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Purpose: Magnetic particle imaging (MPI) is an emerging radiation-free, non-invasive three-dimensional tomographic technology 
that can visualize the concentrations of superparamagnetic iron oxide nanoparticles (SPIONs). To verify the applicability of the 
previously proposed point-of-care testing MPI (PoCT-MPI) in medical diagnosis and therapeutics, we imaged SPIONs in animal tumor 
models.
Methods: CT26 or MC38 mouse colon carcinoma cells (2 × 106 cells) were subcutaneously injected into the right flank of BALB/c 
mice. SPIONs were either injected directly into the tumor lesions in the intratumoral group or through tail veins in the intravenous 
group. CT26 and MC38 tumor models were examined both intratumorally and intravenously to confirm the biological availability of 
SPIONs using PoCT-MPI.
Results: Signals were observed in the tumor lesions from day 1 to day 7. This is the first study to successfully image the pathological 
region and show the biodistribution of SPIONs in CT26 tumor models using the recently developed PoCT-MPI technology. 
Furthermore, MC38 tumor models were examined, resulting in similar images to those of the CT26 tumor model in both intratumoral 
and intravenous groups.
Conclusion: The present study demonstrates the biological applicability of PoCT-MPI, which promises to be a powerful diagnostic 
and therapeutic technique in biomedical imaging.
Keywords: colon cancer, syngeneic mouse tumor model, point-of-care testing MPI, diagnostics

Introduction
Magnetic particle imaging (MPI) was first proposed in 2001 by the Royal Philips Research Lab in Hamburg, Germany, 
and imaging technology using MPI was first published in the literature in 2005.1 MPI is a new non-invasive, radiation- 
free tomographic technique in medical diagnosis and therapy.2,3 At the 2013 World Molecular Imaging Congress 
(WMIC), Bruker Biospin announced the production of the world’s first commercial MPI system, a preclinical imaging 
scanner.4 The MPI scanner can create three-dimensional (3D) images by detecting superparamagnetic iron oxide 
nanoparticles (SPIONs) that are administered into the body.5 Unlike traditional imaging methods, such as magnetic 
resonance imaging (MRI), X-ray, and computed tomography (CT), MPI is not a structural imaging technique. Instead, it 
is a tracer imaging system similar to positron emission tomography (PET) and single-photon emission computed 
tomography (SPECT).6
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The enormous potential of MPI systems for biomedical research has been demonstrated in several studies, including 
applications in real-time in vivo monitoring,7 disease diagnosis, disease progression prediction, drug delivery, targeted 
cancer immunotherapy, and hyperthermia therapy.8,9 Recently, in vivo studies have also demonstrated the applicability of 
MPI scanners in vascular imaging,10 oncology,11,12 and cell tracking.13 Indeed, the exceptional ability to obtain high 
temporal-spatial resolution in vivo12 allows for novel applications of MPI by tracking and quantifying SPIONs.7,13 

SPIONs are a type of magnetic nanoparticle that exhibit magnetic properties in the presence of an external magnetic field. 
Due to their high magnetic properties and sensitivity, SPIONs have been proposed as a material for cancer imaging, 
diagnosis, and therapy, as well as for drug delivery.14–17 For example, Yang et al reported that the resolution of MR 
images was significantly improved when SPIONs were used as a contrast agent by conjugating them with Her-2/neu 
antibody for the detection of HER2/neu-positive breast cancer.18 Also, since SPIONs are one of the materials that can 
selectively induce heat by an external alternating magnetic field, considerable research interest has been focused on the 
application of hyperthermia.8,9 Therefore, multifunctional SPIONs can be developed by incorporating various functional 
materials, and this process enables simultaneous multimodal diagnosis and therapy, which is known as theranostics. 
Siddique and Chow have provided an in-depth review of recent advances in biomedical imaging and cancer treatment 
utilizing magnetic nanomaterials, including SPIONs.19,20

In our previous studies, we measured free radicals in test-tube samples using one-dimensional (1D) MPI—a 
modification of the initial basic model—and further suggested the possibility of its application to bio-specimens.21 

Subsequently, two-dimensional (2D) MPI technology was reported to scan sliced tissue to obtain 2D images and 3D 
modeling of specific disease areas using antibody-conjugated SPIONs in an animal model of ischemia.22 Furthermore, 
in vivo visualization of SPIONs was confirmed using point-of-care testing MPI (PoCT-MPI) technology, a novel 3D 
magnetic particle imaging system based on frequency mixing.23 Hence, in the current study, we sought to demonstrate 
the biological and medical utility of PoCT-MPI in cancer diagnosis using CT26 and MC38 syngeneic mouse tumor 
models.

