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In vivo visualization and ex vivo quantification
of murine breast cancer cells in the mouse
brain using MRI cell tracking and electron
paramagnetic resonance
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Cell tracking could be useful to elucidate fundamental processes of cancer biology such as metastasis. The aim of this
study was to visualize, using MRI, and to quantify, using electron paramagnetic resonance (EPR), the entrapment of
murine breast cancer cells labeled with superparamagnetic iron oxide particles (SPIOs) in the mouse brain after in-
tracardiac injection.

For this purpose, luciferase-expressing murine 4 T1-luc breast cancer cells were labeled with fluorescent Molday
ION Rhodamine B SPIOs. Following intracardiac injection, SPIO-labeled 4 T1-luc cells were imaged using multiple
gradient-echo sequences. Ex vivo iron oxide quantification in the mouse brain was performed using EPR (9 GHz).
The long-term fate of 4T1-luc cells after injection was characterized using bioluminescence imaging (BLI), brain
MRI and immunofluorescence.

We observed hypointense spots due to SPIO-labeled cells in the mouse brain 4 h after injection on T,*-weighted
images. Histology studies showed that SP1O-labeled cancer cells were localized within blood vessels shortly after de-
livery. Ex vivo quantification of SPIOs showed that less than 1% of the injected cells were taken up by the mouse
brain after injection. MRI experiments did not reveal the development of macrometastases in the mouse brain sev-
eral days after injection, but immunofluorescence studies demonstrated that these cells found in the brain
established micrometastases. Concerning the metastatic patterns of 4 T1-luc cells, an EPR biodistribution study dem-
onstrated that SP1O-labeled 4 T1-luc cells were also entrapped in the lungs of mice after intracardiac injection. BLI
performed 6 days after injection of 4 T1-luc cells showed that this cell line formed macrometastases in the lungs
and in the bones.

Conclusively, EPR and MRI were found to be complementary for cell tracking applications. MRI cell tracking at
11.7 T allowed sensitive detection of isolated SPIO-labeled cells in the mouse brain, whereas EPR allowed the assess-
ment of the number of SPIO-labeled cells in organs shortly after injection. Copyright © 2015 John Wiley & Sons, Ltd.
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INTRODUCTION

It is necessary to monitor the fate of cells of interest after injec-
tion for the successful application of cell-based therapies and
the understanding of fundamental processes of cancer biology
(e.g. metastasis) (1). In vivo MRI cell tracking of magnetically
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labeled cells has been extensively developed for such applica-
tions. Although MR reporter genes such as ferritin have been
used for tracking cells (2-4), superparamagnetic iron oxide parti-
cles (SPIOs) are more widely used as labeling contrast agents be-
cause they induce signal voids on T,- and T,*-weighted images
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Abbreviations used: BLI, bioluminescence imaging; CTC, circulating tumor
cell; EPR, electron paramagnetic resonance; ICP-MS, inductively coupled
plasma mass spectroscopy; LOD, limit of detection; LOQ, limit of quantifica-
tion; MGE, multiple gradient-echo; MIRB, Molday ION Rhodamine B; PBS, phos-
phate-buffered saline; RARE, rapid acquisition with relaxation enhancement;
RO, region of interest; SEM, standard error of the mean; SNR, signal-to-noise
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and are biocompatible (5). Although developments have led to
single-cell detection (6,7), quantitative methods are nevertheless
needed to accurately assess the distribution of labeled cells in
living organisms. Non-invasive quantification methods mostly
rely on relaxometry-based techniques or retrieval of information
on magnetic field inhomogeneities from phase maps (8).
Relaxometry-based techniques are not directly applicable
in vivo because physiological processes such as SPIO compart-
mentalization, cell division and particle release from cells affect
the relaxation properties of SPIOs (9,10). Furthermore, Rad et al.
have shown that different cell lines labeled with the same type
of particle and having comparable intracellular iron oxide con-
tents exhibit different relaxation rates (11). A recent method
based on modeling the magnetic field inhomogeneities induced
by SPIO showed accurate estimates of iron oxide content in
phantoms and in vivo. However, this model was sensitive to
tissue—tissue and air-tissue interfaces and assumed that the SPIO
distribution was homogenous in the region of interest (ROI) (8).

