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ARTICLE INFO ABSTRACT

Keywords: Magnetotactic bacteria are envisaged as potential theranostic agents. Their internal magnetic compass, chemical
MagﬂEtﬂt§CtiC bacteria environment specificity and natural motility enable these microorganisms to behave as nanorobots, as they can be
Theranostic agents tracked and guided towards specific regions in the body and activated to generate a therapeutic response. Here we

Luminescent markers
Magnetic resonance imaging
X-ray absorption spectroscopy
Magnetic hyperthermia

provide additional diagnostic functionalities to magnetotactic bacteria Magnetospirillum gryphiswaldense MSR-1
while retaining their intrinsic capabilities. These additional functionalities are achieved by incorporating Tb or
Gd in the bacteria by culturing them in Tb/Gd supplemented media. The incorporation of Tb provides lumi-
nescence properties, enabling potential applications of bacteria as biomarkers. The incorporation of Gd turns
bacteria into dual contrast agents for magnetic resonance imaging, since Gd adds T; contrast to the existing To
contrast of unmodified bacteria. Given their potential clinical applications, the diagnostic ability of the modified
MSR-1 has been successfully tested in vitro in two cell models, confirming their suitability as fluorescent markers
(Tb-MSR-1) and dual contrast agents for MRI (Gd-MSR-1).

1. Introduction geomagnetic field lines.
MTB are envisaged as promising biomedical nanorobots (nanobiots)
Magnetotactic bacteria (MTB) are aquatic microorganisms that syn- because they combine the guidance, control, and theranostic capabilities
thesize internally chains of membrane-enclosed magnetic nanoparticles, of magnetic nanoparticles with the motility, chemical specificity, and the
called magnetosomes [1-4]. These magnetosome chains behave as a capacity of being genetically modified of bacteria [5-7]. Moreover, MTB
compass needle, allowing bacteria to orientate and navigate along the are non-pathogenic but can be modified to deliver and/or express certain
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cytotoxic molecules. Several works have demonstrated the potential of
magnetotactic bacteria as heating agents for magnetic hyperthermia
[8-12], as drug delivery carriers [13-15], and as contrast agents for
magnetic resonance imaging (MRI) [16-18] or magnetic particle imaging
(MPI) [19].

Beyond the outstanding characteristics of MTB, a number of strategies
have been developed to provide MTB with additional functionalities and
improve their performance as biomedical agents for application. One
approach comes from tuning their magnetic response, which relies on the
magnetosome chains. In this line, even though the synthesis of magne-
tosomes is a process that is conducted under a strict genetic control, it has
been shown that metallic elements can be incorporated into the
magnetite mineral core of the magnetosomes, which results in significant
changes of the bacterial magnetic properties. The incorporation of these
elements can be achieved through a simple route that consists of growing
the MTB in a culture medium supplemented with the metallic element
[20-26].

Following this line, in a previous work we investigated the magnetic
properties of the magnetotactic bacterium Magnetospirillum gry-
phiswaldense MSR-1 cultured in Tb or Gd supplemented media [27]. We
showed that Tb®" and Gd>* were incorporated as dopants into the
magnetite (Fe3O4) crystal structure of the magnetosome cores,
substituting Fe>* ions. Despite the minor incorporation, it was shown
that the magnetic properties of the magnetosomes changed drastically at
low temperatures, but remained unchanged at the temperature window
of interest for biomedical applications. This means that no changes are
expected in those functionalities of the modified bacteria which rely on
the magnetic properties of the magnetosomes (i.e. guiding, tracking, or
heating).

In this work, we focus on the potential biomedical applications of
MSR-1 grown in the presence of Tb and Gd. We show that Tb and Gd are
not only incorporated into the magnetite crystal cores of the magneto-
somes, but are also found in other bacterial compartments. As a result of
the presence of Tb and Gd in these other compartments, the modified
bacteria achieve new functionalities that expand their potential as
biomedical agents while retaining other intrinsic capabilities, such as the
heating efficiency. Bacteria that incorporate Tb (and their isolated
magnetosomes) are photoluminescent under UV irradiation, which pro-
vides them with enhanced diagnostic capabilities for in vitro studies.
Alternatively, bacteria that incorporate Gd provide T; contrast for mag-
netic resonance imaging (MRI) in addition to the Ty contrast of unmod-
ified bacteria, thus serving as dual contrast agents, which recently have
gained increased attention for their use in clinical MRI [28,29]. Finally,
given their potential biomedical applications, the diagnostic ability of the
modified MSR-1 has been successfully tested in vitro in two cell models,
confirming their suitability as fluorescent markers (Tb-MSR-1) and dual
contrast agents for MRI (Gd-MSR-1).