Materials and Methods
Animals
Adult male BALB/c mice (n = 33; 15 for PoCT-MPI scan, 18 for biodistribution) weighing 19–22 g and female C57BL/6 
mice (n = 12 for PoCT-MPI scan and histological examination) weighing 16–18 g were purchased from SamTako Bio 
Korea (Osan, Korea). They were housed at a constant room temperature (20–22 °C) with a 12:12-h light-dark cycle and 
provided ad libitum access to food and water. All experimental procedures were performed in accordance with the 
National Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH Publication No. 80–23, revised 
1996), and they were approved by the Eulji University Institutional Animal Care and Use Committee (EUIACUC-19-24, 
approval date: December 18, 2019).

Superparamagnetic Iron Oxide Nanoparticles (SPIONs)
We successfully identified and validated commercially available SPIONs that were most suitable for PoCT-MPI 
(Table 1). Dextran-based magnetic nanoparticles, Synomag-D (product no. 104–00-501, Micromod, Rostock, 

Table 1 List of the SPIONs Tested in This Study

Nanoparticles Company (City, Country) Trade Name Particle Size Coating Iron Concentration

Iron oxide Chemicell (Berlin, Germany) UC/A 50 nm X 10 mg/mL
Iron oxide Chemicell (Berlin, Germany) FluidMAG-amine 100 nm Dextran No Information

Iron oxide Chemicell (Berlin, Germany) FluidMAG-carboxyl 100 nm Dextran No Information

Iron oxide Micromod (Rostock, Germany) Synomag-D 50 nm Dextran 10 mg/mL
Iron oxide Micromod (Rostock, Germany) Nanomag-D-spio 20, 50, 100 nm Dextran 2.5 mg/mL

Abbreviation: SPION, Superparamagnetic iron oxide nanoparticles.
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Germany) were employed as they exhibit excellent properties as a tracer for PoCT-MPI. Synomag-D is a 50 nm dextran- 
coated SPION with an iron concentration of 10 µg/μL and a solid concentration of 25 µg/μL.

PoCT-MPI Scan
To obtain a sinogram, electromagnetic field exposure was conducted for 5 s at 20° and rotated nine times. To measure the 
sensitivity, test tubes containing various amounts of SPIONs from 5 to 50 µg (Fe) were loaded in the PoCT-MPI and 
visualized to reconstruct images. For PoCT-MPI, the mice were anesthetized with ketamine (14 mg/kg body weight; 
Yuhan Co., Seoul, Korea) and xylazine (1.6 mg/kg body weight; Bayer Korea, Seoul, Korea) intraperitoneally. Next, the 
experimental animals were loaded on the PoCT-MPI stage and scanned at 3 mm intervals. A total of 30 sinograms were 
acquired, and 3D images were obtained using the Radon transform. The conversion program was generated using 
MATLAB (MathWorks Inc., Natick, MA, USA).