Non-invasive quantification of SPIOs for cell tracking applica-
tions remains challenging because the presence of endogenous
iron, SPIOs released from labeled cells, and clustering and distri-
bution of SPIOs within the tissue are factors that strongly influ-
ence the relaxation properties of iron oxides (8,12). To our
knowledge, successful in vivo quantification has been reported
in one study after intra-articular administration of bone-mar-
row-derived mesenchymal stem cells labeled with SPIOs (13). In
this study, cells were localized in a confined space and their ex-
act number was known. On the other hand, electron paramag-
netic resonance (EPR) spectroscopy has been shown in several
studies to be a robust method for assessing the fate of SPIOs af-
ter administration in living animals (14,15). As a consequence,
the quantitative information provided by the EPR method might
be useful for the development of new in vivo methods for SPIO
quantification.

In the present study, using high field MRI (11.7 T), we aimed to
track the settling into the mouse brain of luciferase-expressing
4T1-luc breast cancer cells labeled with Molday ION Rhodamine
B (MIRB) SPIOs initially injected into the heart. 4T1 cells have
been described as establishing brain metastases after intracar-
diac injection (16,17). MIRB iron oxide nanoparticles (colloidal
size of 35nm) have been previously shown to be nontoxic and
to be retained within the cell cytoplasm after labeling (18,19).
In this study, the iron oxide content in the brain was assessed
ex vivo using EPR. Although animal sacrifice is required, this tech-
nique was used in several studies for absolute SPIO quantifica-
tion after injection (14,15,20-24). EPR spectroscopy at room
temperature allows the specific measurement of the SPIOs with-
out interference by endogenous iron (14,15). Using both MRI for
SPIO-labeled cell visualization and EPR for SPIO quantification,
we wanted to assess the complementarity of the two methods
for cell tracking studies.

EXPERIMENT

Ethical statement

All in vivo experiments were performed in compliance with
guidelines set by national regulations and were approved by
the ethical committee for animal care of the Université
catholique de Louvain.

MRI

In vivo MR experiments on mouse brains were performed with an
11.7 T system (Bruker, Ettlingen, Germany) equipped with a cryo-
probe. Animals were anesthetized by inhalation of 1.5-2%
isoflurane (Forene, Abbott, Maidenhead, UK). Mouse temperature
was maintained at 37.0 °C and respiration was monitored. coronal
T,-weighted (T,-w) images were acquired using a turbo rapid ac-
quisition with relaxation enhancement (RARE) sequence with the
following parameters: Tg, 2500 ms; T, 39.1 ms; refocusing flip an-
gle, 180°% RARE factor, 8; field of view, 2cmXx2cm; matrix,
350 % 350; slice thickness, 1 mm; number of slices, 10; in-plane
resolution, 57 pm x 57 um. Coronal T,*-weighted (T,*-w) images
were acquired using a multiple gradient-echo (MGE) sequence
with the following parameters: Tz, 2000 ms; Tg, 5ms; excitation
pulse angle, 30°% field of view, 2 cm x 2 cm; matrix, 350 x 350; slice
thickness, 1Tmm; number of slices, 10; in-plane resolution,
57 um x 57 um. For visualizing SPIO-labeled murine breast cancer
4T1-luc cells in the mouse brain, animals (n=3) were scanned
using T,-, T,*-w images 4 h after injection (day 0) and 1, 2 and
3 days post-injection of 10° MIRB-labeled 4 T1-luc cells. The same
mice underwent bioluminescence imaging (BLI) at day 6 post-
injection and MRI scans (T,-w images) 13 days post-injection for
monitoring the development of cerebral metastases, and were
next sacrificed. The presence of 4T1 metastases in the brain
was then characterized using histology.

In vitro MRI was also performed on 4% gelatin phantoms con-
taining 3x10° living cells/mL using MGE sequences with the
same parameters as used for in vivo imaging (25). Signal-to-noise
ratios (SNRs) of phantom images were determined by dividing
the mean intensity value of an ROI, drawn using ImagelJ software
(NIH), by the standard deviation of the same ROI.