2. Materials and Methods
2.1. Bacterial growth conditions and magnetosome purification

Magnetospirillum gryphiswaldense strain MSR-1 (DMSZ 6631) was
cultured at 28 °C for 48 h in Flask Standard Medium (FSM) [30] con-
taining (per litre of deionized water) 0.1 g KHyPOy, 0.15 g MgSO4-7H50,
2.38 g HEPES, 0.34 g NaNOs, 0.1 g yeast extract, 3 g soybean peptone,
0.3% (wt/vol) of sodium pyruvate as carbon source and 100 pM of
Fe(IlI)-citrate. Tb-MSR-1 and Gd-MSR-1 were grown by supplementing
the FSM media with 100 pM of Tb(Il)-quinate and 100 pM of
Gd(II)-quinate, respectively. This concentration was chosen after per-
forming sensitivity curves of MSR-1 to increasing concentrations of
Tb(IlI)-quinate and Gd(III)-quinate (see Fig. S1 in the Supplementary
Information). Magnetosomes were isolated following the protocol
described by Griinberg et al. [31] with minor modifications. Cells were
collected by centrifugation, suspended in 20 mM HEPES/4 mM EDTA
buffer (pH 7.4) and disrupted using a French Press (1250 psig). The lysed
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cells were then sonicated to disperse cell debris from magnetosomes and
these were collected and washed 5 times using magnetic separation and
10 mM HEPES/200 mM NaCl buffer (pH 7.4). Finally, the isolated
magnetosomes were suspended in ultrapure water.

2.2. Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) images were obtained of
bacteria adsorbed onto 300 mesh carbon-coated copper grids, using a
JEOL JEM-1400 Plus electron microscope at an accelerating voltage of
120 kV.

2.3. X-ray absorption near-edge structure (XANES)

Bacteria and isolated magnetosomes were measured at the Fe K-edge
(7112 eV), and at Tb L3 (7514 eV) and Gd L3 (7243 eV) edges. Bacteria
were collected by centrifugation after 48 h of culture. The obtained
pellets were freeze-dried and compacted into 5 mm pills containing ~2
x 10° bacteria. Isolated magnetosomes were freeze-dried and 2 mg of the
obtained powder were mixed with 20 mg of boron nitride. The mixture
was compacted into 5 mm pills.

X-ray absorption near-edge structure (XANES) spectra of the samples
were collected at room temperature at the BL22-CLASS beamline of the
ALBA synchrotron facility (Spain) using a double Si crystal oriented in
the (111) direction as the monochromator. Measurements were per-
formed in transmission configuration except for the Gd Ls-edge spectra of
isolated magnetosomes, which were collected in fluorescence yield
mode. Gd references (GdCls (Sigma-Aldrich, 203289) and Gd;O3 (Alpha-
Aesar, 11289)) were measured in transmission configuration, and the Tb
reference (Tb(NOs)3) spectrum was kindly provided by Dr. Aida Serrano.

The experimental spectra were normalized using standard procedures
for background subtraction and data normalization as implemented in
the free software Athena of the IFEFFIT package [32,33].

2.4. Hard X-ray nanoprobe measurements

Scanning X-ray fluorescence microscopy (SXFM) measurements were
carried out at the I-14 hard X-ray nanoprobe beamline (Diamond Light
Source Ltd., Didcot, UK) [34]. Bacteria were deposited onto 300 mesh
carbon-coated copper grids and mounted for measurement using custom
holders designed and supplied by the beamline. Measurements were
performed under ambient conditions using an incident photon energy of
8 (Gd) or 9 keV (Tb) with a focused X-ray beam of 50-60 nm (FWHM) in
diameter. X-ray fluorescence (XRF) was collected in front of the sample
using a four-element silicon drift detector (RaySpec, UK) with sample
stage raster scanning step of 50 nm and a dwell time of 15 ms. A
photon-counting Merlin detector (Quantum Detectors, UK) was used in
transmission configuration to generate normalized phase-gradient (PG)
images [35]. The data analysis was performed using PyMca [36] software
to fit the fluorescence spectra taking into account the emission peaks of
Fe (Kap 6.405 keV), Tb (Lay 6.273 keV), and Gd (La; 6.053 keV) to form
the XRF images.