Syngeneic Mouse Tumor Model
Five-week-old male BALB/c mice and five-week-old female C57BL/6 mice were used as animal models to generate 
tumors. The CT26 and MC38 mouse colon carcinoma cell lines were purchased from the American Type Culture 
Collection (ATCC, Manassas, VA, USA), preserved, and cultivated at the anatomy laboratory at Eulji University. The cell 
lines were grown as a monolayer in Dulbecco’s modified Eagle’s medium (DMEM; Sigma-Aldrich, St Louis, MO, USA) 
containing 10% fetal bovine serum (FBS; Sigma-Aldrich) and 1% L-glutamine. Full-grown monolayer cultures were 
trypsinized for 15 min (0.25% trypsin-EDTA), harvested, and passaged several times for expansion. Following the 
growth and expansion of the cell line in vitro, trypsinized cells were harvested, washed, counted using the trypan blue 
dye exclusion method, and cell density was adjusted to 2.0×106. Viable tumor cells in 0.2 mL phosphate-buffered saline 
(PBS) were inoculated subcutaneously into the right flanks of 11 BALB/c mice and 9 C57BL/6 mice. As negative 
controls of tumor growth, 0.2 mL PBS was inoculated subcutaneously into the right flanks of 4 BALB/c mice and 3 
C57BL/6 mice. Thereafter, body weight was measured every seven days. A tumor size check was initiated on day 5 when 
the tumor volume reached ~10 mm3. Tumor diameter was measured using an electronic caliper every 3 d, and tumor 
volume was determined using the following Equation (1):

V mean tumor volumeð Þ ¼
A� B2

2
(1) 

where A and B are the long and short axis lengths, respectively.

Intratumoral Injection Model
The SPIONs in the tumor area were scanned using PoCT-MPI in a time-dependent manner. Direct intratumoral delivery 
of SPIONs was initiated 14 days after CT26 or MC38 challenge, when the tumor diameter was approximately 200 mm3. 
Subsequently, SPIONs (200 µg [Fe]) were injected directly into the tumor site. Thereafter, the SPIONs present in the 
tumor were scanned using PoCT-MPI at 1 h, 4 h, 1 d, and 2 d following CT26 injection (Figure 1), or on day 1, 3, and 5 
after MC38 injection (Figure S1).

Intravenous Injection Model
Experiments were conducted to assess whether SPIONs administered through the tail vein accumulated at the tumor sites. The 
intravenous injection model has been established to measure systemic solid tumors, which are otherwise difficult to access for 
direct intratumoral injection of SPIONs, using PoCT-MPI. The CT26 tumor-bearing mice were scanned using PoCT-MPI 4 
h after intravenous administration of SPIONs (600 µg [Fe]) on day 18 following CT26 tumor inoculation. The tumors were 
scanned using PoCT-MPI at 1, 2, 3, 4, 7, and 18 d after intravenous administration of SPIONs (1.2 mg [Fe]) on day 21 following 
CT26 transplantation (Figure 1). In addition, the MC38 tumor-bearing mice were scanned using PoCT-MPI at 4 h, 1 d, 3 d, and 5 
d after intravenous SPION administration (1.2 mg [Fe]) and on day 14 following MC38 tumor inoculation (Figure S1). Animals 
injected with the vehicle (PBS without SPIONs) were used as a negative control.
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Prussian Blue Staining for Tumor Histology of SPOINs
After sacrificing the experimental animals (both the intratumoral and the intravenous C57BL/6 tumor mice), tumor 
tissues were extracted and fixed in 10% formalin neutral buffer solution for 24 h, embedded in paraffin wax, and 
sectioned for histological examination at 6 μm. Prussian blue iron stain was used to detect the accumulation of SPIONs 
inside the tumor tissues. Prussian blue and nuclear fast red staining were carried out according to the manufacture’s 
protocol (VB-3009, VitroVivo Biotech, Rockville, MD, USA). Briefly, slides were de-paraffinized in xylene, re-hydrated 
in serial alcohol dilutions from 100%, 95%, 90%, 80% 70% to tap water. A mixture of equal volumes 5% potassium 
ferricyanide solution and 5% hydrochloric acid solution was prepared and used to stain slides for 30 min. The slides were 
then washed in distilled water and counter-stained with nuclear fast red solution for 5 min. Subsequently, the slides were 
dehydrated through a graded ethanol series, cleared in xylene, and cover-slipped with Permount (Fisher Scientific, 
Pittsburgh, PA, USA). Light photo micrographic images were acquired using an Olympus CX23 microscope (Olympus 
Inc., Tokyo, Japan).

