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Abstract
Purpose  The purpose of this study was to evaluate magnetic particle imaging (MPI) as a method for the in vivo tracking of 
dendritic cells (DC). DC are used in cancer immunotherapy and must migrate from the site of implantation to lymph nodes 
to be effective. The magnitude of the ensuing T cell response is proportional to the number of lymph node-migrated DC. 
With current protocols, less than 10% of DC are expected to reach target nodes. Therefore, imaging techniques for studying 
DC migration must be sensitive and quantitative. Here, we describe the first study using MPI to detect and track DC injected 
into the footpads of C57BL/6 mice migrating to the popliteal lymph nodes (pLNs).
Procedures  DC were labelled with Synomag-D™ and injected into each hind footpad of C57BL/6 mice (n = 6). In vivo MPI 
was conducted immediately and repeated 48 h later. The MPI signal was measured from images and related to the signal 
from a known number of cells to calculate iron content. DC numbers were estimated by dividing iron content in the image 
by the iron per cell measured from a separate cell sample. The presence of SPIO-labeled DC in nodes was validated by ex 
vivo MPI, histology, and fluorescence microscopy.
Results  Day 2 imaging showed a decrease in MPI signal in the footpads and an increase in signal at the pLNs, indicating DC 
migration. MPI signal was detected in the left pLN in four of the six mice and two of the six mice showed MPI signal in the 
right pLN. Ex vivo imaging detected signal in 11/12 nodes. We report a sensitivity of approximately 4000 cells (0.015 µg 
Fe) in vivo and 2000 cells (0.007 µg Fe) ex vivo.
Conclusions  Here, we describe the first study to use MPI to detect and track DC in a migration model with immunothera-
peutic applications. We also bring attention to the issue of resolving unequal signals within close proximity, a challenge for 
any pre-clinical study using a highly concentrated tracer bolus that shadows nearby lower signals.

Key words  Superparamagnetic iron oxide · Magnetic particle imaging · Immunotherapy · Dendritic cell · Sensitivity · 
Resolution · Synomag-d

Introduction

Cell therapy involves the therapeutic administration of 
immune cells (such as T cells or dendritic cells (DC)) and 
stem cells (such as mesenchymal stem cells or pluripotent 
stem cells). Significant progress in cell therapy has occurred 
over the past decade, used to treat cancers [1], autoimmune 
[2], degenerative [3], genetic [4], and infectious diseases [5].

Despite its immense potential, clinical results from DC can-
cer vaccine trials have been variable and discordant because of 
disparities in cell source, preparation, route of administration, 
and implantation methodologies [6]. Many critical questions 
about the delivery, anatomical location/distribution, numbers, 
and persistence of DC remain unanswered. For example, in 
DC cancer immunotherapy, the magnitude of an anti-tumour 
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response is proportional to the quantity of antigen presenting 
cells that reach a target lymph node [7–9], and therefore, it is 
crucial to know whether the injected cells have migrated to 
the target and in what magnitude to establish correlates with 
vaccine efficacy. Unfortunately, it remains difficult to spatially 
and quantitatively track the migration of cells and the ensuing 
immune response that is elicited.

Magnetic resonance imaging (MRI) has been used to 
track DC migration. This involves ex vivo labelling of DCs 
with superparamagnetic iron oxide nanoparticles (SPIO) 
prior to administration and imaging with pulse sequences 
sensitive to iron. In MRI, SPIOs produce negative contrast 
(signal loss) that is indirectly detected through its effect on 
proton relaxation. SPIO-based MRI cell tracking has very 
high sensitivity (tens to hundreds of cells), albeit with low 
specificity, and it is difficult to accurately quantify the local 
tissue concentration of SPIO particles [10].

Magnetic particle imaging (MPI) is a tracer-based imag-
ing modality that directly detects the response of SPIO to an 
applied magnetic field [11, 12]. MPI has potential for over-
coming the challenges of MRI-based cell tracking because it 
has high specificity [13], and the MPI signal is linearly related 
to iron mass allowing for quantitation of the amount of iron 
from images, and with knowledge of the amount of iron/cell 
after SPIO labelling, the cell number can be calculated [14]. 
A current challenge with MPI is resolution. The shape of the 
point spread function from the acquired signal can limit the 
ability to quantify two unequal sources of MPI signal in close 
proximity. This manifests as large signals concealing nearby 
smaller signals. This becomes an issue when several samples 
with different concentrations are being imaged [15].

In this study, we evaluate the use of MPI for quantita-
tive tracking of DC in a pre-clinical mouse model. DCs 
are subcutaneously administered into the hind footpad and 
migrate to the draining popliteal node (pLN) located on 
the back of the knee. The ability to detect and resolve the 
high signal in the footpad from the low signal in the lymph 
node is studied using samples of SPIO and injections of 
SPIO-labeled DC in mice.