2.5. Magnetic hyperthermia

Magnetic hyperthermia studies were performed by AC magnetometry
in a custom-made setup [37] using a frequency f = 133 kHz and a
magnetic field amplitude (uoH) from O to 90 mT. The dynamic magne-
tization was measured for bacteria dispersed in Milli-Q water and at a
concentration of 10! bacteria mL~’. The SAR values were obtained from
the area (A) of the AC hysteresis loops according to Equation (1) [38]:

SAR (K> Tat f 1M, dH, @
g c c

where M, is the instantaneous magnetization at time t, H; is the sinusoidal
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magnetic field of frequency f at time ¢, and c is the magnetite mass
concentration in the dispersing medium. The integration is done over a
period of the oscillating magnetic field, T = 2z/f. Given the low doping
content of the magnetosomes, the magnetite mass concentrations (c)
were calculated experimentally using the saturation magnetic moment of
the DC hysteresis loops measured in a vibrating sample magnetometer
and considering as a reference the saturation magnetization value of
magnetite (92 Am? kg™1), resulting in ¢ = 0.24 mg mL~" for MSR-1, ¢ =
0.17 mg mL™! for Tb-MSR-1 and ¢ = 0.22 mg mL~! for Gd-MSR-1.

2.6. Luminescence measurements

Luminescence measurements of Tb-MSR-1 and Tb-magnetosomes
were performed in a spectrofluorimeter Edinburgh Instruments (FLSP
920 model) with a Xenon flash lamp 450 W as the excitation source. The
samples, in 1 cm optical path cuvettes in right-angle configuration, were
excited with a dex = 285 nm and the spectra were recorded at a Aep, =
520-570 nm. For the culture medium not to interfere, it was removed by
centrifugation and the bacteria were resuspended in Milli-Q water. The
concentration of Th-MSR-1 measured was 10 bacteria mL? and the
concentration of Th-magnetosomes was 50 pg mL,

2.7. Fluorescence microscopy

Fluorescence microscopy images of Tb-MSR-1 and Tb-MSR-1-loaded
eukaryotic cells were recorded with an optical inverted microscope
with epi configuration (Olympus BX51) equipped with a X-CITE series
120Q fluorescent light source and a DP72 color CCD camera. Samples
were excited with UV light by respective Chroma band-pass (350/50)
and dichroic (380DCLP) filters and emission was collected with a Chroma
cut-off filter from 500 nm (E515LPv2).

2.8. Magnetic resonance imaging (MRI)

MRI studies of MSR-1, magnetosomes, and eukaryotic cells, were
conducted at 11.7 T using a Bruker Biospec 117/16 USR MRI system
(Bruker Biospin GmbH, Ettlingen, Germany), interfaced to an advance III
console and a BGA12S gradient insert of 660 mT m ™', Images were ac-
quired using a 4 cm inner diameter volumetric coil for radiofrequency
transmission and reception (RX/TX) from Bruker and ParaVision 6.1
software from Bruker.

For bacteria and magnetosomes, T, relaxation was measured using a
multi-slice multi-echo pulse (MSME) sequence acquiring a field of view
of 32 x 32 mm (320 x 320 image matrix, giving an in-plane resolution of
100 x 100 pm) and acquiring 3 slices of 1 mm thickness with a 1 mm
interslice gap. The main imaging parameters were: echo time TE = 32
consecutive echoes with values ranging between 5 and 135 ms (delta TE
= 5 ms); repetition time TR = 4500 ms; Nav = 3 averages; SW = 163 kHz.
The T; relaxation was measured using a variable TR rapid acquisition
with relaxation enhancement (VTR-RARE) pulse sequence acquiring with
the same field of view and matrix as for T». The main imaging parameters
were: echo time TE = 6.87 ms (Rare factor = 2); 12 repetition times TR =
150, 386.5, 647.7, 939.4, 1269.8, 1650.5, 2099.8, 2647.9, 3350.9,
4332.6, 5972.0, 12500 ms; Nav = 3 averages; SW = 85 kHz.

