause cell proliferation. In contrast, particle
internalization into magnetosome-lled vesicles did not seem
to affect proliferation of the cells. This is also obvious from TEM
analyses, which conrmed the presence of internalized mag-
netosomes in dividing cells (Fig. 5B). Furthermore,
magnetosome-treated cells were shown to form three-
dimensional cell cultures (spheroids), indicating cell integrity
with regard to cell migration, differentiation capabilities and
growth.71 These ndings are in accordance with observations
made, for instance, by Curcio et al.72 In the latter study, the
uptake of magnetosomes isolated from M. magneticum AMB-1
by human stem cells and particle degradation have been
investigated. Thereby, magnetosome internalization did not
affect cellular growth, which could be demonstrated by the
formation of spheroids. A distinct (narrow) particle size range
was found to be favored for uptake, and cells could be efficiently
magnetized exhibiting ferromagnetic characteristics.

When applying magnetosomes at different amounts to FaDu
cells, we could demonstrate that even short-term incubation is
sufficient to efficiently magnetize the cells. Thus, up to 60% of
the magnetosome-treated FaDu cells could be magnetically
separated aer 8 min of incubation. A combination of
© 2021 The Author(s). Published by the Royal Society of Chemistry
unspecic interactions with the FaDu cell surface and particle
internalization might together contribute to cell magnetization.
Furthermore, magnetosomes preferentially interacted with the
cancer cell line compared to leukocytes and were taken up at
elevated rates. The efficient particle uptake and high cell
viability rates could therefore be of great importance for the
future use of bacterial magnetosomes as e.g. targeting agents for
cancer cells, in particular circulating tumor cells (CTCs).30,73

Conclusions and outlook

In our study, we provide a comprehensive assessment of the
biocompatibility of bacterial magnetosomes on the cell culture
level, including different cancer cell lines and more sensitive
primary cells. Different parameters are critically evaluated,
including viability (i.e. the metabolic activity of the cells), cell
death events in the course of magnetosome treatment as well as
potential effects on proliferation. The data obtained from
different assays performed are nally combined to an overall
picture. Across the different tested cell lines, viability was only
slightly affected, even for increased magnetosome concentra-
tions. Our data therefore suggest that magnetosomes might be
well-suited for applications in the eld of diagnostics. However,
for future in vivo applications further toxicity factors such as
antigenicity and endotoxicity still have to be evaluated due to
the bacterial origin of the particles.74 Overcoming these limi-
tations (e.g. by camouaging the particle surface with biocom-
patible coatings) might turn bacterial magnetosomes
a promising alternative to chemically synthesized nanoparticle
formulations. Thereby, future in vivo applications might benet
from the feasibility to genetically engineer the enveloping
magnetosome membrane.75,76 In particular the magnetosome
display of antibodies, specic ligands or recognition elements
for tumor cells might provide a promising route for cancer cell
targeting by enhanced magnetosome–cell interactions. The
feasibility of such an approach has been demonstrated by
decorating isolated magnetosomes with specialized targeting
peptides such as P75 (specic for EGFR and HER2),77 pHLIP (pH
low insertion peptide)78 or RGD (integrin-binding peptide).78,79

In all cases, the functionalized magnetosomes showed specic,
increased binding to selected cancer cell lines (displaying the
corresponding interaction partners) and accumulation at the
tumor site, thereby signicantly enhancing the tumor contrast
on MR images. Thus, isolated (functionalized) magnetosomes
could serve as a theranostic tool for many future applications in
the (bio)medical eld, combining diagnostic and therapeutic
functions at the same time.
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17 D. Faivre and D. Schüler, Chem. Rev., 2008, 108, 4875–4898.
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