Methods

Cell Labelling

Animals

C57BL/6 mice were sourced from the breeding operation at 
the West Valley Barrier Facility at Western University. All 
applicable animal protocols were approved by the University 
of Western Ontario Animal Care and Use Subcommittee.

Mouse Bone Marrow–Derived Dendritic Cell Culture

Mouse bone marrow–derived DCs were isolated from the 
femurs and tibias of C57BL/6 mice and cultured as previ-
ously described [16–18]. Briefly, bone marrow progenitor 
cells were cultured in complete RPMI media supplemented 
with interleukin-4 (IL-4, 10 ng/ml, PeproTech, Canada) and 
granulocyte–macrophage colony-stimulating factor (GM-
CSF, 4 ng/ml, PeproTech, Canada) for 4 days. On day 4, 
immature DC were enriched from culture using Histodenz™ 
(Millipore Sigma, Canada) gradient centrifugation.

SPIO Labelling of DC

Following gradient enrichment of immature DC on day 4, 
DC were labelled with Synomag-D (Micromod GmbH) 
(200 µg Fe/ml) via simple co-incubation in complete RPMI 
(+ IL-4 and GM-CSF). To increase Synomag-D uptake by 
DC, transfection agents (TAs) were employed. Protamine 
sulfate (0.24 mg/ml) and heparin (8 USP units/ml) were indi-
vidually diluted in OPTI-MEM in Eppendorf tubes. Follow-
ing Synomag-D addition to OPTI-MEM containing heparin, 
the contents of both Eppendorf tubes were combined, vor-
texed, and added to immature DC. Synomag-D was added 
such that DC were cultured in a final concentration of 200 µg 
Fe/ml for 4 h, after which time complete RPMI (+ IL-4 and 
GM-CSF) was added to ensure DC were cultured overnight 
at the same cell concentration as DC labelled via simple co-
incubation. On day 5 of culture, regardless of which SPIO 
labelling method was used on day 4, a previously defined 
maturation cocktail [19] was added to the labelled DC which 
were then cultured for an additional 24 h.

Magnetic Selection of SPIO + DC

To ensure that only Synomag-D + DC were administered, 
magnetic column enrichment was performed as previously 
described [20]. Briefly, on day 6, mature DC were col-
lected, washed in PBS and then resuspended in 2 ml PBS 
per DC culture condition in a 12- × 75-mm sterile tube. 
DC suspensions were incubated in an EasySep™ magnet 
(Stemcell Technologies, Vancouver, CAN) at room tem-
perature. After 5 min, both tube and magnet were inverted 
to collect flow through containing unlabeled DC, while 
Synomag-D + DC remained in the tube and were collected, 
counted, and prepared for subsequent adoptive cell transfer. 
An aliquot of Synomag-D + DC was collected to histologi-
cally confirm Synomag-D uptake through Perls Prussian 
Blue (PPB) staining. Unlabeled DC were used for viability 
and immunophenotyping analysis.
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Flow Cytometry

DC were phenotyped and assessed for viability upon com-
pletion of a 6-day culture using a previously outlined pro-
tocol [21]. Briefly, Zombie NIR™ fixable viability dye 
(Biolegend, San Diego, USA) was employed to assess DC 
viability and preceded surface immunofluorescence stain-
ing. In the presence of TruStain FcX™ anti-mouse CD16/32 
block (clone: 93), DC were stained with PE CD45 (30-F11) 
and APC CD11c (N418) for 25 min at 4 °C (all Bioleg-
end). Excess antibodies were removed by washing with 
HBSS + 0.1% BSA. Upon resuspension in HBSS + 0.1% 
BSA, DC were fixed with 4% paraformaldehyde and kept at 
4 °C until acquisition using a LSRII analytical flow cytome-
ter (BD Biosciences, San Jose, USA). FlowJo software (v10, 
Tree Star, Inc., Ashland, USA) was used for all analyses.

In Vitro MPI

MPI Relaxometry

Synomag-D was compared VivoTrax™ (Magnetic Insight 
Inc.) for MPI signal and resolution. The active ingredient of 
VivoTrax™ is carboxydextran and is magnetically identical 
to ferucarbotran, which was adopted early for MPI and is one 
of the most commonly used tracers for MPI.