In the case of eukaryotic cells, the T, maps were constructed by pixel-
by-pixel fitting of MSME images of the agar/cells-filled Eppendorf tubes,
acquired with the following parameters: field of view of 64 x 48 mm
(213 x 160 image matrix, giving an in-plane resolution of 300 x 300 pm)
acquiring 12 consecutive coronal slices of 1 mm thickness. Main imaging
parameters were: echo time TE = 48 consecutive echoes with values
ranging between 5.5 and 264 ms (delta TE = 5.5 ms); repetition time TR
= 7.5 s; Nav = 1 averages; SW = 65 kHz. The T; maps were constructed
by pixel-by-pixel fitting of RARE images of the agar/cells-filled Eppen-
dorf tubes, acquired with same field of view and matrix as for To. The
main imaging parameters were: echo time TE = 6.75 ms; 9 repetition
times TR = 300, 700, 1200, 1800, 2400, 3000, 4500, 12500 ms; Nav = 1
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averages; SW = 65 kHz.

T; and T, parametric maps were calculated pixel-by-pixel using self-
developed routines for the NIH software Image-J, adjusting data to
mono-exponential curves.

2.9. Invitro assays

A549 human lung carcinoma cells (DSMZ, ACC 107) and RAW 264.7
murine macrophages (ATCC, TIB-71) were cultured in RPMI medium
supplemented with 10% fetal bovine serum, 2 mM r-glutamine and a
mixture of antibiotics (100 U mL™! penicillin and 100 pg mL™! strepto-
mycin) and 0.25 pg mL~! amphotericin B (antimycotic) at 37 °C in a
humidified atmosphere (95% relative humidity) and 5% CO,. For
cellular uptake of bacteria, 5 x 10° bacteria mL™! were added to cell
cultures containing 2 x 10° cell mL™! in RPMI medium.

For the cytotoxicity assessment, the viability of cells cultured with
bacteria was tested after 24 h and 48 h using flow cytometry (Beckman
Coulter Gallios). In order to distinguish between living and dead cells,
cells were stained with propidium iodide, a red fluorescent stain that
links to DNA but can only penetrate the cells when their membranes are
damaged, therefore staining only dead cells. It was excited with a blue
laser (488 nm) and recorded in the FL3 channel (620/20 nm). To esti-
mate cell concentration, commercial fluorescent beads from a known
concentration were used (BD Trucount™ Tubes, 340334).

In order to measure the T; and T5 contrast of eukaryotic cells (with or
without bacteria), the samples were prepared by mixing 1:1 of ~ 10° cells
mL ! and 1% agar in Eppendorf tubes where the measurements were
carried out.

3. Results and discussion
3.1. Bacterial incorporation of Tb and Gd

The incorporation of Tb/Gd in MSR-1 was investigated by means of X-
ray absorption near-edge structure (XANES) spectroscopy measured at
the BL22-CLASS beamline at the ALBA synchrotron (Spain). This is an
element-specific technique that allows determination of the oxidation
state and coordination chemistry around the element of interest, here Fe
and Tb or Gd, by selecting the energy of the incident X-ray energy around
the Fe K- or Tb/Gd Ls-absorption edges.

XANES spectroscopy was previously used to analyze magnetosomes
isolated from bacteria grown in presence of Tb or Gd [27]. These mea-
surements indicated that Tb/Gd atoms are introduced in the crystal
structure of the magnetite core of magnetosomes substituting approxi-
mately 3-4% of Fe>* ions by Tb®* or Gd**. Now, by measuring whole
bacteria, we aim to discern whether Tb/Gd are also stored in other
bacterial compartments apart from the magnetosomes.