Ex vivo endogenous iron and exogenous iron oxide
determination

Mice injected in the left ventricle with 10° MIRB-labeled 4 T1-luc
cells or free MIRB nanoparticles (5pg Fe) as a control were
sacrificed after MRI examination. Iron oxide content in the brains,
livers, spleens, lungs, hearts and kidneys of mice was determined
ex vivo using X-band EPR (9 GHz). After animal sacrifice, organs
were harvested, freeze-dried and crushed into a fine powder.
Dry samples were then weighed and analyzed using EPR with
the following settings: microwave power, 5.05 mW; center field,
3150G; field sweep width, 5000 G; modulation amplitude, 30G;
time constant, 20.48 ms; conversion time, 20.48 ms; modulation
field, 100 kHz. Measurements were made at room temperature.
The iron oxide content in each freeze-dried organ was quantified
by comparison with a calibration curve of dry MIRB standards.
The limit of detection (LOD) and quantification (LOQ) were
assessed using a calibration curve for different concentrations
of MIRB-labeled cells after water removal (oven at 60°C for
3 days). They were calculated using the formulas LOD =3 SD/a
and LOQ =10 SD/a (SD, standard deviation of the intercept; a,
slope of the calibration curve). Endogenous iron content was
also determined in whole dry organs of mice that did not receive
SPIO injection using inductively coupled plasma mass spectros-
copy (ICP-MS).

Statistical analyses

All results are represented as means + standard error of the mean
(SEM). Comparisons between groups were performed using
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Student’s t-test; p<0.05 was considered to be statistically
significant.

Supplementary methods

Protocols for cell labeling, intracellular SPIO quantification, in-
tracardiac injection, Prussian blue staining, BLI and immuno-
histochemistry are detailed in the supplementary data
section.

RESULTS
EPR quantification of MIRB cell labeling

Fluorescence microscopy images (Fig. 1(A)) showed that 4T1
cells efficiently internalized fluorescent MIRB particles. SPIOs
were localized within the cytoplasm after incubation. After label-
ing, 4.62+0.26 pg superparamagnetic (SP) Fe was internalized
per cell (n=3). Calibration curves recorded with increasing con-
centrations of water-free MIRB-labeled cells showed that EPR
could detect 2100 MIRB-labeled cells and that the LOQ was equal
to 7200 MIRB-labeled cells (Fig. 1(B)).

B
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Figure 1. EPR detection of 4 T1-luc cells labeled with MIRB nanoparti-
cles. (A) Fluorescence microscopy of 4T1-luc cells labeled with MIRB
(red fluorescence). Actin is stained in green using phalloidin-FITC. The
scale bar represents 20 um. (B) Linear regression of increasing numbers
of MIRB-labeled cells after water removal using X-band EPR (n = 4). Data
are expressed as mean + SEM.

MRI can detect isolated SPIO-labeled tumor cells in the
mouse brain

In vivo MRI was performed to monitor the fate of MIRB-labeled
4T1-luc cells in the mouse brain after intracardiac injection
(n=3). As shown in Fig. 2(A), numerous hypointense spots were
observed on To*w images 4h after injection of 10° MIRB-
labeled cells, whereas anatomical T,-w images did not display
these features. Hypointense spots decreased with time and be-
came undetectable 3 days post-injection (Fig. 2(B)). In a control
experiment, T,*w images of gelatin phantoms containing
MIRB-labeled cells (3x10° cells/mL) showed numerous signal
voids (n=3), whereas unlabeled 4T1 cells (n=3) at the same
concentration did not induce negative contrast on MR images
(Fig. 3). As shown in Figure 3(B), a drop in SNR values was ob-
served in the 4T1 + MIRB group compared with unlabeled cells
(6.73£0.10 for 4T1+ MIRB versus 8.49+0.33 for unlabeled 4T1
cells). The Prussian blue staining performed after brain imaging
on day 0 confirmed the presence of iron-positive cells (Fig. 4).
Interestingly, only isolated or small clusters of Prussian blue-
positive cells were found within brain blood vessels,
highlighted using periodic acid-Schiff counterstaining.