Using the Relax™ module equipped on the Momen-
tum™ scanner (Magnetic Insight Inc.), measurements were 
collected in triplicate for (i) VivoTrax™, (ii) Synomag-D, 
(iii) Synomag-D with TAs, and (iv) Synomag-D + DC with 
TAs. For (i) and (ii), 1 µL of the agent was used. For (iii), 
1.25% of the volumes used for the labelling procedure were 
prepared (1.125 µL Synomag-D, 62.5 µL serum free media, 
0.0375 µL protamine sulfate, 0.0125 µL heparin). For (iv), 
500 K (K = 1000) SPIO-labelled DC suspended in 40 µL PBS 
were collected in a PCR tube. Point spread functions (PSF) 
from MPI relaxometry were analysed for signal and reso-
lution, normalized to iron content. To compare resolutions, 
full width half maximum (FWHM) values in milli-Tesla 
(mT) were converted to millimetres (mm) by dividing by 
the 3.0 T per meter (T/m) gradient strength. Ordinary one-
way ANOVA tests were performed to determine differences 
in sensitivity and resolution for relaxometry measurements.

DC Detection with MPI

Triplicate sets of cell samples containing 250 K, 100 K, 50 K, 
25 K, 12 K, and 6 K Synomag-D + DC labelled with (n = 18) 
and without (n = 18) TAs in 40 µL PBS were imaged with MPI. 
All images were acquired on a Momentum™ MPI scanner 
(Magnetic Insight Inc.). Projection images were acquired in 2D 
with a 3.0-T/m selection field gradient and drive field strengths 

of 20 mT and 23 mT in the X and Z axes, respectively. These 
2D images took ~ 1.5 min to acquire for a 6 × 6-cm field of view 
(FOV). A simple linear regression was performed to determine 
the relationship between iron content and cell number.

DC Migration Model

To model DC migration, a 250K cell sample (high signal) was 
placed 2 cm from a 25K cell sample (low signal) to approxi-
mate the distance and signal strength difference between the 
footpad and the pLN. The 25K cell sample was then moved 
incrementally 1 cm away, up to 5 cm, from the 250K cell 
sample to determine the minimum distance at which two 
distinct signals could be resolved. Projection images were 
acquired in 2D with a 3.0-T/m selection field gradient and 
drive field strengths of 20 mT and 23 mT in the X and Z axes, 
respectively. These 2D images took ~ 2 min to acquire for a 
12 × 6-cm FOV. The same image parameters were used for 3D 
imaging, which combines 35 projections (~ 30 min).

In Vivo MPI

In Vivo Modelling of DC Migration

25 K and 250 K Synomag-D + DC suspended in 40 µL PBS 
were subcutaneously injected into the upper back of anes-
thetized C57BL/6 mice (n = 4) at distances of 2 cm (n = 2) 
or 5 cm (n = 2) apart. MPI was performed immediately post 
injection using the same image parameters described above.

In Vivo DC Migration

300 K (n = 3) or 500 K (n = 3) Synomag-D + DC were intra-
dermally injected into each hind footpad immediately follow-
ing Tag-It Violet™ (Violet +) cell tracking dye incorporation 
(Biolegend, San Diego, USA). MPI was performed immediately 
following injection (day 0) and repeated 48 h later (day 2). Mice 
were fasted overnight for 12 h prior to imaging with only water, 
a laxative, and corn bedding. Following imaging, mice were 
returned to cages with food ad libitum. This was done to reduce 
gastrointestinal signal in MPI images, following approved ani-
mal protocols by the University of Western Ontario Animal 
Care and Use Subcommittee. On day 3, whole mouse body 
proton MRI was acquired for the two mice that had the highest 
detected pLN signal from each injection condition using a clini-
cal 3 T MRI (Discovery MR750, General Electric) system and a 
4.3 × 4.3cm surface coil (Clinical MR Solutions, Wisconsin) as 
described [22]. Left and right pLNs from all mice were excised 
and imaged ex vivo with MPI on day 3. pLNs were prepared 
and sectioned as previously described [17]. Qualitative imaging 
of pLNs was performed to identify Violet + Synomag-D + DC 
using an Olympus IX50 phase contrast inverted microscope 
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(Richmond Hill, CA) and Infinity3-3URF camera (Lumenera, 
Ottawa, CA). Iron mass was quantified from measured MPI 
signal, as described below. Additionally, two cell pellet sam-
ples each containing 1000 K DC were imaged using 2D and 
3D high sensitivity isotropic (3.0 T/m gradient) parameters to 
measure the amount of iron per cell and subsequently estimate 
cell number.

Mice were anesthetized initially with 2% isoflurane and 
maintained with 1% isoflurane during imaging. All in vivo 
images and ex vivo pLN images were acquired in 2D and 
3D using a 3.0 T/m selection field gradient and drive field 
strengths of 20 mT and 23 mT in the X and Z axes, respec-
tively, and a 12 × 6 cm FOV.