Fe K-edge XANES measurements of bacteria grown in the presence of
Tb or Gd (from now on designated Tb-MSR-1 and Gd-MSR-1, respec-
tively) confirm that, as in MSR-1, the Fe is forming magnetite from the
magnetosome cores, and is also found in a ferrihydrite-like phase as the
one of bacterioferritin cores (see the Supplementary Information,
Fig. S2). Alternatively, Fig. 1 shows the Tb/Gd Lz-edges XANES spectra of
Tb-MSR-1 and Gd-MSR-1 and their corresponding isolated magneto-
somes (Tb-mag and Gd-mag) together with Tb" and Gd3* references
(Tb(NO3)3 and GdCls, respectively). The position of the edge energy of
the bacteria and isolated magnetosomes is coincident with the refer-
ences, which indicates that the incorporated Tb/Gd ions are in the +3
oxidation state. We note the XANES spectra of whole bacteria and their
corresponding isolated magnetosomes show distinct differences in the
white line intensity (feature around 7520 and 7250 eV for Tb and Gd,
respectively; attributed to the excitation of 2p core-level electrons to
valence-level 5d orbital vacancies). The intensity of the white line is
related to electronic structural changes around the absorbing atom,
which depend on the nature of the ligands, coordination geometry and/
or chemical environment. For both Tb and Gd XANES, the white line is
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Fig. 1. Tb Ls-edge (left) and Gd Ls-edge (right) XANES spectra of Tb-MSR-1 and Gd-MSR-1 and corresponding isolated magnetosomes (Tb-mag and Gd-mag). Spectra
of references for Tb>* (Tb(NO3)3) and Gd3* (GdCl3) are displayed as well. Inset: detail of the post-edge oscillations.

TEM PG Tb Fe Composite

Tb-MSR-1

Gd-MSR-1

Fig. 2. TEM, phase-gradient (PG), and scanning X-ray fluorescence microscopy (SXFM) images of Tb-MSR-1 and Gd-MSR-1. For SXFM maps, the Tb/Gd La; XRF maps,
Fe Ka; XRF maps, and the composite maps of individual bacteria are displayed.
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more intense for the isolated magnetosomes than for the bacteria, while
the post-edge oscillations also differ between them (see insets of Fig. 1).
This suggests that the Tb®" and Gd>" ions incorporated by the bacteria
are not only within the magnetosomes, but can also be found in addi-
tional cellular compartments where they are likely coordinated with
biomolecules.

The presence of Tb and Gd in other bacterial compartments was
confirmed by scanning X-ray fluorescence microscopy performed at the
X-ray nanoprobe beamline (I-14) at Diamond Light Source (UK). This is a
microscopy technique based on the characteristic fluorescence emission
energies of elements that allows the localization of specific elements with
sub-100 nm resolution. By discerning the different fluorescence peaks
(Supplementary Information, Fig. S3), we could determine the spatial
distribution of each element inside the bacteria. Moreover, the X-rays
scattered by the bacteria were used to generate normalized phase-
gradient (PG) images to observe the shape of the bacteria. As displayed
in Fig. 2 the Fe is located forming a line in the middle of each bacterium
that corresponds to the magnetosome chain on the TEM images. How-
ever, both Tb and Gd are distributed along the whole bacteria, forming
clusters in some occasions. This confirms the data obtained by XANES
that Tb and Gd are distributed throughout the bacteria and not only
incorporated into the magnetosomes as we observed in our previous
publication [27].

Finally, transmission electron microscopy (TEM) images of Tb-MSR-1
and Gd-MSR-1 (Fig. 3) show that the incorporation of Tb and Gd does not
induce significant changes in the morphology of the bacteria and mag-
netosome chain arrangements with respect to the control MSR-1 grown
in standard conditions. Details about the morphological characterization
of the magnetosome chains can be found in Jefremovas et al. [27].

3.2. Theranostic potential of Tb-MSR-1 and Gd-MSR-1

In this section we will analyze the potential of Tb-MSR-1 and Gd-
MSR-1 for theranostic applications. After confirming that the incorpo-
ration of Tb/Gd does not alter the heating efficiency of the modified
bacteria for magnetic hyperthermia applications, we will analyze sepa-
rately the additional diagnostic functionalities provided to MSR-1 via the
incorporation of Tb (luminescence) and Gd (dual contrast for MRI).
Finally, we will test the performance of Tb-MSR-1 and Gd-MSR-1 in vitro
in two cell models.

3.2.1. Magnetic hyperthermia of Tb-MSR-1 and Gd-MSR-1

In magnetic hyperthermia, nanoparticles excited by alternating
magnetic fields of amplitude H and frequency f generate heat that in-
creases the temperature of the surrounding medium. The heating ca-
pacity is quantified through the specific absorption rate (SAR), which
measures the capacity of the system to transform the absorbed magnetic
energy into heat.

