
cancers

Review

Magnetic Particle Imaging: An Emerging Modality with
Prospects in Diagnosis, Targeting and Therapy of Cancer

Zhi Wei Tay 1,* , Prashant Chandrasekharan 2 , Benjamin D. Fellows 2, Irati Rodrigo Arrizabalaga 2 ,
Elaine Yu 2, Malini Olivo 1 and Steven M. Conolly 2

����������
�������

Citation: Tay, Z.W.; Chandrasekharan,

P.; Fellows, B.D.; Arrizabalaga, I.R.;

Yu, E.; Olivo, M.; Conolly, S.M.

Magnetic Particle Imaging: An

Emerging Modality with Prospects in

Diagnosis, Targeting and Therapy of

Cancer. Cancers 2021, 13, 5285.

https://doi.org/10.3390/

cancers13215285

Academic Editors: Moriaki Kusakabe

and Akihiro Kuwahata

Received: 31 July 2021

Accepted: 19 October 2021

Published: 21 October 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Institute of Bioengineering and Bioimaging, Agency for Science, Technology and Research (A*STAR),
11 Biopolis Way, #02-02 Helios Building, Singapore 138667, Singapore; malini_olivo@ibb.a-star.edu.sg

2 Department of Bioengineering, 340 Hearst Memorial Mining Building, University of California Berkeley,
Berkeley, CA 94720-1762, USA; prashantc@berkeley.edu (P.C.); bdfello@berkeley.edu (B.D.F.);
irati.rodrigo@berkeley.edu (I.R.A.); elaineyu@berkeley.edu (E.Y.); sconolly@berkeley.edu (S.M.C.)

* Correspondence: tay_zhi_wei@ibb.a-star.edu.sg

Simple Summary: Magnetic Particle Imaging (MPI) is an emerging imaging technique that provides
quantitative direct imaging of superparamagnetic iron oxide nanoparticles. In the last decade, MPI
has shown great prospects as one of the magnetic methods other than Magnetic Resonance Imaging
with applications covering cancer diagnosis, targeting enhancement, actuating cancer therapy, and
post-therapy monitoring. Working on different physical principles from Magnetic Resonance Imaging,
MPI benefits from ideal image contrast with zero background tissue signal, enabling hotspot-type
images similar to Nuclear Medicine scans but using magnetic agents rather than radiotracers. In this
review, we discussed the relevance of MPI to cancer diagnostics and image-guided therapy as well as
recent progress to clinical translation.

Abstract: Background: Magnetic Particle Imaging (MPI) is an emerging imaging modality for
quantitative direct imaging of superparamagnetic iron oxide nanoparticles (SPION or SPIO). With
different physics from MRI, MPI benefits from ideal image contrast with zero background tissue
signal. This enables clear visualization of cancer with image characteristics similar to PET or SPECT,
but using radiation-free magnetic nanoparticles instead, with infinite-duration reporter persistence
in vivo. MPI for cancer imaging: demonstrated months of quantitative imaging of the cancer-related
immune response with in situ SPION-labelling of immune cells (e.g., neutrophils, CAR T-cells).
Because MPI suffers absolutely no susceptibility artifacts in the lung, immuno-MPI could soon
provide completely noninvasive early-stage diagnosis and treatment monitoring of lung cancers.
MPI for magnetic steering: MPI gradients are ~150 × stronger than MRI, enabling remote magnetic
steering of magneto-aerosol, nanoparticles, and catheter tips, enhancing therapeutic delivery by
magnetic means. MPI for precision therapy: gradients enable focusing of magnetic hyperthermia
and magnetic-actuated drug release with up to 2 mm precision. The extent of drug release from
the magnetic nanocarrier can be quantitatively monitored by MPI of SPION’s MPS spectral changes
within the nanocarrier. Conclusion: MPI is a promising new magnetic modality spanning cancer
imaging to guided-therapy.

Keywords: magnetic particle imaging; magnetic nanoparticles; magnetic hyperthermia; magnetic
drug delivery

1. Introduction

Magnetic Particle Imaging (MPI) is an emerging magnetics-based imaging technique
first introduced by Philips, Hamburg in 2005 [1]. While the name is very similar to Magnetic
Resonance Imaging (MRI), it operates on very different physical principles. Unlike MRI,
where the signal comes from the precession of nuclear spin magnetic moments of the
target nuclei (e.g., 1H, 2H, 13C, 17O, 19F, 23Na, 31P), the MPI signal is obtained from

Cancers 2021, 13, 5285. https://doi.org/10.3390/cancers13215285 https://www.mdpi.com/journal/cancers

https://www.mdpi.com/journal/cancers
https://www.mdpi.com
https://orcid.org/0000-0002-2717-0515
https://orcid.org/0000-0002-6139-1979
https://orcid.org/0000-0002-1790-9275
https://doi.org/10.3390/cancers13215285
https://doi.org/10.3390/cancers13215285
https://doi.org/10.3390/cancers13215285
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/cancers13215285
https://www.mdpi.com/journal/cancers
https://www.mdpi.com/article/10.3390/cancers13215285?type=check_update&version=2


Cancers 2021, 13, 5285 2 of 27

the ensemble magnetization of superparamagnetic iron oxide nanoparticles (SPION) as
described by the Langevin model [2]. Because there are no SPIONs found in native
biological tissue unlike the 1H in water and biological tissue sensed by MRI, MPI benefits
from zero tissue background signal and achieves excellent image contrast comparable to
tracer images typical of nuclear medicine scans such as positron emission tomography
(PET) or single-photon emission computerized tomography (SPECT), which are the gold
standard for diagnostic cancer imaging [3–5]. Since only SPIONs produce signal in an MPI
scan, the MPI images obtained are fully quantitative in a linear fashion and are robust
to minute changes in susceptibility. In comparison, the same SPIONs in an MRI scan are
typically semi-quantitative as they produce contrast changes via susceptibility differences
(Figure 1a), yielding a non-linear indirect effect on the 1H signal [2]. MPI operates in
the kilohertz frequency range where magnetic fields fully penetrate tissue, bone, and air
with negligible attenuation and reflection differences. Thus, MPI does not have any view
limitations and works robustly even in lungs [6–9] and bones, which are challenging for
MRI [2,10] and ultrasound.

Figure 1. Overview figure for Magnetic Particle Imaging’s prospects in diagnosis, targeting, and therapy of cancer. Magnetic
Particle Imaging (MPI) is an emerging magnetic imaging technology that works completely differently from MRI, providing
radiation-free tracer-like contrast and linear quantitation with nanogram sensitivity to superparamagnetic iron-oxide
nanoparticles (SPIONs). While most MPI research is still preclinical, MPI hardware has recently reached clinical scale
scanners and is en route to clinical translation. (a) Zheng et al. 2016 [8]—Comparison of MRI SPION contrast to MPI
contrast of the same SPIONs. (b) Arami et al. 2017 [11] — schematic of cancer-targeted magnetic nanoparticles. (c) Yu
et al. 2017 [12]—MPI image of SPIONs accumulated within a tumor. (d) Banura et al. 2017 [13]—magnetic steering of
magneto-aerosol with MPI as post-event verification. (e) Dames et al. 2007 [14]—magnetic tip for targeted delivery of magnetic
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aerosol to lung. (f) Tay et al. 2018 [15]—MPI scanner’s gradients enable pinpoint heating at user-selected locations, heating
SPIONs at the tumor without heating off-target SPIONs. (g) Liu et al. 2018 [16] — magnetic gradients enable pinpoint
drug release at target location without triggering release from adjacent nanocarriers 2 mm away. (h) Zhu et al. 2019 [17] —
MPI in vivo non-invasive quantification of the percentage of release of drug from nanocarriers in mice tumors, enabling
real-time assessment of the success of drug delivery for cancer. Figures within insets reproduced with permission from
respective authors cited in reference numbers and publishers.

Besides the excellent image contrast, one of the other key benefits of Magnetic Particle
Imaging for cancer imaging is the relatively high sensitivity of the modality. The electronic
magnetization of SPIONs sensed by MPI is 22 million times stronger than that of the nuclear
magnetization of water (1H) at 7 Tesla [2]. Furthermore, the dose limit of iron oxide is
510 mg according to Lu et al. 2010, which is 25 million times higher than the 2 ng dose limit
of PET [18,19]. The 2 ng value was calculated from the 370 MBq FDA-mandated dose limit
for 18-FDG divided by the specific (radio)activity of 1ng of 18-fluorine (in MBq, averaged
specific activity value). This implies that MPI can increase the systemic administered
dosage to compensate and ensure tumor detection at 260 nM Fe sensitivity, even though
this is poorer sensitivity than the 2 pM of PET [20]. Therefore, if SPIONs can achieve similar
targeting efficiencies to tumors as 18-FDG, MPI can be expected to be competitive with PET
on a dose-limited comparison, and thus help avoid radiation dose (especially important for
pediatrics). Other advantages include the near-infinite signal half-life of SPIONs enabling
longer time for circulation and binding to tumors while the 110 min half-life of 18-FDG
necessitates a PET scan merely 40 min after injection [19]. Convenience is also improved
as SPIONs can be used off-the-shelf, thus avoiding cyclotron facility overheads and the
radiation safety measures for hot chemistry preparations.

Regarding the imaging agent, the SPION magnetic “tracers” used in MPI will differ
depending on the application. For stem cell or immune cell labeling, carboxydextran-based
SPIONs have shown good labeling efficiency, likely due to the affinity of the dextran
coating to cell uptake and internalization. For vascular imaging or tumor targeting, long-
circulating stealth SPIONs with PEG-based coatings are ideal due to the enhancement of
blood circulation half-life, allowing more time for the tracer to remain in circulation for
vascular imaging or for the tracer to aggregate into the tumors. For magnetic hyperthermia
applications where the magnetic nanoparticles are heated via external alternating magnetic
fields (AMF), the magnetic core of the SPIONs must demonstrate high heating perfor-
mance, i.e., good specific absorption rate (SAR) values at typical hyperthermia frequencies
(100–1000 kHz) [21]. It is important to note that these qualities are not mutually exclusive
and an SPION can be designed with multiple of these qualities such as a high heating
performance magnetic core with stealth PEG-coating.

2. Physical Mechanisms Underlying Magnetic Particle Imaging

In brief, MPI performs spatial encoding, signal detection, and image reconstruction
based on very different magnetic principles from MRI. From the high-contrast and spatial
resolution characteristics, MPI is more similar to PET and SPECT, although it uses non-
radioactive SPIONs at 20–100 nm sizes rather than small-molecule radiotracers. This
section will explain the mechanism of MPI and its spatial and temporal resolution.

2.1. Localization and Collection of Signal from a Specific Slice or Volume

Magnetic Particle Imaging has two methods of localization of signal and thereby
achieves spatial encoding in order to reconstruct an image. For the system matrix method,
a point source of SPIONs is physically moved to every voxel in the field-of-view (FOV)
and the MPI harmonic signal recorded as a calibration to determine the system matrix
transfer function. In order to encode a different MPI harmonic signal at every voxel, a
static background selection field is applied. The selection field is defined as a gradient field
(magnetic field strength varies spatially) with a zero-field region at a central point (defined
as field-free-point system—FFP) or a zero-field in a line geometry (defined as field-free-
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line system—FFL) as shown in Figure 2a,b. The differing background field strength as
a function of position changes the SPION magnetization and results in a different MPI
harmonic signal depending on position in the FOV. The static selection field alone cannot
excite an MPI signal, and thus a time-varying drive field of 25 kHz and 16 mT is applied.
The definition of a drive field is a monotonal excitation magnetic field operating in the
kilohertz frequency range that aims to generate rapid magnetization changes in SPIONs as
the MPI signal. When superimposed on top of the selection field, the result is the motion
of the FFP in a Lissajous trajectory so as to pass near every voxel in the FOV at least once
during the scan. In conclusion, spatial encoding for the system matrix meth-od uses the
combination of the selection field gradient and a Lissajous (rather than raster) trajectory to
determine a unique MPI harmonic signature for each and every voxel in the FOV [5].

Figure 2. Physical mechanisms underlying how Magnetic Particle Imaging (MPI) scans and produces
an image. (a) Scanner configuration for a field-free-line (FFL) MPI scanner. (b) Scanner configuration
for a field-free-point (FFP) scanner. (c) Illustrative workflow diagram on how the previously defined
MPI-related magnetic fields can be applied to SPIONs that have accumulated within a tumor in terms
of how to spatially encode, signal detect, and image reconstruct the MPI image. The background
tumor image is adapted from Jhaveri AM, Torchilin VP. Multifunctional polymeric micelles for
delivery of drugs and siRNA. Front Pharmacol 2014; 5:77 under a CC by 3.0 creative commons
license [22].
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For the x-space method, there is no pre-calibration step. Spatial encoding relies on
the fact that SPIONs physically at the location of the FFP or FFL give the largest amount
of signal and SPIONs away from the FFP give less and less signal in accordance to the
point-spread-function (PSF) of that specific MPI scanner and SPION combination. This
is basically predicated on the PSF as imaging spot size, with a smaller spot size enabling
greater precision in discerning at-FFP signal and suppressing off-FFP signal. To acquire
the entire FOV, the FFP or FFL is rastered across the FOV, usually in a cartesian trajectory,
although the Lissajous trajectory used in the system matrix method could work too. The
x-space drive field is usually in the same-axis as the detector coil (single-axis) and uses
typical values of 20 kHz and 20 mT [3].