Quantification

Calibration lines (2D and 3D) for Synomag-D were made 
to determine the relationship between iron content and MPI 
signal using previously established methods [22]. To verify 
calibrations, manufacturer reported iron concentrations were 
compared to iron concentrations calculated using MPI, with 
no statistically significant difference. All MPI images were 
imported and viewed with a custom MPI colour look-up table 
(CLUT) using the open-source Horos™ image analysis soft-
ware (version 3.3.6, Annapolis, MD USA). MPI signal was 
measured within a specific region of interest (ROI) using a 
semi-automatic segmentation tool for both 2D and 3D images. 
Total MPI signal for an ROI was calculated by multiplying 
the ROI area (2D) or volume (3D) by the mean signal. The 
signal-to-noise ratio (SNR) was calculated by dividing the 
mean signal for a ROI by the standard deviation of the back-
ground noise. The SNR had to be greater than 5 for the MPI 
signal to be considered detectable and for images to be fur-
ther quantified. Iron content was calculated by dividing the 
total MPI signal by the slope of the calibration line. All MPI 
images (calibrations, in vitro DC pellets, and in vivo experi-
ments) were delineated and analysed in the same way to ensure 
consistency. Iron content per cell was calculated by dividing 
the measured iron content from the signal ROI by the number 
of cells in the cell pellet sample (1000 K). Cell numbers for 
the true migration experiment were then estimated by dividing 
the iron quantified within a given ROI by the respective iron/
cell measurements.

Results

In Vitro MPI

MPI Relaxometry

MPI relaxometry compared the performance of Synomag-
D and VivoTrax™ and measured differences in signal after 

Synomag-D internalization by DC. Relative sensitivities 
(Fig. 1a) and resolutions (Fig. 1b) are shown by the point 
spread functions (PSF) for free SPIOs, Synomag-D mixed with 
TAs, and Synomag-D-labelled DC. Synomag-D had approxi-
mately 3.46 times higher sensitivity and improved resolution 
(2.49 mm versus 3.29 mm) compared to VivoTrax™ (Fig. 1c). 
This agrees with Vogel et al. [23]. Sensitivity was reduced 
when Synomag-D was mixed with heparin and protamine 
sulfate and was further reduced when internalized into DC 
(Fig. 1d). There was no statistically significant difference in 
resolution between Synomag-D and Synomag-D with TAs; 
however, the resolution was significantly lower for intracellular 
Synomag-D (Fig. 1e). The reduced MPI signal which occurs 
either upon combination with TAs and/or internalization has 
been shown previously, resulting from aggregation and slower 
MPI relaxation [24].

DC Detection with MPI

PPB staining showed the presence of iron in DC labelled with 
and without TAs (Fig. 2a, b). TAs improved DC labelling with 
a higher amount of iron/cell (5.5 pg Fe/cell vs 1.4 pg Fe/cells) 
and more iron positive cells (76.6% vs 51.6%). Cell viability 
was not affected by cell labelling (Fig. 2c). Both labelling 
strategies show strong linear correlations (R2 = 0.99) between 
measured iron content and cell number (Fig. 2d). DC labelled 
with TAs had a higher cellular sensitivity as indicated by a 
steeper slope (5.73 × 10−6 vs 1.24 × 10−6). MPI of Synomag-
D + DC samples without TAs was limited to a detection of 
25 K cells due to lower labelling efficiency (Fig. 2e). With 
more iron/cell from enhanced labelling with TAs, 6 K cells 
are detected with MPI, the lowest number tested (Fig. 2f). The 
addition of TAs enhanced cell labelling which was confirmed 
by PPB stains, MPI, and measured iron content. This labelling 
strategy was used for in vivo experiments.

In Vitro Modelling of DC Migration

Using 2D imaging, two samples of 25 K cells (Fig. 3a) and 
250 K cells (Fig. 3b) placed 2 cm apart were detected with 
two distinct peaks shown in the adjacent corresponding sig-
nal intensity profile. When the 25K cell phantom is imaged 
with the 250K cell phantom, creating unequal signals, the 
signal from 25 K cells (less iron) was not detected next to 
the higher signal from 250 K cells. The corresponding sig-
nal intensity profile shows the 25K cell sample as a small 
shoulder off the tail of the higher peak from the 250K cell 
phantom placed 2 cm away (Fig. 3c). To fully separate the 
unequal signals into two distinct peaks, a minimum distance 
of 5 cm was required for 2D imaging (Fig. 3d). Windowing 
the image to the minimum and maximum signal from the 
25K cell phantom oversaturated MPI signal from the 250K 
cell phantom, expanding into the region of the lower signal, 
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and prevented detection of the 25K cell phantom. Distinct 
signals were detected using 3D imaging at 2 cm; however, 
window levelling to the 25K cell phantom signal still over-
saturated signal from the 250K cell phantom (Fig. 3e).