Biodistribution Analysis to Confirm the in vivo Stability of SPIONs
The quantitative biodistribution of SPIONs visualized using PoCT-MPI was investigated using the intravenous mice 
model as described earlier. The C57BL/6 mice were sacrificed to measure the SPIONs accumulated in the tumor and liver 
tissue at the afore-mentioned time points after SPION injection. The density of SPION accumulation in each tissue was 
measured using 1D MPI (Mag-Solution Co., Daejeon, Korea).

Results
Establishment of Two Syngeneic Tumor Mouse Models
CT26 and MC38 syngeneic tumor mouse models were constructed to visualize SPIONs within tumor sites; a timeline of 
the experiments is summarized in Figures 1 and S1. Despite the increased size of the tumor, there was no significant 
change in the weight of the experimental BALB/c (Figure 2) and C57BL/6 mice (Figure S2). Tumor volume was 
measured every three days from day 8 to day 14 for BALB/c mice (Figure 3A) and from day 7 to day 14 for C57BL/6 
mice (Figure S3). No change was observed in the tumor size of the PBS group. The mean tumor volume in the 

Figure 1 Experimental timeline of CT26 challenge and nanoparticle injection. CT26 tumor-bearing BALB/c mice were injected intratumorally with superparamagnetic iron 
oxide nanoparticles (SPIONs; 20 μL/mouse) at each time point and scanned using magnetic particle imaging (MPI) at 1 h, 4 h, 1 d, and 2 d post-injection. Another group of 
CT26 tumor mice were injected intravenously with SPIONs (60 or 120 μL/mouse) at each time point and scanned using MPI at 4 h and 1, 2, 3, 4, 7, and 18 d post-injection. 
Abbreviation: ETRI, Electronics and Telecommunications Research Institute.
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intratumoral group was 65.2 ± 8.2 mm3 after 8 d, 124.3 ± 16.0 mm3 after 11 d, and 225.3 ± 28.9 mm3 after 14 
d (Figure 3B). The mean tumor volume in the intravenous group was 61.2 ± 8.7 mm3 after 8 d, 119.1 ± 20.2 mm3 after 11 
d, and 221.1 ± 35.2 mm3 after 14 d (Figure 3B). The mean tumor volumes between the intratumoral and intravenous 
groups were similar on day 14 (Figures 3C, and S3C). Figures 3D and S3D show the images of excised tumors after 
SPION administration and PoCT-MPI scan.

Tumor Visualization in the Intratumoral Group Using PoCT-MPI
Following direct injection into the tumor lesion, SPIONs were effectively visualized using PoCT-MPI. After the intratu-
moral injection of 20 µL SPIONs, 3D MPI scanning was performed at 1 and 4 h to visualize the tumor, and subsequent 
experiments were carried out as scheduled (Figure 4A). The SPION signal appeared 1 h after intratumoral SPION 
administration and persisted until 2 d without any apparent decrease in signal intensity (Figure 4B and C). Moreover, 
intratumoral injection of SPIONs did not lead to their accumulation in the liver or any other organs (Figure 4). Additionally, 
1, 3, and 5 d after intratumoral injection, the MC38 syngeneic tumor model exhibited similar results (Figure S4). Hence, 
intratumoral injection of SPIONs can detect solid tumors without the use of radioisotopes.

Tumor Visualization in the Intravenous Group Using PoCT-MPI
In the intravenous group of the CT26 syngeneic model, 4 h after intravenous administration, SPIONs were visualized 
and found to be accumulated in the liver, not at the tumor site (Figure 5A). Subsequently, SPIONs were visualized 
in vivo in the tumor lesions as well as in the liver on day 1 following an intravenous tail vein injection (Figure 5A). 
Moreover, SPION signals appeared on day 1 and persisted up to day 7 after intravenous administration (Figure 5A). 