2.2. Signal Detection and Image Reconstruction Approach for MPI

MPI uses receive coils, defined as inductive solenoid or saddle-shaped wire coil
sensors, which detect the SPION signal based off the time-varying magnetization changes
of the SPION in response to the drive field. As a result, the signal strength is proportional
to dM/dt and frequencies around 20 kHz are preferred as a trade-off between high signal
strength from dM/dt and minimizing relaxation-induced blurring when the SPION cannot
keep up with the drive field switching [3]. Unlike MRI where the readout timing is usually
delayed after the excitation, the MPI signal is read out at the same time as the drive field
(excitation) application. There is thus a large amount of direct feedthrough of the drive
field into the inductive received signal. This is mitigated by high-pass or band-pass filters
as well as gradiometric sensing coil design.

Image reconstruction for the system matrix method solves an inverse problem using
the calibrated system function (3D matrix) achieved by recording the MPI harmonics at
each and every voxel in the FOV. Image reconstruction for the x-space method relies on
knowledge of the instantaneous position of the FFP and FFL in 3D space. The current
instantaneous MPI signal is directly gridded to the known FFP/FFL location [3].

2.3. Spatial Resolution and Time Requirements for MPI

The current spatial resolution for MPI is around 0.5–2 mm depending on the magneti-
zation characteristics of the SPION used as well as the gradient strength of the scanner [2].
Figure 2 compares the resolution and sensitivity of MPI to other imaging modalities. The
temporal resolution of MPI can be relatively good at 45 frames per second as achieved by
system matrix MPI due to the speed of the Lissajous trajectory [5].

3. Imaging Cancer Using Magnetic Particle Imaging

In brief, MPI is similar in image-quality to PET because of its zero-background, high-
contrast, and ~1 mm spatial resolution. However, MPI’s imaging agent of SPIONs cannot
utilize the Warburg effect to target tumors and must rely on other mechanisms such as
targeting of cancer cell receptors or cancer-specific proteases. This section discusses the
various imaging studies on cancer that have been performed with MPI.

The gold standard for clinical cancer imaging is Positron Emission Tomography (PET).
The ability of 18-FDG to selectively accumulate in even small metastatic tumors due
to the Warburg effect and the tracer-nature and positive contrast of PET scans allow for
unambiguous diagnosis of tumor presence and location [20]. Coverage of the whole-body is
possible except for the brain or bladder due to the low contrast caused by high background
18-FDG uptake by healthy tissue. However, PET scans still have a non-negligible radiation
dose and are not recommended for pediatric imaging. MRI and CT are also widely used
for cancer imaging but often require tumors to be relatively large for reliable detection on
scans. In this context, Magnetic Particle Imaging is promising as it provides tracer-like
contrast (see Figure 1a–c) without any radiation dose due to the use of magnetic “tracers”
as opposed to radiotracers. Figure 3 summarizes the differences of MPI from other imaging
modalities for cancer imaging. In practice however, the SPIONs used in MPI still need to
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make progress towards matching 18-FDG’s high affinity to cancerous tissue in order to be
competitive with PET.

Figure 3. Comparison of MPI to other molecular imaging modalities. Figure on right panel adapted
with permission from Saritas et al. J. Magn. Reson. 229 [2]. Copyright 2013 Elsevier.

The earliest demonstrated application of Magnetic Particle Imaging towards cancer
was a 2014 in vitro study by the University Hospital of Schleswig Holstein and Institute of
Medical Engineering at the University of Luebeck, Germany [23]. Custom dextran-coated
SPIONs (UL-D) were synthesized and demonstrated good internalization by head and neck
squamous cancer cells as well as significant MPI signal via in vitro measurements using
a Magnetic Particle Spectrometer. Although in vivo images were not demonstrated, the
authors comprehensively characterized the labeled cells showing that their MPI-suitable
SPIONs did not impact cell mitochondrial activity (MTT assay), cell viability (annexin
V-APC-Propidium Iodide flow cytometry), cell proliferation (xCELLigence DP), cytokine
secretion (Bead-based immunoassays for IL-6, IL-8, IL-1β and TNF-α), and reactive oxygen
species generation (ROS assay by Dichlorofluorescein diacetate). These assays suggest that
labeling of the cancer cells should not negatively impact tumor behavior such as increased
tumor invasion or metastases.

In 2016, another in vitro study demonstrated the detection of cancer-specific proteases
using changes in Magnetic Particle Spectrum (MPS) of MPI-compatible monodisperse iron
oxide nanoparticles [24]. The linker-peptide-aggregated nanoparticles demonstrated a
significant change in their spectrum when exposed to cancer-specific proteases. Although
this assay was not verified for in vivo MPI, since MPI can be calibrated to tune specifically
to a designated MPS (color MPI), this strategy could be promising to increase MPI image-
specificity to cancer cells. Sensitivity can be improved by optimization of the magnetic
core size [25] as well as designing contrast-enhancing MPI pulsed excitation rather than
continuous-wave excitation [26].

The earliest full study of in vivo Magnetic Particle Imaging of cancer (Figure 4a) was
demonstrated in 2017 by the University of California Berkeley on their academic MPI
scanner using long-circulating SPIONs (LS-008) from Lodespin Laboratories [12].
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Figure 4. Imaging Cancer using Magnetic Particle Imaging. Figures adapted with permission from Yu et al. Nano Lett.
17. Copyright 2017 American Chemical Society. (a) Yu et al. 2017 [12] used LS-008 SPIONs injected i.v. at 15 mg/kg into
an MDA-MD-231-luc flank xenograft in rat. The long-circulating SPIONs were non-targeted and after a few hours of
systemic circulation, accumulated by the enhanced permeability and retention effect in the tumor. The image time course
showcases the benefits of MPI with tracer-like contrast and direct linear quantitation, enabling clear visualization of the
particle EPR dynamics with initial rim enhancement, accumulation, and then wash-out. (b) Arami et al. 2017 [11] used
Lactoferrin functionalized SPIONs injected i.v. at 4 mg/kg for targeting of a C6-rat glioma flank xenograft in mice. After 2 h
post-injection, the MPI image showed accumulation in the tumor together with substantial clearance to the liver. Figures
reproduced from Arami et al. Nanoscale. 9 with permission from the Royal Society of Chemistry.

The cancer model used seven athymic nude rats bearing flank xenografts of MDA-
MB-231-luc breast tumor cells. This work emphasized some of the inherent advantages
of MPI for cancer imaging such as excellent image contrast and full quantitation of the
tracer dynamics from administration to initial rim enhancement of the tumor, accumulation
within the tumor between 1–24 h (peaking at 6 h), and then slow clearance to the liver
over a period of 96 h. The signal-to-background ratio of the tumor was very high (>100) as
there was no background uptake of SPIONs by biological tissue unlike 18-FDG. Because
attenuation correction and signal half-life compensation is not required in MPI, the image
quantification was demonstrated to be facile and straightforward. The tracer accumulation
in the tumor occurred via enhanced permeability and retention effect (EPR) as this was an
untargeted SPION study without cancer-targeting functionalization.

Later in 2017, the first in vivo MPI image of cancer using targeted SPIONs (Figure 4b)
was demonstrated by the Stanford School of Medicine Department of Radiology in mice [11].
This study improved targeting to the flank xenograft of C6 brain cancer cells via surface
functionalization with lactoferrin and also by placing a permanent magnet on the ro-
dent flank. The SPIONs were multi-modal with Cy5.5 NIRF and 67-Ga radiolabel for
near-infrared and SPECT imaging respectively. This study further demonstrated the excel-
lent image contrast of MPI as compared with near-infrared imaging and showed that it
approaches the image contrast achievable by 67-Ga SPECT images.
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Imaging Cell Therapy for Cancer Immunotherapy Using Magnetic Particle Imaging

In brief, MPI has many advantages for monitoring of labeled adoptive cell transfer
immune cells such as long-lasting magnetic label that does not lose signal over time by
radioactive decay and MPI’s high-contrast yet quantitative nature. This section introduces
cancer immunotherapy and recent efforts to image immunotherapy with MPI.

In the last twenty years, immunotherapy for cancer has steadily gained traction in
clinical practice. There are five major types of cancer immunotherapy: (1) cancer vaccines,
(2) cytokine therapies, (3) adoptive cell transfer (ACT), (4) immune checkpoint inhibitors,
and (5) oncolytic virus therapies [27–31]. Of all these categories, MPI is well-poised to
contribute in the adoptive cell transfer category and oncolytic virus category. This is because
the magnetic nanoparticles used in MPI have optimal core sizes of 20–30 nm and can thus
label immune cells (micron-sized) or oncolytic viruses (150–240 nm). For the adoptive
cell transfer category, there is a need to verify that the transferred cells have arrived at
and remain at the target cancer site throughout the course of therapy. Furthermore, it is
essential to monitor the viability and functionality of the cells to ensure the success of
the therapy [32]. These requirements are similar to the imaging requirements for stem
cell therapy. Since MPI has been validated in many stem cell therapy studies [33–37], we
anticipate MPI’s advantages to be applicable to the adoptive cell therapy application as well.
The main benefits of MPI in stem cells are innately transferable to the adoptive cell therapy
application, such as (1) no loss in signal over time from magnetic cell labels enabling >90%
of signal left over 89 days in vivo [33], (2) no radiation dose that will limit the length of
a longitudinal study, (3) direct and quantitative measurement of magnetic label that is
unaffected by changes in subject anatomy background over time [34], and (4) potential for
assessment of viability of labeled cells via color MPI spectroscopic techniques demonstrated
in various MPI studies that leverages microenvironment sensitivity for color/contrast
change or for multi-contrast multiplexing [38–41]. These initial stem cell studies have
demonstrated that the magnetic label remains internalized within the cell population of
interest, and that any released label is rapidly cleared to the liver and does not confound
the quantitation [33].

ACT has shown the greatest success in “liquid” malignancies such as B lymphocyte
leukemia and lymphoma. However, ACT as an immunotherapy for solid tumors has been
hampered by an inability to adequately manipulate infused T cells to efficiently traffic
into and specifically target deep-seated tumors for destruction, while minimizing immune-
related adverse events (irAEs) caused by low-level recognition of antigen on surrounding
healthy tissues [42]. Clinicians thus require real-time information on the biodistribution
of ACT products in patients for accurate prognosis and treatment success [43]. MPI of
SPION-labeled ACT immune cells can provide high-contrast, sensitive visualization of
biodistribution and are thus ideal for this unmet need. The same SPIONs also appear on
MRI scans (albeit lower contrast), thus allowing MPI’s quantitative nature to complement
the high-resolution anatomic MRI scans [44,45]. Rivera-Rodriguez et al. recently demon-
strated MPI of ACT immune cells in a mouse model and showed that labeled immune cells
showed up in the brain of C57BL/6 mice bearing intracranial KLuc-gp100 tumors 24 h
after ACT infusion [46].

Furthermore, ideally immune cells should demonstrate native magnetic signal in
order to prevent under-counting that occurs when in vitro magnetic labels are diluted by
cell division. Recent efforts tried to overcome this limitation by genetically modifying cells
with genes from magnetotactic bacteria [47–49], in order to produce magnetic crystals to
enable label-free native magnetic contrast, but this has not been widely implemented on
different mammalian cell types yet.

Other than ACT, Magnetic Particle Imaging has also been demonstrated to be helpful
in other immunology studies that help advance the field of cancer immunotherapy. For
example, the tumor microenvironment is known to greatly impact the success rate and
thus a better understanding will help decipher the mechanisms of immunotherapies,
define predictive biomarkers, and identify novel therapeutic targets. Figure 5 showcases
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recent work on MPI to track tumor-associated macrophages (TAMs). [50,51] Aptly named
“Magnetic Particle Imaging of Macrophages Associated with Cancer: Filling the Voids Left
by Iron-Based Magnetic Resonance Imaging.”, the study showcased how MPI’s positive
contrast and quantitative nature complements the traditional MRI images of TAMs. In
addition to this, MPI can also image inflammation by in situ labeling of inflammatory
immune cells [52]. Although this study did not target cancer cells per se, the same in situ
labeling concept could be used to image the inflammatory tumor microenvironment.

Figure 5. Imaging of Tumor-Associated Macrophages (TAMs) using MRI and MPI. Adapted with
permission from Makela et al. Mol Imaging Biol 22. Copyright 2020 Springer Nature. [51]. (a) MRI
image before non-targeted systemic i.v. injection of 0.5 mmol/kg Ferumoxytol (n = 8). L denotes
liver, Sp denotes spleen, and T denotes tumor. (b) MRI image at 24 h post-injection of Ferumoxytol,
where TAMs were seen to have iron uptake due to signal voids visible within the tumor. (c) MPI
image at 24 h post-injection of Ferumoxytol. The image resolution was lower because Ferumoxytol is
not optimal for MPI due to 7-fold worse spatial resolution of the nanoparticle than MPI standard
Ferucarbotran. The MPI signal, while visible in the tumor, was not visible in the lung, as the lungs
could not be spatially resolved from the liver due to the poor Ferumoxytol spatial resolution. (d) Ex
vivo MPI of the lungs showed a significantly higher amount of iron in lung metastases compared
with healthy control, indicating the presence of iron-labeled TAMs. This study demonstrated that not
all MRI iron contrast work well for MPI due to differences in the physical principles of the imaging
signal between MRI and MPI.