In Vivo MPI

In Vivo Modelling of DC Migration

The in vitro DC migration model was repeated to compare 
signal detection and resolution between two unequal signal 
sources in an in vivo mouse model. Subcutaneous injections 
of 25 K and 250 K cells 2 cm apart (Fig. 4a) could not 
be resolved with 2D imaging (Fig. 4b) but were resolved 
with 3D imaging (Fig. 4c). To clearly detect the 25K cell 
injection site, the contrast and intensity of the images had 
to be adjusted (Fig. 4d). When imaging mice with cell injec-
tions 5 cm apart (Fig. 4e), a gastrointestinal (GI) signal was 
detected in all mice due to iron contained within mouse feed 
and ingested cage bedding as shown in the Suppl. Figure 1 
(See ESM). Three distinct signal regions were detected with 
both 2D and 3D imaging (1) 250 K cells, (2) GI, and (3) 

25 K cells. Signal from the lower source (25 K) was par-
tially concealed within signal from the GI using 2D imag-
ing (Fig. 4f). With 3D imaging, the signal from 25 K is 
10 times weaker than the 250K signal and not perceptible 
at the full dynamic range (Fig. 4g). The dynamic range was 
lowered to show the signal detected from the 25K sample 
(Fig. 4h).

In Vivo DC Migration

Mice were injected with either 300 K (n = 3) or 500 K 
(n = 3) Violet + Synomag-D + DC. In this experiment, 
mice were prepared with bowel prep to remove GI signals 
that are similar in magnitude to the pLN signals. Table 1 
summarizes the data from all 6 mice, showing cell num-
ber and iron estimates for the footpads and pLNs on day 
0, day 2, and ex vivo. Footpad signal (left and right) was 
detected and quantified on both day 0 and day 2 imaging. 
On day 2, MPI signal was detected in the left pLN in four 
of the six mice and in the right pLN in 2 of the 6 mice. The 
number of DC injected did not affect the ability to detect 
MPI signal in the pLNs; for each cell number, two of the 

Fig. 1   Comparing MPI sensitivity and resolution of VivoTrax™, 
Synomag-D, Synomag-D with transfection agents (TAs), and intra-
cellular Synomag-D. a Relative sensitivities are compared by signal 
peak intensities, normalized to the iron content of the sample. b Rela-
tive resolutions are compared by full width half maximum (FWHM) 
values with MPI signal normalized to the iron content and signal 
peak intensities of the sample. c Numerical values for the graphs (a) 

and (b) are shown. There were significant differences in both sensi-
tivity and resolution with intracellular Synomag-D. d There was a 
significant difference in sensitivity and e a non-significant differ-
ence in resolution between Synomag-D and Synomag-D with TAs. 
Data shown as mean ± SD (ns — no statistical significance (p > 0.05), 
*p ≤ 0.05, ***p ≤ 0.001, ****p ≤ 0.0001, ordinary one-way ANOVA).
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three mice had signal in the left pLN, and one of the three 
mice had signal in the right pLN. Ex vivo imaging of the 
pLNs improved the dynamic range of MPI signal; signal 
was detected in 11/12 nodes with 3D imaging.

Figure 5 shows images from one representative mouse 
(mouse 4) that underwent both MPI and MRI following 300 K 
cells injected into the hind footpads. Day 0 MPI detected sig-
nal in the left and right hind footpads, as expected (Fig. 5a). 
Day 2 MPI detected signal in the left and right pLNs, with 
quantification (see Table 1) suggesting a 3% and 2% migra-
tion rate, respectively (Fig. 5b). Day 3 MRI indirectly detected 
regions of signal loss in both the left and right pLNs (Fig. 5c). 
This was also true for the second mouse imaged with both 
MPI and MRI (mouse 3, not shown). The signal void volumes 
were 0.31 mm3 (left) and 0.35 mm3 (right) for mouse 3 and 
0.43 mm3 (left) and 0.32 mm3 (right) for mouse 4. Ex vivo 
MPI of the left and right pLNs detected signal in both pLNs 
(Fig. 5d). After imaging with MPI and MRI, left and right 
pLNs were removed from all mice and sectioned for fluo-
rescence microscopy. The presence of migration-competent 
Violet + DC is shown in both left (Fig. 6a) and right (Fig. 6b) 
pLN sections, confirming that the source of signal from MPI 
and MRI was from originally injected Synomag-D + DC.

Discussion

This study demonstrates the use of MPI for detecting the 
migration of DC to lymph nodes; a critical step required for 
DC cancer vaccines to generate effective and long-lasting 
immune responses. The success of DC immunotherapy is 
strongly related to the number of administered DC accu-
mulating in the nodes [25, 26]. However, the best route and 
timing for DC administration and the ideal strategies for 
maturation and activation of DC to maximize migration to 
lymphoid organs are not clear. In vivo imaging can be used 
to evaluate migration efficacy.

