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Abstract

Intratumoral (i.t.) injection of magnetic nanoparticles (MNPs) is a clinically relevant strategy for localized therapy,
including magnetic fluid hyperthermia (MFH). However, the fate of i.t.-injected MNPs remains poorly characterized.
Here, we employed magnetic particle imaging (MPI) to quantitatively and longitudinally monitor MNP retention
and leakage of i.t.-Synomag®-D70 in a mouse subcutaneous 4T1 breast tumor model. Mice (n=4) were scanned
serially (15 min to 8 day) using 2D MPI with fiducial calibration. At day 8, 3D MPI and CT co-registration were
performed, followed by ex vivo imaging. A strong linear calibration (R>=0.967) between MNP concentration and
MPI signal enabled accurate iron quantification. All tumors showed strong initial MPI signal with an 1.8 to 3.0-fold
signal reduction by day 8, indicating gradual tumor clearance. Liver and spleen uptake could only be observed in
2 out of 4 mice, while none of the other major organs showed uptake. The high inter-subject variability in MNP
tumor retention calls for integrating MPI quantification for developing individualized MFH treatment plans.

|. Introduction ever, recent studies have shown that not all i.t.-injected
MNPs stay within the tumor, even immediately after
injection [2]. Variabilities in tumor vascularization, ex-
tent of necrosis, extracellular matrix density, and inter-
stitial pressure create uncertainties about the intratu-
moral retention and off-target leakage into the blood
stream which may result in systemic uptake by the liver
and spleen. These processes may significantly impact
the therapeutic efficacy and safety of MFH, and have

Lt. injection of MNPs has been clinically imple- gq far not been addressed in vivo. Magnetic resonance
mented for MFH of glioblastoma multiforme [1]. How-

Intratumoral (i.t.) injection of therapeutic agents is an
established clinical strategy for delivering high local drug
concentrations while limiting systemic exposure and tox-
icity. This route of administration bypasses many of the
biological barriers associated with systemic delivery, en-
abling targeted therapy directly at the tumor site.
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Figure 1: Longitudinal in vivo MPI tracking of i.z. injected
Synomag®-D70 NPsin 4T1 tumor-bearing mice. (A) Maximum
intensity projection MPI images acquired from a representa-
tive mouse that exhibited immediate liver uptake at different
time points post i.t. injection. Fiducial tubes (F1-F4) were
positioned for calibration during imaging. Tumor and liver
regions are outlined. (B) Quantification of iron content and
total MPI signal in tumors at each time point. Error bars repre-
sent the standard deviation of MPI signal intensity within the
tumor ROI for the representative mouse shown in panel A. (C)
Anatomical CT image and co-registered MPI/CT overlay from
the same representative mouse shown in panel A, generated
using fiducial-based registration in 3D Slicer, illustrating MNP
retention in the tumor and leakage to the liver.

imaging (MRI), computed tomography (CT), and nuclear
imaging techniques face limitations related to sensitiv-
ity, specificity, quantification accuracy, or short tracer
half-lives. In contrast, MPI provides high sensitivity, zero
background, and linear quantification of iron mass, mak-
ing it ideally suited to track the fate of MNPs in vivo over
extended periods [3]. We report here on the use of MPI
to quantitatively and longitudinally assess the retention
and leakage of MNPs injected i.t. in subcutaneous breast
tumors.

Il. Methods and materials

A Momentum MPI scanner (Magnetic Insight Inc., USA)
was used to longitudinally monitor the retention and
leakage of Synomag®-D70 (Micromod Partikeltechnolo-
gie GmbH, Germany) following i.t. injection in subcu-
taneous 4T1 breast tumor-bearing female Balb/c mice
(n=4, 8 weeks old). A ferrozine spectrophotometric assay
determined the MNP stock concentration to be 12 mg
Fe/mL. A 10 L bolus (120 pg Fe) was injected i.t. and
four fiducial tubes (F1-F4) containing 30, 60, 120, and
240 pg Fe were imaged alongside the animals for signal
calibration. Using “standard” MPI 2D mode, mice were
scanned at 15 min, 3 hrs, 6 hrs, and 1, 2, 4 and 8 days
post-injection. Tumor regions were segmented, and to-
tal MPI signal was quantified as the product of average
pixel intensity and segmented area. All tumor and organ
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regions of interest were manually delineated on the 2D
MPIimages at each time point, leveraging the high signal-
to-background contrast inherent to MPI. Iron content in
tumors was calculated based on the fiducial calibration
curve. At day 8 post-injection, animals were imaged us-
ing both 2D and 3D “standard mode” MP], followed by
micro-CT using an IVIS Spectrum/CT (Caliper Sciences)
for anatomical co-registration. Animals were then eu-
thanized, and the tumor, liver, spleen, lungs, heart, and
kidneys were scanned ex vivo to assess systemic uptake
following MNP leakage.