4. Magnetic-Based Steering and Targeting Strategies Using MPI Hardware

In brief, MPI use of the strongest magnetic gradients in the imaging field (up to 7 Tesla
per meter) equips the MPI scanner to perform magnetic steering of magnetic agents to
target tumor sites. This section elaborates on recent efforts to demonstrate this.

To introduce this topic, we must first note that one of the key benefits of using a
magnetic imaging agent is the fact that magnetism remains the strongest force-from-a-
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distance method for remote steering or targeting [53–55]. There have been many studies of
targeting of magnetic entities to a desired in vivo location using strong magnets [56–58].
Both MRI and MPI can benefit from these targeting strategies to enhance the concentration
of imaging agent in a region-of-interest for increased binding probability to targets resulting
in better imaging or localization of dose for better therapy. For example, Dames et al. 2007
demonstrated the use of a shaped magnetic tip for targeted delivery of magnetic aerosol
droplets to the lung [14] (Figure 1e) and Banura et al. 2017 conducted a similar study
with the addition of MPI to image the final biodistribution in the lungs after targeting [13]
(Figure 6a). Other than the lungs, permanent magnets have been used to enhance delivery
to tumors in other parts of the body. Arami et al. 2017 was able to enhance delivery to a
flank tumor using an external permanent magnet affixed to the rodent flank [11].

One limitation of these single-magnet strategies is that targeting is only efficient at
regions close to the body surface (Figure 1d). Other than embedding a sufficiently strong
magnetic dipole source deep within the body, there is no method to magnetically attract
towards an arbitrary point in 3D space. However, the hardware of MPI is able to generate
a “repulsive” point at an arbitrary point in 3D space. This is because MPI uses a field-
free-point or field-free-line gradient architecture with rapidly increasing magnetic field
strength away from the zero-field-region which implies that magnetic material moves
towards the edges of the gradient away from the zero-field-point. Magnetic steering is
not unique to MPI, and while MRI has been used to steer large magnetic millimeter-sized
ferromagnetic beads in vivo before [59], the weaker gradients used in MRI limit the particle
size to about 0.2 mm as smaller objects do not have sufficient magnetic mass for MRI
gradients to control [60]. The magnetic force F = Ñ(m·B), where Ñ denotes the change of
(m·B) per unit distance with units of m−1. Assuming a magnetically saturated magnetic
moment m (constant) as the object with units of Am2, and B as our applied field with base
SI units of N A−1 m−1 (*note Tesla = N A−1 m−1), then in general the magnetic force F
scales linearly with the applied field (gradient) strength. MPI’s 7T/m gradients [12] are
much stronger than the 0.045 T/m gradients used in MRI [2] and can provide much larger
magnetic forces for targeting. This has resulted in the capability of MPI scanners to remotely
steer catheter tips [61], remotely manipulate an iron screw [62], and in theory also steer
particles of sub-micrometer scale. Specifically, magnetic catheter steering has seen clinical
usage such as the NIOBE® ES Remote Magnetic Navigation (RMN) System (Stereotaxis,
St. Louis, MO, USA) albeit with fluoroscopy imaging. In that clinical application, remote
magnetic catheter navigation was performed to guide the catheter through the four heart
chambers in order to locally perform atrial fibrillation ablation. Over 200 patients were
tested, and it was shown that magnetic steering significantly reduced total fluoroscopy
time (10.4 ± 6.4 vs. 16.3 ± 10.9 min) and thus lowered radiation dose to the patient when
compared with manual pull-wire catheter navigation [63]. Recent preliminary work in
the MPI field has shown some promise to completely replace the fluoroscopy aspect of
catheter navigation with non-radioactive magnetic imaging by using one MPI “tracer” to
mark the catheter tip and a second MPI “tracer” to replace the iodine contrast that shows
the blood vessel size, shape, and branching. By distinguishing the magnetic signatures
of the two different “tracers”, it enabled interactive magnetic catheter steering with 3D
real-time image feedback via “multi-color” MPI [61].

This can be combined with MPI’s relatively high temporal resolution of up to 45 fps [64]
to enable scan+steer sequences where an image is taken of a volume within 1/45th of a
second every second for real-time image feedback of magnetic targeting while dedicating
the 44 other frames to holding the magnetically repulsive point in 3D space. With real-time
feedback, this can dynamically target the magnetic material towards an arbitrary region
in 3D space despite only using a magnetically repulsive point. Proof-of-concept of this
simultaneous imaging and MPI-steering of nanoparticles in Figure 6b–d was demonstrated
by Griese et al. 2019 in vitro in a bifurcation flow phantom [65].
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Figure 6. MPI image-guided magnetic steering of magnetic nanoparticles. Figures adapted with permission from Banura
et al. Jpn. J. Appl. Phys 2017 [13] under Creative Commons 4.0. (a) Magnetic steering of aerosolized magnetic nanoparticles
to deposit in a user-selected side of a lung imaging phantom. With closer distance d of the magnetic steering point to
the lung, the stronger the accumulation of the magnetic nanoparticles. (b) Griese et al. 2020 [65] demonstrated magnetic
steering of magnetic nanoparticles in a bifurcation flow phantom. Figures (b)–(d) adapted with permission Griese et al.
J. Magn. Magn. Mater. 498. Copyright 2020 Elsevier. Without the magnetic steering in the control experiment, the dark
brown nanoparticle stream bifurcated evenly. Once magnetic steering was turned on, 100% of the particles flowed into
the selected right stream. (c) One important proof this study demonstrated was that magnetic steering can be performed
against a strong flow rate of 6.87 mL/s, as shown by steering of particles into the right arm with a 60% stenosis, although
the control clearly shows the flow rate favoring the left arm by order-of-magnitude. (d) Seamless switching between steer
and image mode was shown in steering particles into an 100% stenosis arm, demonstrating that it is possible to maintain
sufficient magnetic force to steer while performing a quick MPI image scan with a time ratio of 20:1 for steer:image.

As testament to the much stronger gradient strengths used in MPI versus MRI, Griese
demonstrated that steering against the flow direction is possible by showing steering of
nanoparticles into the arm with a 100% stenosis, although the control experiment showed
the flow directs the nanoparticles to the non-stenosed arm when the MPI magnetic force
is absent. The concept of seamless switching between “steer” and “image” modes was
shown too. With a time ratio of 20:1 for force and imaging mode, the induced magnetic
force acts for sufficient durations to maneuver the particles towards the stenosis, although
no force is acting on the particles during the short time of the imaging mode [65]. In
addition, multiple other studies have shown the feasibility of remote magnetic steering of
micron-sized objects or synthetic bacteria in vivo [66,67].

Other than using magnetic forces for targeting, some groups have utilized anaerobic
magnetotactic bacteria’s natural tendency to migrate towards hypoxic regions for targeting
hypoxic tumor regions [68]. In this case, the targeting depends on the bacteria, but because
the bacteria natively produce magnetic crystals, this can be easily imaged with MPI or MRI.
However, other groups have used magnetotactic bacteria for magnetic-field controlled
manipulation and actuation of micro-objects [69]. Other strategies do not use the magnetic
field for attraction forces but mainly for alignment of travel axis. While the bulk of the
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propulsion comes from micro-turbines or flagella [70–72], these micro-swimmers possess a
magnetic axis that can be aligned to an external magnetic field for directionality. Unlike
MRI having a fixed direction B0 field that limits alignment to the B0 field axis only, MPI’s
hardware is well-suited here because the “felt” magnetic field lines can be directed in any
arbitrary direction by simply shifting the field-free-point gradient field around since the
flux lines just surrounding the field-free-point are directed from every direction towards or
away from the point.

5. Magnetic Methods for Cancer Therapy in Context of Magnetic Particle Imaging

Magnetic methods for cancer therapy generally fall into a few categories: (1) Hyper-
thermia methods that raise the temperature of the cancer cells ranging from mild heating
to ablative levels via magnetic nanoparticles, (2) Magnetically actuated drug release from
cancer-targeted nanocarriers, or (3) Magnetically actuated mechanical disruption of cancer
cells by magnetic particles or magnetic micro-/nano-robots. In this section, each category
is discussed and the benefits and relevance of Magnetic Particle Imaging towards these
methods is explained.

5.1. Magnetic Hyperthermia Therapy (MHT)

In brief, MPI unique scanner architecture gives it the potential to be integrated with the
alternating magnetic field (AMF) coils used for magnetic hyperthermia, enabling seamless
image-guided therapy workflows. Another unique point is that the pre-existing gradients
on the MPI scanner can be used to focus magnetic hyperthermia solely at the field-free-
point (FFP) or field-free-line (FFL), enabling unprecedented targetable precision at-depth
and in a 3D manner. This section explains the background of hyperthermia and recent MPI
efforts to synergize with MHT.

The general principle of hyperthermia is based on increasing the temperature of a
tissue of interest above 40 degrees Celsius [73,74]. While there are several methods to
increase the temperature in hyperthermia, including microwaves, ultrasound, and laser, we
focused on radiofrequency magnetic hyperthermia in this article. Magnetic hyperthermia
(MH) is a promising cancer therapy that is induced by applying an alternating magnetic
field (AMF) of frequencies ranging between 100 kHz and 1 MHz into magnetic nanoparti-
cles targeted in the tumor area [75]. Under such conditions, magnetic nanoparticles act as
very local heat sources, which are capable of raising the temperature of cancer tissues and
consequently destroying the tumor in a localized and effective way. The heat generated
by both superparamagnetic or ferromagnetic nanoparticles is originated from hysteresis
losses and is proportional to the area of the hysteresis loop described by the magnetic
nanoparticles during the application of the AMF [76,77].

The key advantages of MH are (1) the ability to treat at deeper regions of the body
where other surface methods like microwaves, ultrasound, and radiation cannot, (2) neg-
ligible energy dose is deposited in healthy tissue en route to the target site as almost all
the heat dose comes from the magnetic material on-site, (3) the magnetic material is not
consumed by the therapy and allows for multiple treatment sessions per injection, and
(4) the thermal dose is externally controlled by the AMF applicator which can compensate
for variability in magnetic material accumulation at cancer site to ensure correct thermal
dosing [78].

The first application of Magnetic Hyperthermia was in 1957 in dogs, where it aimed
to treat cancers that had metastasized to the lymph nodes [79,80]. Most of the subsequent
studies relied on direct injection of magnetic material into the tumor [81,82] rather than
systemic delivery. To address this issue, Ivkov et al., in 2005, utilized monoclonal antibody
targeting to cancer tissue [83]. Various other groups used magnetic nanoparticles within
cationic liposomes for efficient accumulation into tumors and demonstrated therapeutic
effect in rat glioma [84–86], melanoma [87,88], and prostate [89] animal tumor models. In
recent years, an increasing number of in vivo and in vitro works have been reported in
the literature [21,90]. In 2001, Jordan et al. showed the treatment of human solid tumors
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with MFH [91]. Due to the obtained promising results, several clinical trials have been
carried out for the treatment of glioblastoma multiforme and prostate cancer. In 2003,
the first phase I clinical trial was performed on 14 patients with glioblastoma multiforme
(GBM) at the Charité Hospital in Berlin (MagForce Nanotechnologies) [77,91–93]. In 2005,
Johannsen et al. reposted the first phase I clinical trial carried out in 10 patients with
locally recurrent prostate cancer [94–96]. In 2010, MagForce AG obtained European Union
Regulatory Approval (10/2011) for its the Nanotherm® therapy and later in 2013 started a
clinical study in current gliobastoma with Nanotherm® therapy after receiving approval
from the German Federal Institute for Drugs and Medical Devices. Recently, the FDA
approved a single-arm study of NanoTherm (R) therapy system for intermediate-risk
prostate cancer [97].

Despite all these clinical trials, there are several challenges that need to be addressed.
One issue of MH is related to low accumulation of magnetic nanoparticles at the tumor
site [98]. In order to achieve an efficient magnetic hyperthermia treatment, the heating
efficiency (also known as Specific Absortion Rate (SAR)) of magnetic nanoparticles needs
to be as high as possible in order to destroy the cancer with the low amount of magnetic
nanoparticle available in the target site. The SAR greatly depends on the physicochemical
properties of the nanoparticles such as composition, size, shape, crystallinity, and saturation
magnetization [99,100]. Additionally, interparticle magnetic interactions, the interplay
between particles and biological systems, and AMF parameters also affect the heating
performance of magnetic nanoparticles [101,102].