After intracardiac injection, mouse brain and lungs trap
MIRB-labeled 4 T1 tumor cells preferentially to cell-free MIRB
particles

Having visualized isolated MIRB-labeled 4 T1-luc cells using MRI
at 11.7 T, we next wanted to know how many SPIO-labeled can-
cer cells were entrapped in the mouse brain after intracardiac in-
jection. Figure 5(A) shows that hypointense spots were detected
on T,*w images 4h after injection of 10° MIRB-labeled cells
(n=3), whereas no negative contrast was observed when mice
received free MIRB particles (corresponding to 5ug SP Fe)
(n=3). This dose corresponded to the iron content of 10°
MIRB-labeled cells. After MR imaging, iron oxide content of brain,
liver, spleen, lungs, heart and kidneys was assessed using ex vivo
EPR. Significant levels of SPIO were found in the brains of mice
injected with SPIO-labeled 4T1 cells, whereas a negligible EPR
signal was detected in the brains of control mice (Fig. 5(B),
0.52+0.11ng SP Fe/mg brain tissue for the 4T1+ MIRB group

Figure 2. MR visualization of MIRB-labeled 4 T1-luc cells 4 h after intra-
cardiac injection. (A) Signal voids (black arrows) were detected on T,*-
w images 4 h after injection of 10° MIRB-labeled 4 T1-luc cells, whereas
no hypointensities were observed on T,-w images (n = 3). (B) A progres-
sive loss of signal voids was observed in the days after injection.
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Figure 3. MR phantom images of MIRB-labeled 4 T1-luc. (A) T,*-w im-
ages of gelatin (4%) phantoms containing MIRB-labeled 4 T1-luc cells or
unlabeled cells showed that signal voids were due to MIRB-labeled cells
(n=3). (B) Magnification and SNR values of MR phantom images (n = 3).
Data are expressed as mean + SEM. **p < 0.01.
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Figure 4. Histological confirmation of the presence of iron oxides in
mouse brains after MRI. Prussian blue staining confirmed the presence
of isolated iron-positive cells in the mouse brain 4 h after intracardiac in-
jection of MIRB-labeled 4 T1-luc cells. Periodic acid-Schiff counterstaining
showed that single iron-positive cells or small clusters of cells were local-
ized within blood vessels. The scale bar represents 20 pm.

versus 0.01+0.00ng SP Fe/mg tissue for the MIRB group). De-
tected levels of SP iron were much lower (<3%) than endoge-
nous brain iron levels (Table 1, 23.05+1.28ng Fe/mg tissue).
One day post-injection, the iron oxide content dropped in the
brain (Fig. 5(C)) and a statistical difference between groups
(n=4 for each group) was no longer observed (0.14+0.07 ng
SP Fe/mg tissue for the 4T1+ MIRB group versus 0.02+0.01 ng
SP Fe/mg tissue for the MIRB group). As shown in Fig. 6, signifi-
cantly higher iron oxide levels were also found in the lungs of

mice injected with MIRB-labeled 4 T1-luc cells in comparison
with the MIRB group at day 0 (28.59+3.03ng SP Fe/mg tissue
for the 4T1+MIRB group versus 0.38+0.12 46 ng SP Fe/mg tis-
sue for the MIRB group). Typical EPR spectra of brain and lung
samples are shown inFig. 7(A) and (B), respectively. The sharp
EPR line observed in EPR spectra (Fig. 7(A)) has been reported
in other studies and was attributed to the presence of free
radicals (15,26). Of note, this sharp EPR spectrum had a neg-
ligible contribution to the broad EPR signal arising from iron
oxides (15).