MSR-1

0.5 pm

Tb-MSR-1
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1200 ————————————————————

1000

800

600

SAR(W/g)

400

200

LI B s B S S S B B S B B B B N
o b b b b b

HoH (mT)

Fig. 4. Specific absorption rate (SAR) measured at f = 133 kHz corresponding
to MSR-1, Tb-MSR-1, and Gd-MSR-1 dispersed in Milli-Q water.

Here, the SAR values of Tb-MSR-1 and Gd-MSR-1 dispersed in Milli-Q
water were measured via an AC magnetometry method and compared to
that of MSR-1 [10]. Measurements were carried out using an AC mag-
netic field of a fixed frequency f = 133 kHz and a magnetic field
amplitude (uoH) of up to 90 mT in a custom-made equipment [37].

Fig. 4 shows the SAR values as a function of the magnetic field
amplitude for Tb-MSR-1 and Gd-MSR-1 together with MSR-1. The SAR
vs. H curves are similar for the three samples and follow the trend re-
ported in other studies [10,39,40], so that for low applied magnetic fields
the SAR value is negligible but increases significantly above 20 mT,
reaching saturation at around 40 mT. There are no essential differences
between the saturation values reached by MSR-1 and Gd-MSR-1 (1120
Wg ! or 8.4 Wg~'kHz ! if normalized by the frequency) and Tb-MSR-1,
which is only 7% lower. These are among the highest values reported at
clinically safe values of frequency and field amplitude [5], surpassing
those typically obtained for iron oxide-based nanoparticles, which range
between 2 and 5 Wg’lkHz’1 [40-43]. In sum, these results confirm that
incorporating Tb/Gd into MSR-1 does not affect the outstanding heating
efficiency of the MSR-1 bacteria.

3.2.2. Luminescence of Tb-MSR-1

Lanthanides such as Tb have been proposed as versatile molecular
probes of biological systems due to their photophysical properties,
including long luminescence lifetimes, narrow bandwidths, and insen-
sitivity to chemical environment [44]. It is known that Tb3" can replace

Gd-MSR-1

0.5 pm 0.5 pm

Fig. 3. Representative TEM images of MSR-1, Tb-MSR-1, and Gd-MSR-1.
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Magnetosomes

—— Tb-mag
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Fig. 5. A) Photoluminescence of Tb-MSR-1 and MSR-1 and their isolated magnetosomes (Tb-mag and mag) excited at A., = 285 nm. B) Microscopy images of Tb-MSR-

1. Bright field (left) and fluorescence (right) (4ex = 350/50 nm, ey > 500 nm).

Ca?" in biological systems as they have a similar ionic radius (0.92 A for
Tb3* and 0.99 A for Ca®") [45]. Asa result, Tb can form stable complexes
with polypeptides replacing Ca?*, and confers photoluminescence under
UV excitation in the range of maximum protein absorption (lex = 285
nm) showing a characteristic maximum emission peak at 545 nm [44,
46]. Under this premise, the photoluminescence provided by the incor-
poration of Tb was tested with fluorimetry measurements and fluores-
cence microscopy.

The emission band was measured at 285 nm excitation in the range of
520-570 nm for four samples: i) Tb-MSR-1, ii) MSR-1, iii) magnetosomes
isolated from Tb-MSR-1 (Tb-mag), and iv) magnetosomes isolated from
MSR-1 (mag). As shown in Fig. 5A, both the Tb-MSR-1 and Tb-mag
display the Tb-specific emission peak at 545 nm, whereas their corre-
sponding control counterparts, MSR-1 and mag, do not show any fluo-
rescence signal, confirming that the detected emission comes from Tb. In
the case of the Tb-mag, the fluorescence emission occurring upon exci-
tation with the maximum protein absorption wavelength suggests that Tb
is linked to the proteins of the magnetosome membrane in addition to
their presence in the mineral core, as inferred by XANES measurements.

The distribution of Tb in the bacteria is further evidenced by means of
fluorescence microscopy imaging of Tb-MSR-1. Due to technical limita-
tions, the sample could not be excited at the optimum wavelength of 285
nm. Alternatively, images were collected exciting Tb-MSR-1 with UV
light using a band-pass filter (350/50 nm) and the emission was collected
with a cut-off filter from 500 nm. Under these conditions, Fig. 5B shows
bright field and fluorescence images of Tb-MSR-1.