The main advantage of MPI for DC tracking is the ability 
to directly quantify iron from acquired images. Quantifica-
tion of the MPI signal is directly related to the amount of iron 
present in the ROI. This can subsequently be used, alongside 
a measurement of the amount of iron/cell, to estimate cell 
number. In this study, MPI allowed for the estimation of the 
number of migrated DC in lymph nodes. To the best of our 
knowledge, MPI has not yet been applied to imaging of DC. 
In our in vivo migration experiment (Table 1), six mice were 
injected with either 300 K (n = 3) or 500 K (n = 3) Synomag-
D + DC. In vivo pLN signal was detected, and cell number 

Fig. 2   DC labelling and MPI cellular detection with Synomag-D. 
PPB staining shows the presence of iron (Synomag-D) in DC labeled 
a with and b without TAs. The addition of TAs had a higher labelling 
efficiency (5.5  pg/cell vs 1.4  pg/cell) with more Synomag-D + cells 
(76.6% vs 51.8%). c CD11c + DC viability is unaffected by Synomag-
D labelling or the use of TAs. Flow cytometry was used to identify 
singlet, CD45 + CD11c + DC (gating not shown) and subsequently 
assessed for viability using Zombie NIR™ fixable viability dye. 
CD11c + DC viability was unchanged (grey bar) following Synomag-
D labelling (200 μg/ml) in the presence of TAs (protamine sulfate and 

heparin) when compared to unlabeled CD11c + DC from the same 
culture (white bar). Data shown as mean ± SD (n = 4, ns — no statisti-
cal significance, p > 0.05, paired t-test). d DC labelled with TAs have 
a higher cellular sensitivity than without TAs, indicated by a steeper 
slope (5.729 × 10-6 vs 1.237 × 10-6). Iron content was quantified from 
MPI images of cells. e Detection was limited to 25 K cells without 
using TAs, below which signal was not detected, indicated by the red 
X. f With TAs, 6 K cells are detected, the lowest number tested in this 
experiment.
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was estimated in half of the target nodes. There was vari-
ability in the iron content in the nodes and the migrated cell 
numbers estimated from the MPI values. This is expected 
given the biological variability in the mouse lymphatic sys-
tem and in migration and injection efficiency. Ex vivo MPI 
was used to verify that the signal was due to iron in the 
pLNs. In 4/6 cases, the MPI signal was reduced ex vivo. 
This reduction in signal is likely due to sampling error. It is 
difficult to dissect the popliteal lymph nodes, and, in some 
cases, tissue may have been left behind. It is also possible 
that some of the in vivo signal results from iron labelled DC 
that are in the fat pad; this would not be removed. For the 
other two mice where the MPI signal in nodes was compared 
in vivo and ex vivo, the values were higher ex vivo. Since in 
vivo imaging was done on day 2 post-injection and ex vivo 

imaging was done with pLNs removed on day 3, there is 
a possibility that in some cases, migration continued after 
day 2 increasing the presence of iron labelled DC on day 3.

MPI signal was not detected in the pLNs of all mice. 
This may be explained by cell migration being below our 
detection threshold. Only 3–5% of injected DC migrate to 
a target lymph node post-administration, and this may be 
lower since varying numbers of DC are known to remain 
at the injection site, lose viability, and be cleared by infil-
trating macrophages within 2 days [27]. The inability to 
separate and resolve pLN signal from the larger footpad 
signal likely also contributes to our detection limits. Over-
all, this investigation provides the proof-of-principle that 
MPI can be used as a modality to track and potentially 
quantify DC migration.

Fig. 3   Imaging two proximal sources of unequal MPI signal. Two 
equal samples of either a 25  K or b 250  K Synomag-D + DC were 
detected and can be resolved at 2  cm separation (images shown in 
full dynamic range). c Signal from 25 K cells was partially concealed 
when placed 2 cm from 250 K cells. d At a distance of 5 cm, both 
signals were fully resolved with 2D imaging. Window levels for c 

and d were set to the minimum and maximum signal of the 25 K cell 
sample. Corresponding signal intensity profiles are shown adjacent to 
images. e With 3D imaging (as in the samples and position in c), both 
signals are resolved at 2 cm. Data is displayed in landscape mode for 
2D images and portrait mode for 3D.
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Iron-based MRI cell tracking has been the most widely 
used imaging modality for pre-clinical studies of DC migra-
tion [16, 19, 28, 29], explored in reviews by Dekaban et al. 
and Bulte et al. [30, 31]. Experimental studies in mice have 
demonstrated that SPIO-labelled DC can be detected in MRI 
as regions of signal loss in T2- or T2*-weighted images 
after their intradermal or intranodal administration. These 
studies used signal void volume, number of black pixels, 
signal intensity, or fractional signal loss as a measure to 
relate to the number of cells injected, histological analysis 
of DC in nodes, the iron content in lymph nodes measured 
ex vivo, or tumour size [16, 19, 20, 29, 32–36]. For exam-
ple, De Chickera et al. demonstrated that MRI could detect 
differences in the migratory abilities of two different DC 

preparations, ex vivo untreated, resting DC versus ex vivo 
matured DC [19]. Despite the evidence that pre-clinical MRI 
of SPIO-labelled DC can be used to assess the efficacy of 
DC immunotherapy, it is challenging to absolutely quantify 
iron content and cell number. Quantifying signal loss is not 
straightforward because the relationship between signal loss 
and iron concentration is not linear and because the presence 
of iron produces a localized disruption to the magnetic field 
homogeneity, resulting in a region of signal loss that extends 
far beyond the actual boundary of the cells.