Iron oxide content in other organs was also measured (Fig. 6).
Four hours after intracardiac injection, iron oxide levels in the
liver were 3.83+0.57ng SP Fe/mg tissue for the 4T1+ MIRB
group and 8.65 + 1.21 ng SP Fe/mg tissue for mice that received
free MIRB, showing that the liver initially preferentially captures
free particles. Similarly, higher iron oxide levels were found in
the spleens of mice injected with free SPIO in comparison with
the 4T1+ MIRB group (Fig. 6, 8.59 + 1.55ng SP Fe/mg tissue for
the 4T1+MIRB group versus 43.06+ 1.46ng SP Fe/mg tissue
for the MIRB group). No statistical difference was observed in
SPIO content in the kidneys for the two groups (0.98 +0.39 ng
SP Fe/mg tissue for the 4T1+ MIRB group versus 0.81+0.32ng
SP Fe/mg tissue for the MIRB group at day 0). Although no statis-
tical difference was found, SPIO levels tended to be higher in
hearts injected with MIRB-labeled 4 T1-luc compared with hearts
receiving free SPIOs (Fig. 6, 29.36 £ 19.32 ng SP Fe/mg tissue for
the 4T1+ MIRB group versus 0.61+0.05ng SP Fe/mg tissue for
the MIRB group at day 0). As also shown in Fig. 6, iron oxide
levels in all tissues dropped in both treatment groups one day af-
ter injection. Basal endogenous iron levels measured using ICP-
MS in different organs (n=5) were much more important than
the levels of SPIOs detected in tissues (Table 1). For instance,
23.05+1.28 ng endogenous Fe/mg tissue was measured in
brains of control mice.

Long-term assessment of the fate of SPIO-labeled murine
breast cancer cells in the brain

After visualizing in vivo and quantifying ex vivo the number of
SPIO-labeled 4T1 cells localized in the brain, we addressed the
question of whether a subset of these entrapped cancer cells
could establish successful metastases. Using BLI (n=3), 4T1-luc
cells were shown to develop large metastases in lungs and
bones 6days after intracardiac injection (Fig. 8). BLI-positive
spots were also observed at the injection site (heart). No biolumi-
nescence was detected in the brain of these mice. However,
mice showed severe signs of weakness 13 days after intracardiac
injection, and mouse brains were therefore scanned using MRI to
detect brain metastases. Figure 9(A) shows that no
macrometastases were detected on conventional T,-w images.
Immunofluorescence images (Fig. 9(B)) nevertheless demon-
strated the invasion of the brain parenchyma by numerous
luciferase-positive brain micrometastases (~100 um).

DISCUSSION

Using MRI and ex vivo EPR, we succeeded in visualizing and
quantifying SPIO in circulating tumor cells (CTCs) entrapped in
the mouse brain after intracardiac injection. As demonstrated
with phantom studies, isolated cells and small clusters of SPIO-
labeled cells were detected, whereas unlabeled cells could not
be visualized on T,*-w images. Nevertheless, MR images showed
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Figure 5. Correlation between MR detection of MIRB-labeled 4 T1-luc cells and ex vivo EPR quantification of iron oxides in mouse brains. (A) MR images
produced 4 h after administration of 10° MIRB-labeled cells or 5 ng SP Fe of free MIRB particles. No signal voids were detected in mice receiving free
MIRB (n=3). (B) After MRI, a major difference in iron oxide content in the brain was found between mice injected with MIRB-labeled cells and mice
injected with free MIRB 4 h post-injection (n = 3). (C) Brain iron oxide levels dropped one day post-injection and no statistical difference was found be-
tween the 4 T1-luc+ MIRB group and free MIRB group (n =4). Data are expressed as mean + SEM. *p < 0.05; ns, p > 0.05.

Table 1. Endogenous iron levels in organs of BALB/c mice
(mean = SEM, n=5)