Currently, different approaches have been proposed in the literature to design mag-
netic nanoparticles that exhibit high SAR values. Tailoring the shape of the magnetic
nanoparticles can provide an effective strategy to increase their heating efficiency. For
instance, Guardia et al. showed that the 19 nm iron oxide nanocubes possess very high SAR
values (up to 2452 W/g at 29,000 A/m and 520 kHz) compared with spherical particles of
similar size [100]. Other promising designs include magnetic vortex nanorings reaching
3000 W/g (at 64,000 A/m and 400 kHz) with demonstrated efficacy in vivo [103]. Some
studies also use exchange-coupling between a magnetically hard core and magnetically
soft shell to enhance SAR values (3886 W/g at 37,000 A/m and 500 kHz) to an order-of-
magnitude greater than conventional iron-oxide nanoparticles, with superior therapeutic
effectiveness in mice tumor models over chemotherapeutic drugs [104]. In addition, tun-
ing the arrangements formed by dipolar interactions can also help enhance the heating
efficiency of magnetic nanoparticles. Some works in literature have reported that specific
arrangements formed by dipolar interaction, like chain-like structures, increase the SAR
due to their ability to mechanically orient along the field lines [105,106]. Gandia et al. [107]
proved that magnetotactic bacteria of the species M. gryphiswaldense, which internally
biomineralized magnetosome chains, give rise to very high SAR values, up to 2400 W/g
at 28,000 A/m and 300 kHz. Table 1 provides a summary and key characteristics of these
MHT agents.

Table 1. Summary of studies demonstrating MHT agents with high SAR values.

MHT Agent Characteristics SAR (W/g) Ref.
Iron Oxide Nanocubes Size: 19 nm ± 3 nm, Msat: 80 emu/g 2452 [100]

Magnetic Vortex Nanorings Size: 42/70 nm (ID/OD), 50 nm thick K1:
135,000 erg/cc, Msat: 77 emu/g ~3000 [103]

Core-shell ZnCoFe2O4
@ZnMnFe2O4

Size: 15 nm K: 15,000 J/m3 Msat: 125 emu/g 3886 [104]

Magnetite nanoparticle
assembled chains Size: 44 nm, sigma = 0.17 Msat: 87 emu/g 4.3-fold SAR

w chaining [105]

Magnetotactic bacteria M.
gryphiswaldense Size: 45 nm in 1 micron chain Msat: ~90 emu/g 2400 [107]

Magnetic Particle Imaging provides key benefits for MHT such as image-guidance
(Figure 1f), quantitation of magnetic material on-site, which is essential for MHT thermal
dose planning, and also the ability to select which magnetic nanoparticles to heat with
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pinpoint precision as low as a few millimeters [15,108–110]. This precision capability
is a novel benefit in the field of MHT for cancer therapy. To explain further, consider
chemotherapy and radiotherapy, which benefit from a significant differential cytotoxic-
ity between cancerous and healthy cells [111]. Despite this, significant side-effects still
exist due to collateral damage to healthy tissue. A similar issue exists for MHT where
nanoparticle targeting/trafficking to tumors is not perfect and healthy tissue also accu-
mulate nanoparticles. The additional precision in magnetic excitation enabled by MPI
thus greatly mitigates collateral thermal damage to off-target healthy tissues frequently
caused by magnetic particles biodistributed to other sites in the body, especially clearance
organs such as the liver or spleen. This indirectly increases the therapeutic ratio to allow
higher nanoparticle dosage as the side-effects to healthy cells are minimized. This concept
is also seen for targeted nanocarriers for drug delivery, where precision of drug release
enables higher doses while having lesser side-effects. Details are shown in the next section
of this article. Conventional external AMF applicators used in MHT are unable to target
magnetic excitation and heating only to the tumor because the long wavelength of the
AMF at about ~50 m precludes the possibility of lens-based focusing of the magnetic field
at a distance [15]. Other attempts using an array-based synthesization technique were
able to project a focal point AMF at a distance of 10 cm but precision remained low with
spot sizes of 5 cm [112,113]. Improving the precision to 2.5 cm required exponentially high
currents in the kilo-ampere range [113]. In contrast, the mechanism for MPI’s precision
heating relies not on “focusing” the AMF into a narrow spot, but rather it suppresses the
heating capability of off-target magnetic material by magnetically saturating off-target
material so that it cannot respond and get heated by the AMF [15,114–116]. This can be
achieved by MPI’s field-free-line or field-free-point gradient hardware where the precision
linearly scales with the gradient strength [115,116]. For example, in Figure 7b, at a gradient
strength of 2.35 T/m, precision of 7 mm was achieved [15]. The field-free-region (zero
field point) was simply placed over the target spot, enabling only that point-in-space to
respond to AMF while magnetically saturating all other regions in space. Because the
hardware for precision targeting exists within the MPI scanner and because the MPI scan
at 20 kHz is demonstrated to have zero heating of particles [15], MPI is innately suited for
image-guided precision MHT by simply imaging at 20 kHz then switching to a ~300 kHz
for gradient-targeted precision MHT. Considering MPI’s fully quantitative imaging of
magnetic nanoparticle mass, it is possible to develop the ideal MHT workflow of (1) image,
(2) quantitate, (3) dose planning, (4) target positioning, and (5) precision MHT all within a
single MPI scanner. This ideal workflow was demonstrated in a rodent cancer model by
Tay et al. 2018 (Figure 7a), where the efficacy of precision MHT and mitigation of collateral
thermal damage to the liver was validated in vivo [15] (Figure 7c–e).
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Figure 7. MPI image-guided precision Magnetic Hyperthermia with non-invasive pinpoint heating to 2–7 mm precision
at a depth of 4 cm. Adapted with permission from Tay et al. 2018 [15]. Copyright 2018 American Chemical Society.
(a) Theranostic workflow with MPI image guidance, selection of tumor target, and pinpoint localized heating. (b) Precision
of at least 7 mm was demonstrated where any user-selected well in a custom 9-well plate can be heated to a 30 degrees
increase in temperature with negligible heating in all adjacent targets 7 mm away. (c) In vivo results show user-selected
precision heating of one of two adjacent tumors to the exclusion of the other. (d) Bioluminescence as a viability marker of
luc-competent tumor confirms pinpoint therapy of one tumor with negligible impact on off-target tumor. (e) Although
the mouse liver received a significant nanoparticle dose as shown in a, apoptosis assay showed that MPI hyperthermia
(third column) improved precision-to-tumor over conventional hyperthermia (fourth column) which, due to its wide area
magnetic excitation, collaterally damaged the liver while treating the tumor. This precision capability can reduce the
side-effects of damage to healthy tissue in clinical settings.

5.2. Magnetically Actuated Drug Release

In brief, MPI can provide image-tracking of the magnetic-labeled drug delivery plat-
form in vivo, ensuring that arrival at the target tumor site has occurred before triggering
drug release by magneto-mechanical or magnetic heating in the case of thermosensitive
liposomes. Similar to Section 5.1, MPI’s selection field (FFP or FFL) can localize the trigger-
ing to only the field-free-region, increasing precision of therapy and further reducing drug
side-effects. Finally, MPI images during therapy provide real-time feedback on the extent
of drug released from the carrier. This section reviews recent efforts of MPI in the drug
delivery field.

Chemotherapy has been one of the mainstays of cancer therapy and there has been
much work in developing targeted nanocarriers with controlled release of chemotherapeu-
tic drugs at the tumor to reduce systemic toxicity while maximizing the drug dosage at
close proximity to the tumor to improve the therapeutic index [117,118]. Several methods
to actuate the release of the chemotherapeutic have been developed and can be widely clas-
sified into external stimuli (magnetic, ultrasound, electric field, thermosensitive, UV–vis
light, etc.) or endogeneous stimuli (pH-sensitive release, cancer-linked enzyme cleavage
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reactions, redox reactions, etc.) [119]. Magnetic methods to actuate drug release have
several benefits over other methods such as (1) the ability to access deeper regions of the
body with no view limitations and (2) the relative safety of magnetic fields compared with
other methods for external stimuli that may affect healthy tissue en route to the target [120].
There have been many studies detailed below showing the efficacy of magnetic actuation
for controlled chemotherapeutic release. The mechanism relies on a magnetic force to
mechanical energy conversion and in many cases there is no detectable temperature rise,
although it is also possible to combine both mechanical and MHT heating to doubly trigger
release. In 2012, Peiris et al. developed a multi-component iron oxide nanochain with
radiofrequency-tunable drug release [121]. The magnetic nanochain efficiently converts
magnetic energy from a 10 kHz, 1–50 W external magnetic field into mechanical vibrations
that trigger drug release from the attached DOX-loaded liposome. The release rate could
be modulated by the operating parameters of the magnetic field. A temperature-sensitive
fluorophore attached to the chain acted as a thermometer to verify the absence of local
heating. In 2013, Oliveira et al. showed magnetic field triggered drug release (14 mT
750 kHz) from polymersomes, which are notable for their ability to load both hydrophilic
and hydrophobic drugs [122]. In 2018, Nardoni et al. used pulsed magnetic fields (20 kHz,
60 A/m) to actuate drug release from high transition-temperature (Tm = 52 ◦C) magnetoli-
posomes [123]. The transient increase in membrane permeability upon actuation allowed
on-demand drug release while ensuring negligible leakage and safety at all other times. For
magneto-thermal mechanisms of drug release, Fuller et al. 2019 demonstrated nanocarriers
with a hydrophobic core of superparamagnetic iron oxide nanoparticles that released heat
upon AMF to actuate release of drug cargo from a thermoresponsive polymer based on
thermally labile Diels-Alder bonds [124].

Magnetic Particle Imaging provides several key benefits for magnetic drug release—
(1) Image-guidance and quantitative assessment of nanocarrier accumulation at target
tumor site, (2) pinpoint precision of a few millimeters in actuating drug release while
suppressing drug release from off-target nanocarriers (Figure 1g), and (3) real-time feed-
back on the amount of drug released from the magnetic nanocarrier via changes in the
magnetic component’s MPI spectrum. Similar to MHT, (1) is crucial for dose planning, es-
pecially when the amount of drug release is tunable such as in the study led by Peiris [121]
(Figure 8a,b). Benefit (2) works on similar principles to that earlier described for MHT,
where the suppression of off-target magnetic entities via magnetic saturation also works
to suppress the induced mechanical forces. In other words, the magnetic components are
overwhelmed by the background gradient magnetic field and are thus aligned and locked
to the directionality of the background magnetic field. MPI’s most unique benefit can be
considered to be the real-time feedback on the amount of drug release. The mechanism
of this depends on the different microenvironment around the nanoparticles within the
nanocarrier as opposed to free nanoparticles after rupture of the nanocarrier. The parti-
cles report the change in microenvironment by a quantitative shift in the MPI spectrum.
There has been much work in the MPI field to make these “color MPI” algorithms ro-
bust and quantitative to microenvironment factors, i.e., viscosity, pH, and inter-molecular
binding [38–41].

Combining benefit (3) with the ability to switch between imaging 20 kHz and actuation
~300 kHz on the same MPI scanner, it is possible to develop the ideal therapy workflow
within a single scanner.

The ideal workflow of (1) image, (2) quantitate, (3) dose planning, (4) target posi-
tioning, (5) precision drug release, and (6) real-time feedback (Figure 1h) on the amount
of drug released would be desirable for controlled drug release applications. This work-
flow is theoretically feasible, although no one group has demonstrated the entirety of this
workflow. Separate groups have proof-of-concept studies on each step of the workflow.
Maruyama et al. 2016 demonstrated MPI quantitation of magnetic nanocarriers based on a
thermoresponsive liposome design [125]. Liu et al. 2018 demonstrated target positioning
and precision drug release (Figure 8c,d) at millimeter-scale precision from magnetic nanoli-
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posomes with MPI-like gradient fields (referred to as static gating fields in this paper) [16].
Zhu et al. 2019 used MPI for in vivo quantitative drug release monitoring in tumors of
a murine breast cancer model to measure in real-time the amount of drug release [17]
(Figure 9a–c). Finally, MPI can be used to monitor apoptosis in tumors post-treatment.
Using an apoptosis-specific tracer, MPI can accurately quantify apoptosis as the imaging
signal was almost proportional to the number of apoptotic cells [126] (Figure 9d).

Figure 8. MPI for magnetically-actuated drug release [121]. Top row figures adapted with permission
from Peiris et al. ACS Nano (2012) [121]. Copyright 2012 American Chemical Society (a) Liposome
attached to a nanochain of three SPIONs that mechanically oscillates when exposed to an alternating
magnetic field. Rather than using thermo-sensitive release, this work shows the feasibility of mechan-
ical energy for rupturing the attached liposome. (b) The extent of drug release can be finely-tuned
and controlled by the AMF frequency and power. Bottom row figures adapted with permission
from Liu et al. Small (2018) [16]. Copyright 2018 WILEY-VCH Verlag GmbH. (c) Magnetic gradients
(also termed static gating field in this article) can be used to target drug release to selected locations
with 2 mm precision while suppressing release from other neighboring nanocarriers. Since MPI
have the strongest magnetic gradients in imaging, the same concept demonstrated in Figure 7 can
be replicated here for image-guided targeting of drug release. (d) Fluorescence imaging of released
DOX from thermosensitive liposomes verifies that only the targeted well triggered drug release.
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Figure 9. MPI for monitoring of the percentage of drug release from nanocarrier in vivo. Adapted
with permission from Zhu et al. Nano Lett (2019) [17]. Copyright 2019 American Chemical Society.
MPI enables non-invasive imaging assessment of the extent of drug release via MPI signal differences
when SPIONs are encapsulated within a pH-sensitive nanocarrier and after their release together
with drug upon nanocarrier rupture. (a) In vivo MPI images of nanoparticle-PLGA-Doxorubicin
nanocarriers in vivo showing increasing MPI signal over a span of 48 h. (b,c) Quantification of
MPI image intensity and percentage of DOX release from the nanocarrier shows a good correlation
between MPI signal intensity and the percentage of release, verifying that the designed nanocarrier
works as intended to have low MPI signal pre-release and high MPI signal after the nanoparticles
are freed from the nanocarrier together with the Doxorubicin. (d) MPI of AnnexinV-SPION that
binds to apoptotic cells in mouse xenograft model post-therapy, showing that MPI can evaluate the
anti-tumor efficacy of cancer therapy. Figure (d) adapted with permission from Liang et al. Phys Med
Biol. 2020. [126]. Copyright 2020 by Institute of Physics and Engineering in Medicine. Reproduced
by permission of IOP Publishing. All rights reserved.