The main challenge for quantification of our MPI data 
was the isolation of neighbouring strong and weak MPI 
signals as displayed in Fig. 3. Detection of pLN signal was 
challenging in vivo where the larger footpad signal from 

Fig. 4   In vivo cellular sensitivity and resolution after 25 K and 250 K 
Synomag-D + DC were injected subcutaneously into the upper back 
of anesthetized C57BL/6 mice (n = 4) separated by either 2 cm (n = 2) 
or 5  cm (n = 2). a At a distance of 2  cm, in 2D images, the signal 
from 25 K cells was obscured by the signal from 250 K cells, b with 
unresolved peaks in the corresponding signal intensity profile. c With 
3D imaging the two regions of signal were resolved after (d) window 

levelling to the lower signal. e When separated by 5  cm, the signal 
from the 25K cells was partially obscured by f stronger signal from 
the GI tract, shown in the corresponding signal intensity profile. g 
With 3D imaging, signal from 25 K cells is resolved after h window 
levelling to the 25K cell sample. Data is displayed in landscape mode 
for 2D images and portrait mode for 3D.

Table 1   In vivo DC migration quantification

Mouse #

# of injected 

Synomag-D+ 

DC

Day 0 Imaging Day 2 Imaging Ex vivo Imaging

Left footpad Right footpad Left footpad Right footpad Left pLN Right pLN Left pLN Right pLN

1 5.0 x 105 5.54 x 105 cells

2.44 µg Fe

5.22 x 105 cells

1.81 µg Fe

3.90 x 105 cells

1.72 µg Fe

4.80 x 105 cells

1.66 µg Fe

7.54 x 103 cells

0.033 µg Fe

5.64 x 103

cells

0.020 µg Fe

2 5.0 x 105 4.60 x 105 cells

2.02 µg Fe

4.91 x 105 cells

1.70 µg Fe

4.46 x 105 cells

1.96 µg Fe

4.33 x 105 cells

1.50 µg Fe

9.15 x 103 cells

0.040 µg Fe

6.80 x 103 cells

0.030 µg Fe

3.23 x 103

cells

0.011 µg Fe

3 5.0 x 105 5.05 x 105 cells

1.78 µg Fe

5.15 x 105 cells

1.78 µg Fe

3.95 x 105 cells

1.74 µg Fe

3.17 x 105 cells

1.10 µg Fe

5.68 x 103 cells

0.025 µg Fe

4.21 x 103 cells

0.015 µg Fe

6.06 x 103 cells

0.027 µg Fe

2.95 x 103

cells

0.013 µg Fe

4 3.0 x 105 2.94 x 105 cells

1.29 µg Fe

2.74 x 105 cells

0.95 µg Fe

2.21 x 105 cells

0.97 µg Fe

2.27 x 105 cells

0.79 µg Fe

9.72 x 103 cells

0.043 µg Fe

5.10 x 103 cells

0.018 µg Fe

3.89 x 103 cells

0.017 µg Fe

1.91 x 103

cells

0.007 µg Fe

5 3.0 x 105 3.14 x 105 cells

1.38 µg Fe

2.95 x 105 cells

1.02 µg Fe

2.27 x 105 cells

1.00 µg Fe

1.69 x 105 cells

0.59 µg Fe

4.58 x 103 cells

0.02 µg Fe

5.84 x 103 cells

0.026 µg Fe

2.58 x 103

cells

0.011 µg Fe

6 3.0 x 105 2.44 x 105 cells

1.07 µg Fe

3.30 x 105 cells

1.14 µg Fe

1.56 x 105 cells

0.69 µg Fe

2.18 x 105 cells

0.76 µg Fe

4.53 x 103

cells

0.020 µg Fe

Estimates of cell numbers are shown with respective iron content (µg) for Day 0, Day 2, and ex vivo imaging. Grey squares indicate undetectable signal
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remaining cells partially obscured the weaker signal from 
pLNs, preventing quantification in some mice. For this 

type of study, a wide dynamic range of signal is expected 
with high iron concentrations at the injection sites and low 