Organ Endogenous iron (ng Fe/mg tissue)
Brain 23.05+1.28

Liver 165.99 £5.09

Spleen 457.88+18.73

Lungs 160.01 £ 8.65

Heart 181.25+27.79

Kidneys 89.62+9.15

that signal voids due to SPIO-labeled cells decreased in the days
post-injection. This can be explained by the dilution of the intra-
cellular SPIO content with cell proliferation (27), SPIO metabo-
lism (28,29) and the clearance of SPIO released by dead cells
from the brain (30). It was also shown using EPR that the iron ox-
ide content in the mouse brain dropped below the detection
threshold one day post-injection. As the dilution of SPIOs due
to cell proliferation should not affect the total iron oxide content
in the brain, this decrease is likely essentially due to the clear-
ance and degradation of SPIOs. Indeed, it was shown that the
dextran coating of SPIOs is degraded in lysosomal environments
(29). Therefore, the iron oxide core can be dissolved at acidic pH
in the presence of metallic chelates (29). Labeling cancer cells
with  micron-sized iron oxides coated with an inert
styrene/divinylbenzene layer could circumvent this possible
drawback. However, MIRB nanoparticles were preferred owing
to their excellent labeling properties (18,24,31) and their biocom-
patibility (19,32). As EPR measurements made at room tempera-
ture are specific for SPIOs (14,15), we used ICP-MS as an
alternative quantification method for measuring total iron con-
tent in tissues. Basal endogenous iron levels were found to be
high in mouse tissues (ranging from ~25ng Fe/mg tissue for

the mouse brain to ~460 ng Fe/mg tissue for the spleen) com-
pared with iron oxide levels found in these tissues after cell
tracking experiments. It is important to mention that the total
amount of iron oxides administrated in vivo corresponded to
5 g of iron per mouse, which is low compared with total body
iron. In our cell tracking experiments, it was therefore not possi-
ble to measure degraded forms of SPIOs and thus to investigate
SPIO metabolism after injection. Our observations are in line with
the study of Levy et al. (15), who investigated SPIO metabolism
in vivo and showed that inductively coupled plasma optical
emission spectrometry did not allow detection of exogenous
iron oxides in tissues when low doses of SPIOs were injected.
In a recent study, it was shown using histology that the number
of 4T1 cells in the brain decreased with time over 3 days follow-
ing intracardiac injection (33). These data suggest that removal
of dead cells plays a major role in the observed loss of negative
contrast in the present in vivo MR images. However, the use of
reporter gene-based methods such as BLI allows repetitive imag-
ing for extended periods compared with cell tracking methods
using intracellular contrast agents.

Interestingly, we found that MIRB-labeled cancer cells survived
in the brain and led to the formation of micrometastases
(~100um). We were not able to observe these brain
micrometastases in vivo using MRI. However, using BLI we visual-
ized metastases that developed in the lungs and in the bones af-
ter intracardiac injection of 4T1-luc cells. These results are
consistent with our EPR data showing that SPIO-labeled CTCs
are entrapped in the lungs 4 h after injection.

Although other studies have reported the use of MRI cell track-
ing to study brain metastasis formation after the intracardiac in-
jection of cancer cells (30,34,35), in this work we report for the
first time the quantification of SPIOs in the mouse brain after ad-
ministration of murine breast cancer cells labeled with SPIOs.
Using EPR, we calculated that ~8000 (<1%) of the injected cells
(10%) were found in the brain 4h after intracardiac injection
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Figure 6. Biodistribution of iron oxides after intracardiac injection of MIRB-labeled 4 T1-luc cells or free MIRB nanoparticles. SPIO levels were quantified
using ex vivo EPR in organs of mice injected with 10° MIRB-labeled cells or 5 ug SP Fe of free MIRB particles. 4 h post-injection (day 0), higher SPIO
amounts were found in the liver and the spleen of mice injected with free MIRB particles (n=3). On the other hand, lungs of mice injected with
MIRB-labeled 4 T1-luc cells contained significantly higher levels of iron oxides 4 h after injection compared with mice injected with free MIRB (n = 3).
A decrease in SPIO levels was observed in organs of both groups one day post-injection (n=4). Data are expressed as mean + SEM. *p < 0.05,

**p < 0.01, **p < 0.001, ns, p > 0.05.

(dry weight of the brain ~80mg, injection of 10° MIRB-labeled
4T1 cells containing 5 pg Fe, ~500 pg Fe/mg brain tissue 4 h after
injection). Considering that blood flow to the mouse brain repre-
sents only 3% of the cardiac output (36), our results indicate that
one quarter of the CTCs in the brain were entrapped 4 h after in-
jection. These calculations assume that cells did not start to pro-
liferate after injection (4 h). At later time points, cells would start
to divide and the intracellular iron oxide content would be
shared among daughter cells (27). Hence, an estimation of the
number of iron oxide-labeled cells in tissues using ex vivo EPR
is only valid shortly after cell delivery.