Figure 2 Body weights of male BALB/c mice injected intratumorally or intravenously with superparamagnetic iron oxide nanoparticles (SPIONs) following CT26 challenge. 
(A) Individual and (B) average body weights of mice injected with CT26 tumor cells. The body weight was measured every 7 d post-CT26 challenge. PBS group, n = 4; 
Intratumoral group, n = 5; Intravenous group, n = 6.
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Figure 3 Development of CT26-derived tumors in a BALB/c syngeneic mouse tumor model. (A) Individual tumor growth. Tumor volume was measured every three days 
from day 8 to day 14. (B) Average tumor growth curve, PBS group, n = 4; Intratumoral group, n = 5; Intravenous group, n = 6. (C) Average tumor volume on day 14 post- 
CT26 inoculation, and (D) images of tumors excised after the superparamagnetic iron oxide nanoparticles (SPIONs) were injected; magnetic particle imaging (MPI) scanning 
was completed according to the schedule shown in. Figure 1
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Additionally, following 1D scanning on day 4, we confirmed that the MPI appeared as two peaks corresponding to the 
SPION signals detected in the liver and tumor (Figure 5A). Figure 5B shows the results from the other mice. Two 
SPION signal peaks were detected upon 1D scanning on day 3, and their location in the liver and tumor was 
confirmed through 3D scanning. Similarly, the measured signal of SPIONs was maintained for up to 7 d (Figure 5B). 
Eighteen days after intravenous administration, the signal disappeared only at the tumor site, not in the liver 
(Figure 5B). Figure 5C shows the results of the “vehicle group” injected with PBS, for which no SPION signal 
was detected, as expected. Moreover, we performed 3D serial sinograms of intratumorally or intravenously injected 
mice, the results of which were similar to those obtained using the PoCT-MPI technique. Additionally, 4 h and 1, 3, 
and 5 d after intravenous injection, the MC38 syngeneic tumor model exhibited similar results (Figure S5). On day 4 
after the injection of SPIONs, their anatomical position was confirmed by matching the results with the X-ray image 
(Figure S6). We also confirmed the presence of SPIONs in the excised tumor tissues from MC38-inoculated C57BL/6 
mice of both intratumoral and intravenous models via Prussian blue iron staining (Figure S7). These results indicated 
that intravenous SPION administration could measure systemic solid tumors without the use of radioisotopes.

Confirmation of the in vivo Stability of SPIONs
The biodistribution of SPIONs was examined to confirm their in vivo stability. After the organs were isolated and 
homogenized, biodistribution in the liver, spleen, heart, brain, colon, kidney, stomach, and lungs was measured using 1D 
MPI. As shown in Figure 6A, the biodistribution graph of SPIONs showed for comparison of quantitative amplitude 
values by SPIONs between blood and several organs. A significant difference was detected between the biodistribution in 

Figure 4 Magnetic particle imaging (MPI) 3D scanning of CT26-inoculated BALB/c mice with superparamagnetic iron oxide nanoparticles (SPIONs; 20 μL/mouse) injected 
directly into tumor lesions. The SPIONs intensity was characterized by PoCT-MPI images 1 h, 4 h (A), 1 d (B), 2 d (C) after injection of SPIONs into tumor-bearing mice (n 
= 5). Blue circles indicate the tumor regions.
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Figure 5 Magnetic particle imaging (MPI) 3D scanning of CT26-inoculated mice administered through the lateral tail veins with superparamagnetic iron oxide nanoparticles 
(SPIONs). (A) PoCT-MPI images were obtained 4 h (60 μL) and 1, 2, 4, and 7 d (120 μL) post-SPION injection. Additionally, the 1D MPI on day 4 appeared as two peaks 
corresponding to the SPION signals detected in the liver and tumor. (B) Images obtained 3, 7, and 18 d (120 μL) post-administration. The 1D MPI on day 3 appeared as two 
peaks corresponding to the SPION signals detected in the liver and tumor. Blue circles in (A and B) indicate the tumor regions. (C) Normal mouse (vehicle group) injected 
intravenously with PBS was used as a negative control.
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the blood and liver. The blood showed the largest peak 1 h after injection of SPIONs into the tail vein (amplitude; au = 
9672). However, this signal decreased continuously and sharply beginning 4 h after SPION injection with no signal 
detected after 24 h. Meanwhile, in the liver, the signal began to appear 1 h after injection, peaked at 4 h (amplitude; au = 
569), and decreased continuously after 24 h (Figure 6A). To reconfirm the amplitude value for each organ detected 
through 1D MPI at 4 h after SPIONs injection, the signal of SPIONs was confirmed in the same organs using 3D PoCT- 
MPI (Figure 6B). The spleen, liver, heart, kidney, brain, and lung were imaged 4 h after tail vein injection of SPIONs 
using PoCT-MPI. Results indicated that SPION signals were detected only in the liver (Figure 6B). Based on these 
results, it was confirmed that the intravenous injection of SPIONs did not affect organs other than the liver.