Even though the spatial resolution and the measurement conditions
were not optimal, the good agreement between bright field and fluo-
rescence images of bacterial bodies demonstrates that the incorporation
of Tb is a successful route towards the production of luminescent bacteria
with applications, for example, as biomarker agents.

3.2.3. Gd-MSR-1 as dual contrast agents for magnetic resonance imaging
Magnetosomes are promising candidates as magnetic resonance

imaging (MRI) contrast agents since magnetite nanoparticles provide
negative contrast by shortening the T, transverse relaxation time
[47-49]. On the other hand, paramagnetic substances, such as Gd- and
Mn-based materials, act as positive contrast agents by shortening the T;
longitudinal relaxation time.

MRI studies have been carried out in four samples, for comparison: i)
Gd-MSR-1, ii) MSR-1, iii) magnetosomes isolated from Gd-MSR-1 (Gd-
mag), and iv) magnetosomes isolated from MSR-1 (mag). In all cases,
samples were suspended in water with Fe concentrations ranging from 0
mM to 0.36 mM and were measured in an 11.7 T MRI scanner.

Fig. 6A shows the T; and T, parametric maps obtained with
increasing Fe content. These maps have been reconstructed from the T;
images acquired with 12 increasing repetition time (TR) values
(150-12500 ms) and from the T, images acquired with 32 increasing
time-to-echo (TE) values (5-135 ms, delta = 5 ms) (see Figs. S4 and S5 in
the Supplementary Information). The T, maps of all the samples reveal a
clear shortening of the T relaxation time when increasing the Fe content,
indicating that they can work as Ty-shortening contrast agents, as ex-
pected for magnetite nanoparticles. Interestingly, while the T; maps of
MSR-1, Gd-mag, and mag are essentially independent of the concentra-
tion of Fe, Gd-MSR-1 shows a contrast change with the Fe concentration,
enabling a potential use of these bacteria as Tj-shortening contrast
agents.

From T; and T, maps the contrast efficiency of the samples can be
quantified. The contrast efficiency, or signal enhancement produced by a
contrast agent, is measured by the longitudinal and transverse relaxiv-
ities, r; and ry, respectively, which are obtained from the slope of the
linear fits of the corresponding relaxation rates (R; — 1,2 = 1/T}) vs. Fe
concentration (Fig. 6B). The results of the relaxivities are shown in
Table 1.

The ry values of all samples are similar, ranging between 315 and 370
mM~!s7!, This indicates that the incorporation of Gd>* ions does not
affect the Ty contrast efficiency. Such an observation is reasonable
considering the low Gd doping content of these magnetosome cores
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Fig. 6. A) T; (left) and T, (right) parametric maps obtained at increasing Fe concentrations at 11.7 T. B) Longitudinal (R; = 1/T;) and transverse (Ry = 1/T5)
relaxation rates vs. Fe concentration. The slopes of the linear fits give the relaxivities (r; and r;) displayed in Table 1.

Table 1
Longitudinal (r;) and transverse (rp) relaxivities at 11.7 T obtained from the
linear fittings in Fig. 6B.

ri (mMge) ' 57! ry (mMge) ' s

Gd-MSR-1 4.87 315.3
MSR-1 0.05 354.1
Gd-mag 0.00 375.9
mag 0.00 349.1

(=~ 3 — 4%, as estimated from XANES [27]), and the near absence of
differences in the magnetic response of the MSR-1 and Gd-MSR-1 around
room temperature [27]. The values obtained for r, are comparable to
other values reported for magnetosomes in the literature (between 200
and 526 mM~'s~! for fields ranging between 4.7 and 17.2 T) [47,50,51].

On the other hand, MSR-1, Gd-mag, and mag show negligible r;
values, accordingly to the T; maps shown earlier, but Gd-MSR-1 stands
out with a clear linear increase of the relaxation rate with the

concentration, resulting in a r; value of 4.9 mM~ s~ Thus, the incor-
poration of Gd adds T; contrasting capabilities to Gd-MSR-1.

In sum, these results showcase that Gd-MSR-1 are promising dual
contrast agents for magnetic resonance imaging since, depending on the
pulse sequence used for imaging, they will appear as positive in T;
weighted images and as negative in Ty weighted images. Dual contrast
agents have recently gained increased attention for their use in clinical
MRI [28,29]. A dual T;/T5 contrast agent produces a distinguishable
contrast in both T;-weighted and To-weighted images, facilitating their
distinction from potential endogenous substances of the body that may
provide contrast only in T; or T modes [52].