MRI was shown to precisely localize labeled cancer cells in the
brain, but the number of hypointense spots did not necessarily
correspond to the number of cells. As shown with Prussian blue
staining, signal voids on gradient-echo images could be due to
isolated but also to small clusters of SPIO-labeled cells. Their visu-
alization on T,*-w images is also limited by artifacts due to air-
tissue interfaces (ears, oral cavity).

Although the dilution of intracellular iron oxides with cell
division and uptake of free SPIO by macrophages limits the
monitorable period of labeled cells in MRI cell tracking stud-
ies, the ability to visualize and quantify CTCs using magnetic
cell tracking approaches has still a great potential for study-
ing cancer metastases (27,37). To our knowledge we are the
first to provide a straightforward estimation of SPIO-labeled
CTCs in the mouse brain. This will be helpful for understand-
ing early steps of the metastatic cascade, including the sur-
vival in the blood stream, extravasation and micrometastasis
formation.

In a previous study, Heyn et al. showed using another breast
cancer brain metastasis model (intracardiac injection of MDA-
MB231BR human breast cancer cells) that a subset of SPIO-
labeled cancer cells (visible using MRI) formed large metastases
(hyperintense lesions on MRI scans) (34). The authors were thus
able to assess the fate of CTCs in the brain and to determine
whether isolated cancer cells were proliferating (macrometastasis
formation), quiescent (contrast persistence on MR images) or
transiently present in the brain tissues (quick loss of contrast).
Using a similar approach with a liver metastasis model, Townson
et al. showed that the chemotherapeutic agent doxorubicin re-
duced the size of liver metastases but not the overall number of
solitary dormant cells in the liver (visualized thanks to MRI cell
tracking) (38). These two studies highlighted the potential role
of MRI cell tracking for elucidating tumor dormancy mechanisms
and characterizing the efficacy of anticancer drugs on metastatic
progression. In contrast to the study by Heyn et al., we did not ob-
serve any brain macrometastases development after injection of
4T1-luc cells. This can be explained by the fact that 4 T1-luc cells
may have a lower tropism for the brain compared with 'brain
seeking’ tumor models such as MDA-MB231BR cells. Another dif-
ference is that 4 T1-luc murine cancer cells rapidly grew in vivo
compared with MDA-MB231BR human cancer cells. This ex-
plained why the longitudinal monitoring of mice could not ex-
ceed 13 days. Mice were indeed showing signs of weakness due
to systemic cancer progression.

In conclusion, ex vivo EPR and MRI are complementary
methods for cell tracking applications, even though in our
study a correct estimate of the number of labeled cells using
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Figure 7. Representative EPR spectra of brain (A) and lung (B) tissues re-
corded ex vivo 4 h after intracardiac injection of MIRB-labeled 4 T1-luc
cells or free MIRB. A broad EPR spectrum corresponding to iron oxides
was observed in brains (A) and lungs (B) of mice injected with MIRB-la-
beled 4 T1-luc, whereas no EPR signal was detected in these organs in
mice injected with free nanoparticles. Y-axis scales were adapted for pre-
sentation purposes.

Figure 8. Representative BLI pictures of mice 6 days following intracar-
diac injection of 4 T1-luc cells. BLI showed that this cell line preferentially
metastasized to the lungs and joints (yellow arrows). BLI positive spots
were also detected at the injection site (heart). Of note, no photons aris-
ing from 4 T1-luc cells in the brain could be detected.

EPR was possible only within a few hours after cell injection.
Owing to the highly proliferative phenotype of cancer cells,
the iron oxide content per cell is decreased over time follow-
ing administration. Of importance, besides cancer, cell-based
therapies using cells with lower proliferative potential consti-
tute a main field of applications for MRI cell tracking (39).
For such studies, EPR could be complementary to MRI in

Figure 9. Long-term assessment of the presence of 4T1-luc cells in
mouse brains following intracardiac administration. No macrometastases
could be detected using anatomical T,-w images (A) (n = 3), whereas im-
munofluorescence studies (B) demonstrated the presence of 4T1-luc
micrometastases 13 days after injection of 10° 4 T1-luc cells (n = 3). Lucif-
erase-positive cells are stained in green and nuclei are stained in blue
using Hoechst 33342. The scale bar represents 20 um.

assessing the biodistribution of SPIO-labeled cells for
prolonged periods of time after administration.