5.3. Magnetically Actuated Mechanical Disruption of Cancer Cells

In brief, other than magnetic hyperthermia and actuation of drug release, MPI can
provide the magnetic energy and control necessary to actuate mechanical disruption of
cancer cells. MPI’s unique scanner architecture is well-suited for this because it already
has 3-axis drive coils capable of up to 25 kHz and 25 mT field strength to power the
magnetic actuation in various directions or to produce rotating magnetic fields. Most
importantly, unlike MRI, which has an “always-on” main field forcing a fixed alignment
of all magnetic material axes within the MRI scanner, MPI can turn off the electromagnet
selection field and allow the drive fields to establish magnetic control of mechanical agents
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in vivo. This section reviews magneto-mechanical methods for cancer and explains how
MPI’s electromagnets can specifically achieve magnetic actuation for these methods.

To introduce the magneto-mechanical approach, we must first note that the magnetic
forces incident on magnetic particles can be translated into mechanical energy that directly
destroys cancer cells. Creixell et al. 2011 demonstrated that EGFR-targeted magnetic
nanoparticles under AMF excitation were able to kill cancer cells (at a 99.9% loss in viability)
without a perceptible temperature rise [127]. This runs contrary to the expectation that
a temperature rise of up to 43–46 ◦C is needed to kill the cells under AMF. Because
binding and subsequent activation of EGFR is implicated in cancer cell apoptosis, the EGF-
nanoparticles without application of AMF already demonstrate some toxicity to the cancer
cells. However, the application of AMF significantly increased the toxicity and suggests that
magneto-mechanical stimulation of the EGFR via the attached EGF-nanoparticle greatly
upregulates the relevant apoptotic pathways. This showcases the feasibility of magneto-
mechanical actuation of apoptotic pathways in cancer. Other than EGFR, overactivation
of ERK proteins via magnetic particles was also investigated to stop the cancer cell cycle
of replication.

Besides mechanical activation of receptor-linked pathways, a more direct method is
the mechanical disruption of cellular structures. Externally-bound magnetic particles can
compromise cell membrane integrity promoting cell lysis, while internalized magnetic
particles cause perturbations in lysozymes leading to enzyme-based cell suicide or damage
the cytoskeletal integrity of the cell [128]. Liu et al. 2012 used magnetic carbon nanotubes at
75 mT 16 Hz for magnetoporation of the cancer cell membrane, as measured by increased
membrane roughness by Atomic Force Microscopy and Scanning Electron Microscopy [129].
Wong et al. reported similar membrane integrity alteration with magnetic NiFe nanowires
at 14 mT 5 Hz via ethidium bromide staining [130]. Domenech et al. showed lysosomal
membrane permeabilization in cells that internalized iron oxide magnetic particles with
increased the release of proteolytic cathepsin B activity leading to the cancer cell to self-
digest [131]. Zhang et al. and Shen et al. reported similar results [132,133], but Master et al.
reported negative results where lysosomal disturbance was not observed [134]. Master
et al. also targeted the cell cytoskeletal component actin, harnessing the observation that
cancer cells are less rigid than healthy cells. The results showed cancer cells were more
susceptible to cytoskeletal disruption by actin-targeted magnetic particles under AMF [134].
Additionally, disk-shaped magnetic particles have also been used to magnetomechanical
damage cancer cell integrity [135]. The disks can be actuated by an external magnetic
field to exercise mechanical force on the cancer cell. Kim et al. used Ni80Fe20 microdisks
with magnetic vortex configuration for in vitro experiments with glioma cancer cells. In
this work, a 90% of cell death was reported after applying 9 mT and 10–20 Hz during
10 min [136]. Goriena et al. used Ni80Fe20 vortex configuration nanodisks [137] almost
ten times smaller than those used by Kim et al. to destroy lung cancer cells [135]. The
application of a 10 Hz oscillating magnetic field of 10 mT during 30 min reduced the cell by
30%. Beside disk-shaped magnetic particles with vortex state, perpendicularly magnetized
synthetic antiferromagnetic (P-SAF) disks have also been used for cancer treatment through
mechanical cell disruption [138].

Magnetic actuation was also demonstrated to be useful in a more macroscopic scale.
For example, magnetic microbots at micron-level sizes [139–141]. Lee et al. 2020 demon-
strated a micron-sized nickel-based magnetic corkscrew that is actuated by an external
rotating magnetic field to “corkscrew” itself onto the cancer cell [142]. The microrobot then
releases chemotherapeutic drugs after affixing itself to the target cell. Vyskocil et al. 2020
developed Au/Ag/Ni microrobotic scalpels that enter and exit an individual cancer cell
and cut the cancer cell under actuation by an external rotating magnetic field [143]. This
is relevant to MPI scanners because these rotating magnetic fields can be achieved with
the 3-axis electromagnets used to produce the Lissajous trajectory for the FFP. Betal et al.
2018 developed a core-shell magnetoelectric nanorobot that uses DC magnetic gradients
for navigation and steering to the target cell. This is relevant to MPI scanners because the
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DC magnetic gradients needed can be fulfilled by the MPI selection field gradients. The
same nanorobot under AMF actuation transforms into a localized electric-pulse generator
for targeted cell electroporation. This can directly kill the cancer cells or increase their
susceptibility to chemotherapeutics. [144].

As mentioned in previous chapters, MPI systems can provide image-guidance for
this type of cancer strategy while offering much stronger AMF (25 mT at 20 kHz) and
background gradient capabilities (up to 7 T/m) than MRI systems that typically have
a 0.045 T/m gradient and microtesla RF excitation as AMF. While MRI systems can be
enhanced with in-bore additions such as the shaped soft-iron core used in dipole-field
navigation [145], the tradeoff in image quality due to susceptibility artifacts is usually
substantial [60]. As such, MPI’s unique hardware makeup as an imaging modality utiliz-
ing strong AMF and strong gradients enables its theranostic capabilities too, leading to
better magnetic targeting, control, and actuation for magneto-mechanical strategies to kill
cancer cells.

6. Safety of MPI and Current Status of Clinical Translation

MPI has comparable safety to MRI, which has been widely recognized as a safe medi-
cal imaging modality because it utilizes safe magnetic fields for excitation and signaling.
Magnetic fields are non-ionizing and pass through the human body safely without attenua-
tion or any mechanical tissue destruction. There are only two main safety considerations:
(1) magnetic stimulation of peripheral nerves causing tingling sensations at the body pe-
ripheries when the alternating magnetic field strength is too high and (2) eddy-current
induced warming of tissue when the magnetic field is at radio-frequency operating range,
which is also known as SAR-related safety limits. For MPI, the drive field operating fre-
quency is relatively low between 1–50 kHz and therefore close to the 42 kHz junction of
magnetic stimulation (magstim) safety limits and SAR limit dominance as outlined by the
safety study on human volunteers performed by Saritas et al. [146]. This MPI tailored
safety study by Saritas et al. is most suitable for MPI’s 20 kHz drive fields that finds no
precedence in MRI safety standards. The results showed a limit of 15 mT peak-to-peak for
the drive field, which is amenable to MPI imaging-parameters and therefore there are no
fundamental safety concerns for MPI.

We can also evaluate MPI safety from the viewpoint of international commission
on non-ionizing radiation protection (ICNIRP) standards. For instance, a maximal value
of 2.7 Tesla per second for dB/dt (1 Hz–3 kHz, applicable to gradient fields MRI/MPI)
was recommended to prevent any magnetostimulation or magnetophosphor effects on
patients [147]. MPI’s selection gradient fields, which are shifted by mechanical motion
of the patient or by electromagnets at the range of 1 Hz to 3 kHz, stay within the limits
proposed. Even for a very strong 7 Tesla per meter selection gradient field, the shift rate can
be as high as 0.38 m per second, sufficient to raster the FFP or FFL across a typical clinical
FOV dimension of 38 cm in 1 s. For a weaker selection field, this can be proportionally
faster. Thus, MPI’s gradient fields have no safety issues under the ICNIRP standards
applied to MRI gradient fields.

For Magnetic Hyperthermia, the limits are dominated by the SAR-related safety regime
and the safety limits are well-defined by general Atkinson-Brezovich limit
(H × f <= 5 × 108 Am−1 s−1) [148] and the Hergt criterion [149], which is less rigid and
tailored to the area of application of the body (H × f <= 5 × 109 Am−1 s−1). To give
examples of existing devices in Johns Hopkins University, Attaluri et al. 2020 constructed a
Maxwell-type induction coil prototype for magnetic nanoparticle hyperthermia in phan-
toms and large animals. The prototype was designed to be scalable to a human-sized
system (60 cm diameter) [150]. For hyperthermia devices in Berlin, MagForce AG obtained
European Union Regulatory Approval (10/2011) for its Nanotherm® therapy, and clinical
studies for glioblastoma therapy were performed in 2013 with this approved instrument.
More recently, MagForce received 2020 FDA approval for use in intermediate-risk prostate
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cancer. These examples and associated references were previously discussed in detail in
Section 5.1.

The iron oxide nanoparticles used in MPI have a long history of safe usage in medicine,
both as MRI tracer agents and for treating anemia. Iron oxide nanoparticle is considered
safe and specific anaphylactic reaction observed when used is often associated with the
parenteral formulation (can be made safer) and not the magnetic core that produces the MPI
signal [151]. The nanoparticles used in MPI do not contain toxic magnetic elements like
cobalt and are entirely iron-oxide based for biocompatibility. Some examples of clinically
approved iron oxide are Ferumoxytol (USA) and Ferucarbotran/Resovist® (Japan) and the
latter has been shown to work well for MPI [37,152,153]. Regarding clearance, iron oxide
nanoparticles are easily assimilated by the liver and spleen and cleared by the hepatobiliary
system [154]. Any digested iron from the particles becomes incorporated in the porphyrin
rings of hemoglobin [151], replenishing the blood with iron-rich hemoglobin and forming
the basis for treating anemia [155].

Although the MPI field has mostly shown preclinical studies, recent work has shown
that the imaging technology can be scaled-up to clinical scale. Graeser et al. 2019 showcased
a human-sized MPI scanner for brain imaging applications [156]. Mason et al. 2020
showcased an MPI design for clinical intraoperative applications [157].

7. Conclusions

Magnetic Particle Imaging is an emerging imaging modality with numerous comple-
mentary aspects to the more established MRI in the field of magnetic methods for cancer.
Other than direct imaging of tumors, MPI has shown promise to value-add to passive
nanocarriers [22] in other aspects such as targeting enhancement, actuating therapy, and
post-therapy monitoring. Existing magnetic nanoparticles have mostly been optimized
for MRI imaging, but with recent work on optimizing nanoparticles for MPI and heating
theranostics, we hope that the capabilities of MPI can be significantly enhanced in the
near future by these new classes of nanoparticles. The MPI engineering field has also
shown great progress towards clinical translation with recent work showcasing a human
head-sized MPI scanner. Overall, MPI has demonstrated its potential in a wide range
of applications from tumor imaging to magnetically-actuated in situ drug release. With
good compatibility for immunotherapy cell labeling, intrinsic high gradient strengths
for magnetic steering and targeting, and finally the capability for spatially precise AMF
magnetic heating/actuation, MPI shows great promise as a magnetic platform technology
for cancer theranostics.

Author Contributions: Conceptualization, Z.W.T. and S.M.C.; writing—original draft preparation,
Z.W.T.; writing—review and editing, Z.W.T., P.C., B.D.F., I.R.A., E.Y., M.O., S.M.C.; supervision, M.O.,
S.M.C.; funding acquisition, M.O, S.M.C. All authors have read and agreed to the published version
of the manuscript.

Funding: For affiliation #2, we gratefully acknowledge funding support from National Institutes of
Health, NIH1R01EB024578-03, 3R01EB024578-03S1, R44EB029877-01A1 and 1R24MH106053-01. For
affiliation #1, we acknowledge funding support from Agency for Science, Technology and Research’s
(A*STAR) BMRC Central Research Fund (CRF, UIBR) Award and CDA grant 202D800036.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Gleich, B.; Weizenecker, J. Tomographic Imaging Using the Nonlinear Response of Magnetic Particles. Nature 2005, 435, 1214–1217.

[CrossRef] [PubMed]
2. Saritas, E.U.; Goodwill, P.W.; Croft, L.R.; Konkle, J.J.; Lu, K.; Zheng, B.; Conolly, S.M. Magnetic Particle Imaging (MPI) for NMR

and MRI Researchers. J. Magn. Reson. 2013, 229, 116–126. [CrossRef] [PubMed]
3. Zheng, B.; Yu, E.; Orendorff, R.; Lu, K.; Konkle, J.J.; Tay, Z.W.; Hensley, D.; Zhou, X.Y.; Chandrasekharan, P.; Saritas, E.U.; et al.