3.2.4. Invitro assessment of the diagnostic potential of Tb-MSR-1 and Gd-
MSR-1

The diagnostic functionalities acquired by MSR-1 through incorpo-
ration of Tb and Gd have been tested in vitro in two cell models: A549
lung carcinoma cells and RAW 264.7 macrophages.

First, we have analyzed the cytotoxicity of the bacteria. As reported
previously [10], MSR-1 do not cause cytotoxicity in A549 lung carcinoma
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Fig. 7. Left: Time evolution of the number of living A549 and RAW 264.7 cells normalized to t = 0 h. Right: Viability percentages after 24 h and 48 h of culturing
MSR-1/Tb-MSR-1/Gd-MSR-1-loaded A549 and RAW 264.7 cells. The results represent the mean + standard deviation values, n = 3.

cells as they do not affect their viability nor their growing ability. Here
we aim to verify whether Tb/Gd incorporation causes any change in
MSR-1 cytotoxicity.

As observed in Fig. 7, cells continue to proliferate when incubated
with MSR-1 (without or with Tb/Gd). However, it must be noted that in
the case of RAW 264.7, there is a significant difference in cell prolifer-
ation after 48 h when the cells are incubated with Tb/Gd-MSR-1 in
comparison to MSR-1.

To further investigate the cytotoxicity of the bacteria, we measured
cell viability as the ratio between living and total number of cells. As
observed in Fig. 7, there are no significant changes in cell viability after
24 h and 48 h of cell incubation with MSR-1, Tb-MSR-1, or Gd-MSR-1 as
the mean value of viability in both cell types ranges between 87% and
96% after 48 h, indicating that the incorporation of Tb/Gd does not in-
crease the cytotoxicity of MSR-1.

Then, aiming to test the diagnostic potential of Tb-MSR-1 and Gd-
MSR-1 in vitro, both tested cell lines were incubated overnight with
bacteria as explained in the Materials and Methods section.

Fig. 8A shows bright field and fluorescence images of control A549
cells and Tb-MSR-1-loaded A549 cells obtained in the same conditions as
in Fig. 5B. As observed in the images, the control cells do not show any
fluorescence when excited with UV light whereas cells incubated with
Tb-MSR-1 do show fluorescence. Another conclusion that can be inferred
from these images is that Tb-MSR-1 bacteria are inside the cells as they

can be observed in the cytoplasm surrounding the nuclei that appear as
non-fluorescent.

Regarding the contrasting performance of Gd-MSR-1, Fig. 8B shows
the T, and T, parametric maps of control and Gd-MSR-1-loaded A549
and RAW 264.7 cells. These maps have been reconstructed from the T}
and T, images presented in Figs. S6 and S7. While no contrast is observed
in the control cells, the incorporation of Gd-MSR-1 produces a shortening
of both T7 and T in both cell lines, proving the potential of Gd-MSR-1 as
dual contrast agents.

4. Conclusions

The incorporation of Tb and Gd into Magnetospirillum gryphiswaldense
MSR-1 improves their potential as biomedical agents because the bac-
teria retain the characteristics of the unmodified MSR-1 in terms of
heating efficiency for magnetic hyperthermia and T, contrast for MRI,
while adding supplementary functionalities. Tb-MSR-1 gain lumines-
cence properties under UV excitation and Gd-MSR-1 turn into dual
contrast agents for magnetic resonance imaging because Gd®* adds T;
contrast to the Ty contrast provided by the magnetite cores of magne-
tosomes. Finally, we have verified that Tb-MSR-1 and Gd-MSR-1 are not
cytotoxic and have demonstrated their new diagnostic functionalities in
vitro in two cell models. Thus, we conclude that these lanthanide-
modified MSR-1 could be potential biomedical agents with improved
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Fig. 8. A) Microscopy images of control and Tb-MSR-1-loaded A549 cells. Bright field (upper panel) and fluorescence (lower panel) (1., = 350/50 nm, A, > 500 nm).
B) T; and T, parametric maps of control and Gd-MSR-1-loaded A549 and RAW 264.7 cells obtained at 11.7 T.

diagnostics capacities, further advancing magnetotactic bacteria as
promising nanorobots.
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