Discussion
We recently proposed a compact and low-power 3D MPI device, PoCT-MPI, which uses a hybrid-type selection field and an 
FMMD sensor.23 The present study was conducted to confirm the biological applicability of this newly developed PoCT-MPI 
technology. We succeeded in imaging the tumor lesions in the CT26 syngeneic mouse tumor model, imaging 5 µg (Fe) of SPIONs 
with diameters of 50 nm using PoCT-MPI with a spatial resolution of 5.4×5.4 × 15 mm for the x, y, and z-axes, respectively. 
A study conducted by another research group24 found that the lowest detection limit for Resovist that could be imaged using an 
MPI-tailored SPIO tracer (LodeSpin Labs., Seattle, WA, USA) was 3 ng (Fe). The same research group reported that the spatial 
resolution in the x-, y-, and z-axes was 1×1 × 0.7 mm, respectively. This difference is likely due to the lower magnetic power of 
PoCT-MPI. Therefore, application of an additional powerful and permanent magnet to PoCT-MPI should, theoretically, increase 
the gradient field and improve the resolution in the x-, y-, and z-axes, commensurable with that of the traditional MPI.

Herein, PoCT-MPI was applied to a pathological syngeneic mouse tumor model to explore the final goal of our study. When 
the SPIONs in the internal organ (tumor) are exposed to the appropriate external alternating magnetic field, the magnetic energy 
dissipation caused by internal Neel fluctuations of the SPIONs can generate heat and increase the temperature inside the 
tumor.8,9,25 Indeed, magnetic fluid hyperthermia (MFH) can improve the effectiveness of cancer treatment when applied in 
combination with various other treatments, such as chemotherapy.26,27 Our study aimed to determine whether SPIONs injected 
into blood vessels could accumulate within the tumor tissues and whether PoCT-MPI can effectively visualize them. To create 

Figure 6 Quantitative estimation of SPIONs acquired from various mouse organs. (A) Quantitative level of SPIONs at time points using 1D MPI. Biodistribution was 
measured in the liver, spleen, heart, brain, colon, kidney, stomach, and lungs using 1D MPI after the organs were isolated and homogenized. (B) PoCT-MPI scan (right) and 
corresponding photograph of major organs (left; spleen, liver, heart, kidney, brain, lungs) excised from mice 4 h post SPION injection.
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a tumor model, male BALB/c mice were subcutaneously inoculated with colon cancer CT26 cells. The trial period was limited to 
17 d after tumor cell inoculation since skin necrosis was observed following excessive tumor growth. We first determined how 
long the SPIONs were retained following direct injection into the tumor tissue in the intratumoral injection model and whether 
PoCT-MPI could visualize them. Following direct injection into the tumor tissue, image acquisition was possible for up to 2 d, 
which defined the period of the current study. Significant changes in the concentration and spread of SPIONs to other organs were 
not observed (Figure 4). Hence, MFH, which is limited to cancerous tissues, is possible without damaging the surrounding normal 
tissue, when SPIONs are injected directly into certain cancer tissues.