Seeing SPIOs Directly In Vivo with Magnetic Particle Imaging. Mol. Imaging Biol. 2017, 19, 385–390. [CrossRef] [PubMed]

http://doi.org/10.1038/nature03808
http://www.ncbi.nlm.nih.gov/pubmed/15988521
http://doi.org/10.1016/j.jmr.2012.11.029
http://www.ncbi.nlm.nih.gov/pubmed/23305842
http://doi.org/10.1007/s11307-017-1081-y
http://www.ncbi.nlm.nih.gov/pubmed/28396973


Cancers 2021, 13, 5285 22 of 27

4. Zhou, X.Y.; Tay, Z.W.; Chandrasekharan, P.; Yu, E.Y.; Hensley, D.W.; Orendorff, R.; Jeffris, K.E.; Mai, D.; Zheng, B.; Goodwill, P.W.;
et al. Magnetic Particle Imaging for Radiation-Free, Sensitive and High-Contrast Vascular Imaging and Cell Tracking. Curr. Opin.
Chem. Biol. 2018, 45, 131–138. [CrossRef]

5. Chandrasekharan, P.; Tay, Z.W.; Zhou, X.Y.; Yu, E.; Orendorff, R.; Hensley, D.; Huynh, Q.; Fung, K.L.B.; VanHook, C.C.; Goodwill,
P.; et al. A Perspective on a Rapid and Radiation-Free Tracer Imaging Modality, Magnetic Particle Imaging, with Promise for
Clinical Translation. Br. J. Radiol. 2018, 91, 20180326. [CrossRef]

6. Tay, Z.W.; Chandrasekharan, P.; Zhou, X.Y.; Yu, E.; Zheng, B.; Conolly, S. In Vivo Tracking and Quantification of Inhaled Aerosol
Using Magnetic Particle Imaging towards Inhaled Therapeutic Monitoring. Theranostics 2018, 8, 3676–3687. [CrossRef]

7. Zhou, X.Y.; Jeffris, K.E.; Yu, E.Y.; Zheng, B.; Goodwill, P.W.; Nahid, P.; Conolly, S.M. First in Vivo Magnetic Particle Imaging of
Lung Perfusion in Rats. Phys. Med. Biol. 2017, 62, 3510–3522. [CrossRef]

8. Zheng, B.; von See, M.P.; Yu, E.; Gunel, B.; Lu, K.; Vazin, T.; Schaffer, D.V.; Goodwill, P.W.; Conolly, S.M. Quantitative Magnetic
Particle Imaging Monitors the Transplantation, Biodistribution, and Clearance of Stem Cells In Vivo. Theranostics 2016, 6, 291–301.
[CrossRef]

9. Nishimoto, K.; Mimura, A.; Aoki, M.; Banura, N.; Murase, K. Application of Magnetic Particle Imaging to Pulmonary Imaging
Using Nebulized Magnetic Nanoparticles. Open J. Med. Imaging 2015, 5, 49. [CrossRef]

10. Oakes, J.M.; Breen, E.C.; Scadeng, M.; Tchantchou, G.S.; Darquenne, C. MRI-Based Measurements of Aerosol Deposition in the
Lung of Healthy and Elastase-Treated Rats. J. Appl. Physiol. 2014, 116, 1561–1568. [CrossRef]

11. Arami, H.; Teeman, E.; Troksa, A.; Bradshaw, H.; Saatchi, K.; Tomitaka, A.; Gambhir, S.S.; Häfeli, U.O.; Liggitt, D.; Krishnan, K.M.
Tomographic Magnetic Particle Imaging of Cancer Targeted Nanoparticles. Nanoscale 2017, 9, 18723–18730. [CrossRef]

12. Yu, E.Y.; Bishop, M.; Zheng, B.; Ferguson, R.M.; Khandhar, A.P.; Kemp, S.J.; Krishnan, K.M.; Goodwill, P.W.; Conolly, S.M.
Magnetic Particle Imaging: A Novel in Vivo Imaging Platform for Cancer Detection. Nano Lett. 2017, 17, 1648–1654. [CrossRef]

13. Banura, N.; Murase, K. Magnetic Particle Imaging for Aerosol-Based Magnetic Targeting. Jpn. J. Appl. Phys. 2017, 56, 088001.
[CrossRef]

14. Dames, P.; Gleich, B.; Flemmer, A.; Hajek, K.; Seidl, N.; Wiekhorst, F.; Eberbeck, D.; Bittmann, I.; Bergemann, C.; Weyh, T.; et al.
Targeted Delivery of Magnetic Aerosol Droplets to the Lung. Nat. Nanotechnol. 2007, 2, 495–499. [CrossRef]

15. Tay, Z.W.; Chandrasekharan, P.; Chiu-Lam, A.; Hensley, D.W.; Dhavalikar, R.; Zhou, X.Y.; Yu, E.Y.; Goodwill, P.W.; Zheng, B.;
Rinaldi, C.; et al. Magnetic Particle Imaging-Guided Heating in Vivo Using Gradient Fields for Arbitrary Localization of Magnetic
Hyperthermia Therapy. ACS Nano 2018, 12, 3699–3713. [CrossRef]

16. Liu, J.F.; Neel, N.; Dang, P.; Lamb, M.; McKenna, J.; Rodgers, L.; Litt, B.; Cheng, Z.; Tsourkas, A.; Issadore, D. Radiofrequency-
Triggered Drug Release from Nanoliposomes with Millimeter-Scale Resolution Using a Superimposed Static Gating Field. Small
2018, 14, e1802563. [CrossRef]

17. Zhu, X.; Li, J.; Peng, P.; Hosseini Nassab, N.; Smith, B.R. Quantitative Drug Release Monitoring in Tumors of Living Subjects by
Magnetic Particle Imaging Nanocomposite. Nano Lett. 2019, 19, 6725–6733. [CrossRef]

18. Lu, M.; Cohen, M.H.; Rieves, D.; Pazdur, R. FDA Report: Ferumoxytol for Intravenous Iron Therapy in Adult Patients with
Chronic Kidney Disease. Am. J. Hematol. 2010, 85, 315–319. [CrossRef]

19. Cherry, S.R.; Sorenson, J.A.; Phelps, M.E. Physics in Nuclear Medicine; Elsevier Health Sciences: Amsterdam, The Netherlands,
2012.

20. James, M.L.; Gambhir, S.S. A Molecular Imaging Primer: Modalities, Imaging Agents, and Applications. Physiol. Rev. 2012, 92,
897–965. [CrossRef]

21. Périgo, E.A.; Hemery, G.; Sandre, O.; Ortega, D.; Garaio, E.; Plazaola, F.; Teran, F.J. Fundamentals and Advances in Magnetic
Hyperthermia. Appl. Phys. Rev. 2015, 2, 041302. [CrossRef]

22. Jhaveri, A.M.; Torchilin, V.P. Multifunctional polymeric micelles for delivery of drugs and siRNA. Front. Pharmacol. 2014, 5, 77.
[CrossRef]

23. Lindemann, A.; Lüdtke-Buzug, K.; Fräderich, B.M.; Gräfe, K.; Pries, R.; Wollenberg, B. Biological Impact of Superparamagnetic
Iron Oxide Nanoparticles for Magnetic Particle Imaging of Head and Neck Cancer Cells. Int. J. Nanomed. 2014, 9, 5025–5040.
[CrossRef]

24. Gandhi, S.; Arami, H.; Krishnan, K.M. Detection of Cancer-Specific Proteases Using Magnetic Relaxation of Peptide-Conjugated
Nanoparticles in Biological Environment. Nano Lett. 2016, 16, 3668–3674. [CrossRef]

25. Tay, Z.W.; Hensley, D.W.; Vreeland, E.C.; Zheng, B.; Conolly, S.M. The Relaxation Wall: Experimental Limits to Improving MPI
Spatial Resolution by Increasing Nanoparticle Core Size. Biomed. Phys. Eng Express 2017, 3. [CrossRef]

26. Tay, Z.W.; Hensley, D.; Ma, J.; Chandrasekharan, P.; Zheng, B.; Goodwill, P.; Conolly, S. Pulsed Excitation in Magnetic Particle
Imaging. IEEE Trans. Med. Imaging 2019, 38, 2389–2399. [CrossRef]

27. Alard, E.; Butnariu, A.-B.; Grillo, M.; Kirkham, C.; Zinovkin, D.A.; Newnham, L.; Macciochi, J.; Pranjol, M.Z.I. Advances in
Anti-Cancer Immunotherapy: Car-T Cell, Checkpoint Inhibitors, Dendritic Cell Vaccines, and Oncolytic Viruses, and Emerging
Cellular and Molecular Targets. Cancers 2020, 12, 1826. [CrossRef]

28. Sivanandam, V.; LaRocca, C.J.; Chen, N.G.; Fong, Y.; Warner, S.G. Oncolytic Viruses and Immune Checkpoint Inhibition: The Best
of Both Worlds. Mol. Ther. Oncolytics 2019, 13, 93–106. [CrossRef]

29. Russell, S.J.; Barber, G.N. Oncolytic Viruses as Antigen-Agnostic Cancer Vaccines. Cancer Cell 2018, 33, 599–605. [CrossRef]

http://doi.org/10.1016/j.cbpa.2018.04.014
http://doi.org/10.1259/bjr.20180326
http://doi.org/10.7150/thno.26608
http://doi.org/10.1088/1361-6560/aa616c
http://doi.org/10.7150/thno.13728
http://doi.org/10.4236/ojmi.2015.52008
http://doi.org/10.1152/japplphysiol.01165.2013
http://doi.org/10.1039/C7NR05502A
http://doi.org/10.1021/acs.nanolett.6b04865
http://doi.org/10.7567/JJAP.56.088001
http://doi.org/10.1038/nnano.2007.217
http://doi.org/10.1021/acsnano.8b00893
http://doi.org/10.1002/smll.201802563
http://doi.org/10.1021/acs.nanolett.9b01202
http://doi.org/10.1002/ajh.21656
http://doi.org/10.1152/physrev.00049.2010
http://doi.org/10.1063/1.4935688
http://doi.org/10.3389/fphar.2014.00077
http://doi.org/10.2147/IJN.S63873
http://doi.org/10.1021/acs.nanolett.6b00867
http://doi.org/10.1088/2057-1976/aa6ab6
http://doi.org/10.1109/TMI.2019.2898202
http://doi.org/10.3390/cancers12071826
http://doi.org/10.1016/j.omto.2019.04.003
http://doi.org/10.1016/j.ccell.2018.03.011


Cancers 2021, 13, 5285 23 of 27

30. Rosenberg, S.A.; Restifo, N.P. Adoptive Cell Transfer as Personalized Immunotherapy for Human Cancer. Science 2015, 348, 62–68.
[CrossRef]

31. Branca, M.A. Rekindling cancer vaccines. Nat. Biotechnol. 2016, 34, 1292. [CrossRef]
32. Lewin, M.; Carlesso, N.; Tung, C.H.; Tang, X.W.; Cory, D.; Scadden, D.T.; Weissleder, R. Tat Peptide-Derivatized Magnetic

Nanoparticles Allow In Vivo Tracking and Recovery of Progenitor Cells. Nat. Biotechnol. 2000, 18, 410–414. [CrossRef] [PubMed]
33. Zheng, B.; Vazin, T.; Goodwill, P.W.; Conway, A.; Verma, A.; Saritas, E.U.; Schaffer, D.; Conolly, S.M. Magnetic Particle Imaging

Tracks the Long-Term Fate of in Vivo Neural Cell Implants with High Image Contrast. Sci. Rep. 2015, 5, 14055. [CrossRef]
[PubMed]

34. Sehl, O.C.; Gevaert, J.J.; Melo, K.P.; Knier, N.N.; Foster, P.J. A Perspective on Cell Tracking with Magnetic Particle Imaging.
Tomography 2020, 6, 315–324. [CrossRef]

35. Lemaster, J.E.; Chen, F.; Kim, T.; Hariri, A.; Jokerst, J.V. Development of a Trimodal Contrast Agent for Acoustic and Magnetic
Particle Imaging of Stem Cells. ACS Appl. Nano Mater. 2018, 1, 1321–1331. [CrossRef] [PubMed]

36. Kratz, H.; Taupitz, M.; Ariza de Schellenberger, A.; Kosch, O.; Eberbeck, D.; Wagner, S.; Trahms, L.; Hamm, B.; Schnorr, J. Novel
Magnetic Multicore Nanoparticles Designed for MPI and Other Biomedical Applications: From Synthesis to First in Vivo Studies.
PLoS ONE 2018, 13, e0190214. [CrossRef] [PubMed]

37. Nejadnik, H.; Pandit, P.; Lenkov, O.; Lahiji, A.P.; Yerneni, K.; Daldrup-Link, H.E. Ferumoxytol Can Be Used for Quantitative
Magnetic Particle Imaging of Transplanted Stem Cells. Mol. Imaging Biol. 2018, 21, 465–472. [CrossRef] [PubMed]

38. Fidler, F.; Steinke, M.; Kraupner, A.; Gruttner, C.; Hiller, K.-H.; Briel, A.; Westphal, F.; Walles, H.; Jakob, P.M. Stem Cell Vitality
Assessment Using Magnetic Particle Spectroscopy. IEEE Trans. Magn. 2015, 51, 1–4. [CrossRef]

39. Utkur, M.; Muslu, Y.; Saritas, E.U. Relaxation-Based Color Magnetic Particle Imaging for Viscosity Mapping. Appl. Phys. Lett.
2019, 115, 152403. [CrossRef]

40. Khurshid, H.; Friedman, B.; Berwin, B.; Shi, Y.; Ness, D.B.; Weaver, J.B. Blood Clot Detection Using Magnetic Nanoparticles. AIP
Adv. 2017, 7, 056723. [CrossRef]

41. Szwargulski, P.; Wilmes, M.; Javidi, E.; Thieben, F.; Graeser, M.; Koch, M.; Gruettner, C.; Adam, G.; Gerloff, C.; Magnus, T.; et al.
Monitoring Intracranial Cerebral Hemorrhage Using Multicontrast Real-Time Magnetic Particle Imaging. ACS Nano 2020, 14,
13913–13923. [CrossRef]

42. Tey, S.-K. Adoptive T-Cell Therapy: Adverse Events and Safety Switches. Clin. Transl. Immunol. 2014, 3, e17. [CrossRef]
43. Kalos, M.; June, C.H. Adoptive T Cell Transfer for Cancer Immunotherapy in the Era of Synthetic Biology. Immunity 2013, 39,

49–60. [CrossRef]
44. Ahrens, E.T.; Bulte, J.W.M. Tracking Immune Cells In Vivo Using Magnetic Resonance Imaging. Nat. Rev. Immunol. 2013, 13,

755–763. [CrossRef]
45. Cromer Berman, S.M.; Walczak, P.; Bulte, J.W.M. Tracking Stem Cells Using Magnetic Nanoparticles. Wiley Interdiscip. Rev.