SUPPLEMENTARY MATERIAL
Cell labeling

Luciferase-expressing 4T1-luc murine breast cancer cells were
grown in Dulbecco’'s modified Eagle medium + GlutaMAX
(Invitrogen, Merelbeke, Belgium), supplemented with 10% (v/v) fe-
tal bovine serum (Invitrogen) and 1% (v/v) penicillin/streptomycin
(Invitrogen). Two days before experiment, 10% cells/cm? were
seeded in plastic dishes. The next day, they were incubated over-
night with 20 ug Fe/mL MIRB particles (BioPAL, Worcester, MA,
USA) in full medium. After labeling, cells were washed three times
with phosphate-buffered saline (PBS), trypsinized, centrifuged and
resuspended in PBS. Cells were then counted using a hemocytom-
eter and viability was assessed using Trypan blue dye; they were
centrifuged again and kept on ice in a PBS solution. They were
injected into animals within 30 min after preparation.

Intracellular iron oxide content quantification and SPIO lo-
calization after labeling

Intracellular iron oxide content per cell was determined using EPR
as previously described (18). Fluorescence microscopy was per-
formed to assess the cellular localization of red fluorescent MIRB
nanoparticles after labeling. Briefly, cells were seeded on Lab-Tek
chamber slides (Sigma-Aldrich, Diegem, Belgium) and incubated
overnight in full medium with MIRB particles (20 pg Fe/mL). Cells
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were rinsed three times with PBS, fixed with paraformaldehyde
4% (Sigma) and permeabilized with PBS/0.1% Triton. Actin was
stained using phalloidin-FITC (Sigma). Slides were then mounted
using VECTASHIELD (Vector Labs, Brussels, Belgium), and images
were captured on a Zeiss Axio Imager fluorescence microscope
equipped with an ApoTome module (structured illumination).

Intracardiac injection of 4 T1-luc cells

Five-week-old female BALB/c mice (Janvier, Le Genest-Saint-Isle,
France) were anesthetized with ketamine (80 mg/kg)/xylazine
(8mg/kg). 100 uL of PBS containing MIRB-labeled 4 T1-luc cells
or free MIRB particles were then slowly injected into the left ven-
tricle using an insulin syringe.

SPIO detection in the mouse brain using Prussian blue
staining

Four hours after intracardiac injection of MIRB-labeled 4 T1-luc
cells (2 x 10° cells), in vivo MRI was performed to detect labeled
cells in the brain. Mice with SPIO-LABELED cells detected in the
brain were sacrificed and the brains were collected. After over-
night fixation at 4°C in 4% paraformaldehyde, brains were em-
bedded in paraffin and 5 um coronal sections were made. Iron
oxide presence was revealed using Prussian blue staining and
slides were counterstained with periodic acid-Schiff.

Bioluminescence imaging

Bioluminescence imaging (BLI) was performed on mice 6 days af-
ter injection of 10° 4 T1-luc cells. Mice were anaesthetized with
ketamine (80 mg/kg)/xylazine (8 mg/kg) and depilated. Luciferin
(150 mg/kg) was injected intraperitoneally and BLI images were
acquired 15 min after injection using an IVIS50 imaging system
(Xenogen) and a 16-bit digitizer.

Histological detection of 4 T1-luc brain metastases

To assess the presence of 4 T1-luc brain micrometastases in mice that
were repetitively scanned using MRI, mice were sacrificed 13 days
post-injection and the brains were embedded in optimum cutting
temperature compound (Gentaur, Kampenhout, Belgium) and fro-
zen with liquid nitrogen vapor; 10 um coronal sections were made
using a cryostat. Sections were fixed for 10 min in cold acetone. After
blocking, sections were incubated with a rabbit anti-luciferase anti-
body (Abcam, Cambridge, UK). Luciferase-expressing cells were re-
vealed with an Alexa 488 mouse anti-rabbit secondary antibody
(Invitrogen). Nuclei were stained using Hoechst 33342 (Sigma).
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