Next, after administering SPIONs into the tumor animal model through the tail vein, the accumulation of SPIONs in tumor 
tissues was monitored using PoCT-MPI. SPIONs accumulated in the liver as well as in the tumor tissue. Kupffer cells are liver- 
resident macrophages lining the walls of the liver sinusoids that contribute to the innate immune response in the liver.28 Therefore, 
it is thought that SPIONs injected into the body (through the circulatory system) can accumulate in the liver due to the ability of 
Kupffer cells to engulf foreign substances.29 Indeed, the biodistribution study showed that SPIONs injected through the blood 
vessels were targeted directly to the tumor, with negligible accumulation in major organs (brain, spleen, heart, kidney, and lung), 
except for the liver (Figure 6). The accumulation of SPIONs in tumor tissue can be explained by the enhanced permeability and 
retention (EPR) effect, which is the mechanism by which high molecular weight non-targeted foreign substances accumulate in 
tissues that offer increased vascular permeability, such as at sites of inflammation.30 The aberrant vascular architecture caused by 
the excessive production of the vascular permeability factor and lack of lymphatic drainage of the tumor tissue, creates a more 
enhanced EPR effect.31–33 Therefore, SPIONs in the circulatory system can considerably accumulate in tumor tissue without the 
aid of targeting strategies, such as tumor-specific antibody conjugation. As such, we are confident that results from research 
conducted with preclinical MPI systems will provide valuable guidance for the ongoing development of a whole-body clinical 
MPI system.

SPIONs are a type of magnetic nanoparticles composed of magnetite (Fe3O4) or maghemite (γ-Fe2O3) and the size usually 
ranges from 20 to 150 nm. Because of their superparamagnetic properties, SPIONs have a various applications in MRI, MPI and 
MFH. Because SPIONs can be conjugated with various molecules, they have a wide range of possible uses. In addition, residual 
magnetization is not observed in the absence of the external magnetic field; thus, precise remote control over their action is 
possible. These characteristics of SPIONs indicate their promise in oncological diagnosis and therapy.34 As shown in this study, 
MPI can visualize only the SPIONs that are accumulated in cancerous tissue by EPR effect without any aid of targeting strategies. 
SPIONs also produce precise and uniform heating over a wide temperature range, which can elicit sustained antitumoral immune 
responses through a variety of mechanisms, such as (1) natural killer cell activation and proliferation, (2) enhanced anticancer 
activity of dendritic cells and T cells, (3) increased exosome release, (4) MHC (major histocompatibility complex) I upregulation 
on the tumor cell surface, and (5) increased immune cell permeation into the tumor tissue.35 Therefore, the development of 
a device capable of simultaneously performing MFH and MPI using SPIONs could be very promising as a theranostics platform 
for the simultaneous realization of tumor diagnosis and treatment.

However, the biocompatibility and biosafety of SPIONs are crucial requirements for successful clinical application. 
Certain SPIONs (ferumoxtran-10, ferumoxides, ferumoxytol, etc.) have been clinically approved for use in the medial 
field. However, their potential toxicity and biocompatibility remain under discussion.36 Our biodistribution analysis 
showed that SPIONs (Synomag-D) administered intravenously were almost completely cleared from major organs within 
1 d, except in the liver, from which they were cleared within 4 d. Although the rapid clearing rate of SPIONs does not 
definitively prove their biosafety, it is expected that cancer diagnosis using MPI can be sufficiently applied in the clinic if 
a precisely controlled protocol is established.

Most cancers can actively metastasize to other organs, a process that is not random. Metastasis is regulated by several factors, 
including cancer subtypes, molecular characteristics of cancer cells, and the host immune microenvironment. This pathological 
process is referred to as “metastatic organotropism.”37 It will, therefore, be of significant interest to apply an organotropic animal 
model to our study to demonstrate whether our MPI system can detect not only primary cancer but also metastatic cancer.

Conclusion
We have successfully visualized the presence and location of SPIONs in tumor animal models using PoCT-MPI, a low- 
power compact MPI system. MPI technology has significant advantages in that its coverage has been considerably 
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expanded due to low production costs and a significant reduction in power demand, differing from conventional medical 
imaging technologies.38 However, the following will have to be addressed for future practical use of MPI systems. First, 
studies on the capacity of suitable SPIONs that can be used in MPI technology are required. Second, pharmacokinetic 
studies and a review of the biological stability of SPIONs are required. Third, it might be possible to develop 
conceptually new medical imaging equipment to simultaneously carry out diagnosis and treatment. Theoretically, MPI 
can not only confirm the presence of SPIONs but also assess SPION accumulation in the desired location through various 
biochemical processes. Therefore, developing next-generation medical imaging equipment that can be used for simulta-
neous diagnosis and treatment is promising with regard to the future clinical utility of PoCT-MPI.
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