Nanomed. Nanobiotechnol. 2011, 3, 343–355. [CrossRef]
46. Rivera-Rodriguez, A.; Hoang-Minh, L.B.; Chiu-Lam, A.; Sarna, N.; Marrero-Morales, L.; Mitchell, D.A.; Rinaldi-Ramos, C.M.

Tracking adoptive T cell immunotherapy using magnetic particle imaging. Nanotheranostics 2021, 5, 431–444. [CrossRef]
47. Kolinko, I.; Lohße, A.; Borg, S.; Raschdorf, O.; Jogler, C.; Tu, Q.; Pósfai, M.; Tompa, E.; Plitzko, J.M.; Brachmann, A.; et al.

Biosynthesis of Magnetic Nanostructures in a Foreign Organism by Transfer of Bacterial Magnetosome Gene Clusters. Nat.
Nanotechnol. 2014, 9, 193–197. [CrossRef]

48. Zhang, X.-Y.; Robledo, B.N.; Harris, S.S.; Hu, X.P. A Bacterial Gene, mms6, as a New Reporter Gene for Magnetic Resonance
Imaging of Mammalian Cells. Mol. Imaging 2014, 13, 1–12. [CrossRef]

49. Kraupner, A.; Eberbeck, D.; Heinke, D.; Uebe, R.; Schüler, D.; Briel, A. Bacterial Magnetosomes—Nature’s Powerful Contribution
to MPI Tracer Research. Nanoscale 2017, 9, 5788–5793. [CrossRef]

50. Makela, A.V.; Gaudet, J.M.; Foster, P.J. Quantifying Tumor Associated Macrophages in Breast Cancer: A Comparison of Iron and
Fluorine-Based MRI Cell Tracking. Sci. Rep. 2017, 7, 42109. [CrossRef]

51. Makela, A.V.; Gaudet, J.M.; Schott, M.A.; Sehl, O.C.; Contag, C.H.; Foster, P.J. Magnetic Particle Imaging of Macrophages
Associated with Cancer: Filling the Voids Left by Iron-Based Magnetic Resonance Imaging. Mol. Imaging Biol. 2020, 22, 958–968.
[CrossRef]

52. Chandrasekharan, P.; Fung, K.L.B.; Zhou, X.Y.; Cui, W.; Colson, C.; Mai, D.; Jeffris, K.; Huynh, Q.; Saayujya, C.; Kabuli, L.; et al.
Non-Radioactive and Sensitive Tracking of Neutrophils towards Inflammation Using Antibody Functionalized Magnetic Particle
Imaging Tracers. Nanotheranostics 2021, 5, 240–255. [CrossRef]

53. Ilami, M.; Ahmed, R.J.; Petras, A.; Beigzadeh, B.; Marvi, H. Magnetic Needle Steering in Soft Phantom Tissue. Sci. Rep. 2020,
10, 2500. [CrossRef]

54. Lalande, V.; Gosselin, F.P.; Vonthron, M.; Conan, B.; Tremblay, C.; Beaudoin, G.; Soulez, G.; Martel, S. In Vivo Demonstration of
Magnetic Guidewire Steerability in a MRI System with Additional Gradient Coils. Med. Phys. 2015, 42, 969–976. [CrossRef]

55. Heunis, C.; Sikorski, J.; Misra, S. Flexible Instruments for Endovascular Interventions: Improved Magnetic Steering, Actuation,
and Image-Guided Surgical Instruments. IEEE Robot. Autom. Mag. 2018, 25, 71–82. [CrossRef]

56. Muthana, M.; Kennerley, A.J.; Hughes, R.; Fagnano, E.; Richardson, J.; Paul, M.; Murdoch, C.; Wright, F.; Payne, C.; Lythgoe, M.F.;
et al. Directing Cell Therapy to Anatomic Target Sites in Vivo with Magnetic Resonance Targeting. Nat. Commun. 2015, 6, 8009.
[CrossRef]

http://doi.org/10.1126/science.aaa4967
http://doi.org/10.1038/nbt1216-1292c
http://doi.org/10.1038/74464
http://www.ncbi.nlm.nih.gov/pubmed/10748521
http://doi.org/10.1038/srep14055
http://www.ncbi.nlm.nih.gov/pubmed/26358296
http://doi.org/10.18383/j.tom.2020.00043
http://doi.org/10.1021/acsanm.8b00063
http://www.ncbi.nlm.nih.gov/pubmed/33860154
http://doi.org/10.1371/journal.pone.0190214
http://www.ncbi.nlm.nih.gov/pubmed/29300729
http://doi.org/10.1007/s11307-018-1276-x
http://www.ncbi.nlm.nih.gov/pubmed/30194566
http://doi.org/10.1109/TMAG.2014.2337052
http://doi.org/10.1063/1.5110475
http://doi.org/10.1063/1.4977073
http://doi.org/10.1021/acsnano.0c06326
http://doi.org/10.1038/cti.2014.11
http://doi.org/10.1016/j.immuni.2013.07.002
http://doi.org/10.1038/nri3531
http://doi.org/10.1002/wnan.140
http://doi.org/10.7150/ntno.55165
http://doi.org/10.1038/nnano.2014.13
http://doi.org/10.2310/7290.2014.00046
http://doi.org/10.1039/C7NR01530E
http://doi.org/10.1038/srep42109
http://doi.org/10.1007/s11307-020-01473-0
http://doi.org/10.7150/ntno.50721
http://doi.org/10.1038/s41598-020-59275-x
http://doi.org/10.1118/1.4906194
http://doi.org/10.1109/MRA.2017.2787784
http://doi.org/10.1038/ncomms9009


Cancers 2021, 13, 5285 24 of 27

57. Pouponneau, P.; Leroux, J.-C.; Soulez, G.; Gaboury, L.; Martel, S. Co-Encapsulation of Magnetic Nanoparticles and Doxorubicin
into Biodegradable Microcarriers for Deep Tissue Targeting by Vascular MRI Navigation. Biomaterials 2011, 32, 3481–3486.
[CrossRef]

58. Carpi, F.; Kastelein, N.; Talcott, M.; Pappone, C. Magnetically Controllable Gastrointestinal Steering of Video Capsules. IEEE
Trans. Biomed. Eng. 2011, 58, 231–234. [CrossRef]

59. Felfoul, O.; Becker, A.T.; Fagogenis, G.; Dupont, P.E. Simultaneous Steering and Imaging of Magnetic Particles Using MRI toward
Delivery of Therapeutics. Sci. Rep. 2016, 6, 33567. [CrossRef]

60. Martel, S. Magnetic Microbots to Fight Cancer. IEEE Spectrum Feature Article on Medical Robots. 2012. Available online:
https://spectrum.ieee.org/magnetic-microbots-to-fight-cancer (accessed on 21 October 2021).

61. Rahmer, J.; Wirtz, D.; Bontus, C.; Borgert, J.; Gleich, B. Interactive Magnetic Catheter Steering With 3-D Real-Time Feedback Using
Multi-Color Magnetic Particle Imaging. IEEE Trans. Med. Imaging 2017, 36, 1449–1456. [CrossRef] [PubMed]

62. Rahmer, J.; Stehning, C.; Gleich, B. Remote Magnetic Actuation Using a Clinical Scale System. PLoS ONE 2018, 13, e0193546.
[CrossRef] [PubMed]

63. Yuan, S.; Holmqvist, F.; Kongstad, O.; Jensen, S.M.; Wang, L.; Ljungström, E.; Hertervig, E.; Borgquist, R. Long-Term Outcomes of
the Current Remote Magnetic Catheter Navigation Technique for Ablation of Atrial Fibrillation. Scand. Cardiovasc. J. 2017, 51,
308–315. [CrossRef] [PubMed]

64. Bakenecker, A.C.; Ahlborg, M.; Debbeler, C.; Kaethner, C.; Buzug, T.M.; Lüdtke-Buzug, K. Magnetic Particle Imaging in Vascular
Medicine. Innov. Surg. Sci. 2018, 3, 179–192. [CrossRef]

65. Griese, F.; Knopp, T.; Gruettner, C.; Thieben, F.; Müller, K.; Loges, S.; Ludewig, P.; Gdaniec, N. Simultaneous Magnetic Particle
Imaging and Navigation of Large Superparamagnetic Nanoparticles in Bifurcation Flow Experiments. J. Magn. Magn. Mater.
2020, 498, 166206. [CrossRef]

66. Buss, M.T.; Ramesh, P.; English, M.A.; Lee-Gosselin, A.; Shapiro, M.G. Biomagnetic Materials: Spatial Control of Probiotic Bacteria
in the Gastrointestinal Tract Assisted by Magnetic Particles (adv. Mater. 17/2021). Adv. Mater. 2021, 33, 2170134. [CrossRef]

67. Zhang, H.; Li, Z.; Gao, C.; Fan, X.; Pang, Y.; Li, T.; Wu, Z.; Xie, H.; He, Q. Dual-Responsive Biohybrid Neutrobots for Active Target
Delivery. Sci. Robot. 2021, 6, eaaz9519. [CrossRef]

68. Felfoul, O.; Mohammadi, M.; Taherkhani, S.; de Lanauze, D.; Zhong Xu, Y.; Loghin, D.; Essa, S.; Jancik, S.; Houle, D.; Lafleur, M.;
et al. Magneto-Aerotactic Bacteria Deliver Drug-Containing Nanoliposomes to Tumour Hypoxic Regions. Nat. Nanotechnol. 2016,
11, 941–947. [CrossRef]

69. Martel, S.; Tremblay, C.C.; Ngakeng, S. Controlled Manipulation and Actuation of Micro-Objects with Magnetotactic Bacteria. J.
Phys. D Appl. Phys. 2006, 89, 233904. [CrossRef]

70. Carlsen, R.W.; Edwards, M.R.; Zhuang, J.; Pacoret, C.; Sitti, M. Magnetic Steering Control of Multi-Cellular Bio-Hybrid Mi-
croswimmers. Lab. Chip 2014, 14, 3850–3859. [CrossRef]

71. Hoshiar, A.K.; Le, T.-A.; Amin, F.U.; Kim, M.O.; Yoon, J. Studies of Aggregated Nanoparticles Steering during Magnetic-Guided
Drug Delivery in the Blood Vessels. J. Magn. Magn. Mater. 2017, 427, 181–187. [CrossRef]

72. Gagné, K.; Tremblay, C.; Majedi, Y.; Mohammadi, M.; Martel, S. Indirect MPI-Based Detection of Superparamagnetic Nanoparticles
Transported by Computer-Controlled Magneto-Aerotactic Bacteria. In Proceedings of the 2017 International Conference on
Manipulation, Automation and Robotics at Small Scales (MARSS), Montreal, QC, Canada, 17–21 July 2017; pp. 1–5.