Fig. 5   DC migration experiment showing in vivo and ex vivo MPI 
of C57BL/6 mouse DC migration following injection of 300 K Syn-
omag-D + DC into the hind footpads. All images are slices selected 
from 3D high sensitivity isotropic (3.0  T/m gradient) images. 
MPI signal values are indicated by the scale bars. a Day 0 imag-
ing detected two regions of MPI signal from the hind footpads (left 
— orange bracket, right — orange dashed bracket). b Day 2 imag-
ing detected signal in both pLNs (left — blue bracket, right — blue 

dashed bracket). Oversaturation of footpad signal is apparent with 
extreme window levelling to the lower signal intensities of the pLNs. 
c On day 3, coronal MRI indirectly detected signal in the pLNs, 
shown by signal voids indicated by the white arrows (left — white 
box, right — white dashed box). d Ex vivo MPI of excised pLNs 
detected signal in the left and right pLNs, also confirming DC migra-
tion. Iron quantification and cell number estimates are shown below 
images.

Fig. 6   Qualitative fluorescence 
microscopy images of pLN 
sections from mouse 3 revealed 
migration-competent and 
originally-injected Violet + Syn-
omag-D + DC populating both 
the a left and b right pLNs.
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iron concentrations at migratory sites. The lower gradient 
(3.0 T/m) was chosen for this study to give the sensitivity 
needed to detect these low quantities of iron in the pLNs, 
at the cost of resolution. These varying signal intensities 
contained in a small FOV result in the lower signal being 
concealed by the higher signal in additional experiments 
as shown in the Suppl. Figure 2 and Suppl. Figure 3 (see 
ESM). Resolving these varying signal intensities was 
improved with 3D imaging, which provides higher SNR 
and higher resolution compared to 2D imaging.

GI signal was another challenge as a source of high 
signal, although we were able to mitigate GI signal by 
overnight fasting of animals with laxatives. Surprisingly, 
iron in mouse feed showed significant MPI signal and 
after ingestion, translating to gastrointestinal (GI) sig-
nal observed in in vivo images. We have since investi-
gated methods to mitigate unwanted GI signal including 
fasting, choice of bedding, and using laxatives. With-
out taking steps to mitigate food-related iron in the GI 
tract, detecting MPI signal in the surrounding area will 
be challenging, for example detecting MPI signal in the 
mesenteric lymph nodes.

Several studies have reported on the issue of resolving 
a wide range of differing iron concentrations [37–39]. 
Most recently, Boberg et  al. discussed the idealized 
dynamic range of single sample and single iron con-
centration scenarios versus the effective dynamic range 
when there are multiple samples of different iron concen-
trations within the FOV [15]. They found that the pres-
ence of high particle concentrations within the FOV can 
significantly reduce the dynamic range that the system 
is able to resolve. Herz et al. discuss the issue as a func-
tion of the limited dynamic range of the analog to digi-
tal converter (ADC), with additional effects from recon-
struction, discretization of the PSF, and the ADC not 
being used in the entire dynamic range [39]. It should be 
noted that although the MPI systems differ across these 
studies, including the present one, the issue of resolving 
proximal, varying iron concentrations persists and solu-
tions are being investigated. In our study, increasing the 
gradient strength could improve resolution of signals; 
however, this comes at the cost of sensitivity and longer 
imaging times [40, 41]. Changing the FOV to exclude 
the high signal source is another potential solution. This 
is challenging in cases where the exact location of sig-
nal is unknown, since image artefacts are caused by iron 
contained on or near the edge of the FOV, resulting in a 
large negative signal region [42, 43].

MPI does have some other limitations for tracking cells 
in vivo. Compared to iron-based MRI cell tracking, MPI 
has much lower resolution. This can make it challenging to 
pinpoint where the signal is located, especially without prior 
knowledge. It is expected that the ongoing development of 

MPI-tailored SPIOs will substantially improve image resolu-
tion [23, 41, 44–48]. In addition, quantification of cell num-
ber can only be determined in experiments where SPIO is 
used to pre-label cells prior to their administration and the 
mass of iron per cell is known.

Conclusions

MPI enables the sensitive detection of DCs migrating to the 
pLNs with better specificity than MRI. Future work will be 
performed to study and validate the quantification of DC. 
Future developments to refine MPI for cell tracking appli-
cations include increasing sensitivity without compromis-
ing resolution, improving the dynamic range, or creating 
unique reconstruction algorithms. These can all be aided by 
the development of new nanoparticles. Ideally, non-invasive 
imaging will be used as a biomarker for predicting the effi-
cacy of DC immunotherapy. Quantification of the number of 
DC in lymph nodes by MPI could serve as an in vivo migra-
tion assay which could be used to determine whether more, 
or less, DC reach the target lymph nodes under different 
test conditions. These include but are not limited to injec-
tion route, site of injection, timing of injection, maturation 
cocktails, cell injection number and antigen loading. This 
new approach to measuring the migration and accumulation 
of DC will provide valuable insight into the further develop-
ment of cell-based cancer vaccines.
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