I1l. Results and discussion

A linear calibration curve was established (y= 207.46x,
R%2=0.967), enabling accurate conversion of MPI signal
to iron mass. All animals exhibited strong MPI signal in
the tumor at 15 min post-injection (Figure 1). A gradual
decline in signal was observed over 8 days in all mice,
consistent with progressive clearance or redistribution
of the injected MNPs. Mean iron retention in tumors
decreased steadily, with a 1.8 to 3.0-fold signal reduction
between 15 minutes and day 8. Immediate liver uptake
was detected in one mouse but not in the other three
animals as a result of a differential tumor make-up (vas-
cularization) and/or imperfect injection hitting a vessel
for that particular tumor. Ex vivo MPI revealed liver and
spleen uptake in 2 out of 4 mice, indicating markedly
different leakage profiles between animals. In the re-
maining mice, no detectable MPI signal was observed
in these organs, and the limited sample size prevented a
robust quantitative comparison of absolute organ iron
content between animals. No MPI signal was observed
in any of the other organs, indicating systemic clearance
only by the liver and spleen.

IV. Conclusion

This study establishes a fiducial-calibrated MPI platform
for quantitative, longitudinal assessment of intratumoral
MNP retention and leakage. Unlike conventional imag-
ing modalities, MPI enables noninvasive, repeated mea-
surements of iron mass in vivo with high sensitivity with-
out background signal. Our results demonstrate that
MNPs are partially retained within the tumor microenvi-
ronment over 8 days but exhibit a high inter-individual
variability in leakage and uptake by the liver and spleen.
These findings emphasize the importance of integrating
MPI for precision-guided MFH through control of spatial
confinement and dosing of heating [4-6].

(© 2026 Infinite Science Publishing


https://dx.doi.org/10.18416/ijmpi.2026.2603031
https://dx.doi.org/10.18416/ijmpi.2026.2603031

International Journal on Magnetic Particle Imaging

Acknowledgments

We thank Dr. Marzieh Salimi for experimental assistance.
This study was funded by grants from the National Insti-
tutes of Health R01 CA257557 and S10 OD026740.

Author’s statement

Conflict of interest: J.W.M.B is a shareholder of Super-
Branche. This arrangement has been reviewed and ap-
proved by the Johns Hopkins University in accordance
with its conflict of interest policies.

References

[1] Maier-Hauff K, Ulrich E Nestler D, Niehoff H, Wust P, Thiesen B, et
al. Efficacy and safety of intratumoral thermotherapy using magnetic
iron-oxide nanoparticles combined with external beam radiotherapy

10.18416/ijmpi.2026.2603031

on patients with recurrent glioblastoma multiforme. Journal of neuro-
oncology. 2011;103(2):317-24.

[2] Carlton H, Salimi M, Arepally N, Bentolila G, Sharma A, Bibic A,
et al. Ranking Magnetic Colloid Performance for Magnetic Parti-
cle Imaging and Magnetic Particle Hyperthermia. Adv Funct Mater.
2025;35(2):2412321.

[3] Salimi M, Kuddannaya S, Bulte JWM. Pharmacokinetic Profiling of
Unlabeled Magnetic Nanoparticles Using Magnetic Particle Imaging as
a Novel Cold Tracer Assay. Nano Lett. 2024;24(49):15557-64.

[4] Healy S, Bakuzis AE Goodwill PW, Attaluri A, Bulte JW, Ivkov R. Clini-
cal magnetic hyperthermia requires integrated magnetic particle imag-
ing. Wiley Interdisciplinary Reviews: Nanomedicine and Nanobiotech-
nology. 2022;14(3):e1779.

[5] Shakeri-Zadeh A, Bulte JW. Imaging-guided precision hyperther-
mia with magnetic nanoparticles. Nature reviews bioengineering.
2025;3(3):245-60.

[6] Tay ZW, Chandrasekharan P, Chiu-Lam A, Hensley DW, Dhavalikar R,
ZhouXY, et al. Magnetic Particle Imaging-Guided Heating in Vivo Using
Gradient Fields for Arbitrary Localization of Magnetic Hyperthermia
Therapy. ACS Nano. 2018;12(4):3699-713.

(© 2026 Infinite Science Publishing


https://dx.doi.org/10.18416/ijmpi.2026.2603031
https://dx.doi.org/10.18416/ijmpi.2026.2603031

	Introduction
	Methods and materials
	Results and discussion
	Conclusion