73. Chang, D.; Lim, M.; Goos, J.A.C.M.; Qiao, R.; Ng, Y.Y.; Mansfeld, F.M.; Jackson, M.; Davis, T.P.; Kavallaris, M. Biologically
Targeted Magnetic Hyperthermia: Potential and Limitations. Front. Pharmacol. 2018, 9, 831. [CrossRef]

74. Hildebrandt, B.; Wust, P.; Ahlers, O.; Dieing, A.; Sreenivasa, G.; Kerner, T.; Felix, R.; Riess, H. The cellular and molecular basis of
hyperthermia. Crit. Rev. Oncol. Hematol. 2002, 43, 33–56. [CrossRef]

75. Ortega, D.; Pankhurst, Q.A. Magnetic hyperthermia. In Nanoscience; RSC Publishing: London, UK, 2012; pp. 60–88.
76. Dennis, C.L.; Ivkov, R. Physics of heat generation using magnetic nanoparticles for hyperthermia. Int. J. Hyperth. 2013, 29,

715–729. [CrossRef]
77. Carrey, J.; Mehdaoui, B.; Respaud, M. Simple Models for Dynamic Hysteresis Loop Calculations of Magnetic Single-Domain

Nanoparticles: Application to Magnetic Hyperthermia Optimization. J. Appl. Phys. 2011, 109, 083921. [CrossRef]
78. Jordan, A.; Scholz, R.; Wust, P.; Fahling, H.; Felix, R. Magnetic fluid hyperthermia (MFH): Cancer treatment with AC magnetic

field induced excitation of biocompatible superparamagnetic nanoparticles. J. Magn. Magn. Mater. 1999, 201, 413–419. [CrossRef]
79. Gilchrist, R.K.; Medal, R.; Shorey, W.D.; Hanselman, R.C.; Parrott, J.C.; Taylor, C.B. Selective Inductive Heating of Lymph Nodes.

Ann. Surg. 1957, 146, 596–606. [CrossRef]
80. Thiesen, B.; Jordan, A. Clinical Applications of Magnetic Nanoparticles for Hyperthermia. Int. J. Hyperthermia 2008, 24, 467–474.

[CrossRef]
81. Jordan, A.; Scholz, R.; Wust, P.; Fähling, H.; Krause, J.; Wlodarczyk, W.; Sander, B.; Vogl, T.; Felix, R. Effects of Magnetic Fluid

Hyperthermia (MFH) on C3H Mammary Carcinoma in Vivo. Int. J. Hyperthermia 1997, 13, 587–605. [CrossRef]
82. Hilger, I.; Hiergeist, R.; Hergt, R.; Winnefeld, K.; Schubert, H.; Kaiser, W.A. Thermal Ablation of Tumors Using Magnetic

Nanoparticles: An in Vivo Feasibility Study. Invest. Radiol. 2002, 37, 580–586. [CrossRef] [PubMed]
83. Ivkov, R.; De Nardo, S.J.; Daum, W.; Foreman, A.R.; Goldstein, R.C.; Nemkov, V.S.; De Nardo, G.L. Application of High Amplitude

Alternating Magnetic Fields for Heat Induction of Nanoparticles Localized in Cancer. Clin. Cancer Res. 2005, 11, 7093s–7103s.
[CrossRef] [PubMed]

http://doi.org/10.1016/j.biomaterials.2010.12.059
http://doi.org/10.1109/TBME.2010.2087332
http://doi.org/10.1038/srep33567
https://spectrum.ieee.org/magnetic-microbots-to-fight-cancer
http://doi.org/10.1109/TMI.2017.2679099
http://www.ncbi.nlm.nih.gov/pubmed/28287965
http://doi.org/10.1371/journal.pone.0193546
http://www.ncbi.nlm.nih.gov/pubmed/29494647
http://doi.org/10.1080/14017431.2017.1384566
http://www.ncbi.nlm.nih.gov/pubmed/28958165
http://doi.org/10.1515/iss-2018-2026
http://doi.org/10.1016/j.jmmm.2019.166206
http://doi.org/10.1002/adma.202170134
http://doi.org/10.1126/scirobotics.aaz9519
http://doi.org/10.1038/nnano.2016.137
http://doi.org/10.1063/1.2402221
http://doi.org/10.1039/C4LC00707G
http://doi.org/10.1016/j.jmmm.2016.11.016
http://doi.org/10.3389/fphar.2018.00831
http://doi.org/10.1016/S1040-8428(01)00179-2
http://doi.org/10.3109/02656736.2013.836758
http://doi.org/10.1063/1.3551582
http://doi.org/10.1016/S0304-8853(99)00088-8
http://doi.org/10.1097/00000658-195710000-00007
http://doi.org/10.1080/02656730802104757
http://doi.org/10.3109/02656739709023559
http://doi.org/10.1097/00004424-200210000-00008
http://www.ncbi.nlm.nih.gov/pubmed/12352168
http://doi.org/10.1158/1078-0432.CCR-1004-0016
http://www.ncbi.nlm.nih.gov/pubmed/16203808


Cancers 2021, 13, 5285 25 of 27

84. Yanase, M.; Shinkai, M.; Honda, H.; Wakabayashi, T.; Yoshida, J.; Kobayashi, T. Antitumor Immunity Induction by Intracellular
Hyperthermia Using Magnetite Cationic Liposomes. Jpn. J. Cancer Res. 1998, 89, 775–782. [CrossRef]

85. Shinkai, M.; Yanase, M.; Suzuki, M.; Honda, H.; Wakabayashi, T.; Yoshida, J.; Kobayashi, T. Intracellular Hyperthermia for Cancer
Using Magnetite Cationic Liposomes. J. Magn. Magn. Mater. 1999, 194, 176–184. [CrossRef]

86. Le, B.; Shinkai, M.; Kitade, T.; Honda, H.; Yoshida, J.; Wakabayashi, T.; Kobayashi, T. Preparation of Tumor-Specific Magnetolipo-
somes and Their Application for Hyperthermia. J. Chem. Eng. Jpn. 2001, 34, 66–72. [CrossRef]

87. Ito, A.; Tanaka, K.; Kondo, K.; Shinkai, M.; Honda, H.; Matsumoto, K.; Saida, T.; Kobayashi, T. Tumor Regression by Combined
Immunotherapy and Hyperthermia Using Magnetic Nanoparticles in an Experimental Subcutaneous Murine Melanoma. Cancer
Sci. 2003, 94, 308–313. [CrossRef] [PubMed]

88. Tanaka, K.; Ito, A.; Kobayashi, T.; Kawamura, T.; Shimada, S.; Matsumoto, K.; Saida, T.; Honda, H. Intratumoral Injection of
Immature Dendritic Cells Enhances Antitumor Effect of Hyperthermia Using Magnetic Nanoparticles. Int. J. Cancer 2005, 116,
624–633. [CrossRef] [PubMed]

89. Kawai, N.; Ito, A.; Nakahara, Y.; Futakuchi, M.; Shirai, T.; Honda, H.; Kobayashi, T.; Kohri, K. Anticancer Effect of Hyperthermia
on Prostate Cancer Mediated by Magnetite Cationic Liposomes and Immune-Response Induction in Transplanted Syngeneic Rats.
Prostate 2005, 64, 373–381. [CrossRef] [PubMed]

90. Kozissnik, B.; Bohorquez, A.C.; Dobson, J.; Rinaldi, C. Magnetic Fluid Hyperthermia: Advances, Challenges, and Opportunity.
Int. J. Hyperthermia 2013, 29, 706–714. [CrossRef]

91. Jordan, A.; Scholz, R.; Maier-Hauff, K.; Johannsen, M.; Wust, P.; Nadobny, J.; Schirra, H.; Schmidt, H.; Deger, S.; Loening, S.; et al.
Presentation of a new magnetic field therapy system for the treatment of human solid tumors with magnetic fluid hyperthermia.
J. Magn. Magn. Mater. 2001, 225, 118–126. [CrossRef]

92. Maier-Hauff, K.; Rothe, R.; Scholz, R.; Gneveckow, U.; Wust, P.; Thiesen, B.; Feussner, A.; von Deimling, A.; Waldoefner, N.; Felix,
R.; et al. Intracranial Thermotherapy Using Magnetic Nanoparticles Combined with External Beam Radiotherapy: Results of a
Feasibility Study on Patients with Glioblastoma Multiforme. J. Neurooncol. 2007, 81, 53–60. [CrossRef]

93. Gneveckow, U.; Jordan, A.; Scholz, R.; Brüß, V.; Waldöfner, N.; Ricke, J.; Feussner, A.; Hildebrandt, B.; Rau, B.; Wust, P. Description
and characterization of the novel hyperthermia and thermoablation-system MFH®300F for clinical magnetic fluid hyperthermia.
Med. Phys. 2004, 31, 1444–1451. [CrossRef]

94. Johannsen, M.; Gneveckow, U.; Eckelt, L.; Feussner, A.; Waldöfner, N.; Scholz, R.; Deger, S.; Wust, P.; Loening, S.A.; Jordan, A.
Clinical Hyperthermia of Prostate Cancer Using Magnetic Nanoparticles: Presentation of a New Interstitial Technique. Int. J.
Hyperthermia 2005, 21, 637–647. [CrossRef]

95. Johannsen, M.; Gneveckow, U.; Thiesen, B.; Taymoorian, K.; Cho, C.H.; Waldöfner, N.; Scholz, R.; Jordan, A.; Loening, S.A.; Wust,
P. Thermotherapy of Prostate Cancer Using Magnetic Nanoparticles: Feasibility, Imaging, and Three-Dimensional Temperature
Distribution. Eur. Urol. 2007, 52, 1653–1662. [CrossRef]

96. Johannsen, M.; Gneveckow, U.; Taymoorian, K.; Thiesen, B.; Waldöfner, N.; Scholz, R.; Jung, K.; Jordan, A.; Wust, P.; Loening,
S.A. Morbidity and Quality of Life during Thermotherapy Using Magnetic Nanoparticles in Locally Recurrent Prostate Cancer:
Results of a Prospective Phase I Trial. Int. J. Hyperthermia 2007, 23, 315–323. [CrossRef]

97. Liu, X.; Zhang, Y.; Wang, Y.; Zhu, W.; Li, G.; Ma, X.; Zhang, Y.; Chen, S.; Tiwari, S.; Shi, K.; et al. Comprehensive Understanding of
Magnetic Hyperthermia for Improving Antitumor Therapeutic Efficacy. Theranostics 2020, 10, 3793–3815. [CrossRef]

98. Wilhelm, S.; Tavares, A.J.; Dai, Q.; Ohta, S.; Audet, J.; Dvorak, H.F.; Chan, W.C.W. Analysis of Nanoparticle Delivery to Tumours.
Nat. Rev. Mater. 2016, 1, 16014. [CrossRef]

99. Nemati, Z.; Alonso, J.; Rodrigo, I.; Das, R.; Garaio, E.; García, J.Á.; Orue, I.; Phan, M.-H.; Srikanth, H. Improving the Heating
Efficiency of Iron Oxide Nanoparticles by Tuning Their Shape and Size. J. Phys. Chem. C 2018, 122, 2367–2381. [CrossRef]

100. Guardia, P.; Di Corato, R.; Lartigue, L.; Wilhelm, C.; Espinosa, A.; Garcia-Hernandez, M.; Gazeau, F.; Manna, L.; Pellegrino, T.
Water-Soluble Iron Oxide Nanocubes with High Values of Specific Absorption Rate for Cancer Cell Hyperthermia Treatment.
ACS Nano 2012, 6, 3080–3091. [CrossRef]

101. Castellanos-Rubio, I.; Rodrigo, I.; Olazagoitia-Garmendia, A.; Arriortua, O.; Gil de Muro, I.; Garitaonandia, J.S.; Bilbao, J.R.;
Fdez-Gubieda, M.L.; Plazaola, F.; Orue, I.; et al. Highly Reproducible Hyperthermia Response in Water, Agar, and Cellular
Environment by Discretely PEGylated Magnetite Nanoparticles. ACS Appl. Mater. Interfaces 2020, 12, 27917–27929. [CrossRef]

102. Cabrera, D.; Coene, A.; Leliaert, J.; Artés-Ibáñez, E.J.; Dupré, L.; Telling, N.D.; Teran, F.J. Dynamical Magnetic Response of Iron
Oxide Nanoparticles Inside Live Cells. ACS Nano 2018, 12, 2741–2752. [CrossRef]

103. Liu, X.L.; Yang, Y.; Ng, C.T.; Zhao, L.Y.; Zhang, Y.; Bay, B.H.; Fan, H.M.; Ding, J. Magnetic Vortex Nanorings: A New Class of
Hyperthermia Agent for Highly Efficient in Vivo Regression of Tumors. Adv. Mater. 2015, 27, 1939–1944. [CrossRef]

104. Lee, J.-H.; Jang, J.-T.; Choi, J.-S.; Moon, S.H.; Noh, S.-H.; Kim, J.-W.; Kim, J.-G.; Kim, I.-S.; Park, K.I.; Cheon, J. Exchange-Coupled
Magnetic Nanoparticles for Efficient Heat Induction. Nat. Nanotechnol. 2011, 6, 418–422. [CrossRef]

105. Serantes, D.; Simeonidis, K.; Angelakeris, M.; Chubykalo-Fesenko, O.; Marciello, M.; del Puerto Morales, M.; Baldomir, D.;
Martinez-Boubeta, C. Multiplying Magnetic Hyperthermia Response by Nanoparticle Assembling. J. Phys. Chem. C 2014, 118,
5927–5934. [CrossRef]

106. Martinez-Boubeta, C.; Simeonidis, K.; Makridis, A.; Angelakeris, M.; Iglesias, O.; Guardia, P.; Cabot, A.; Yedra, L.; Estradé, S.;
Peiró, F.; et al. Learning from Nature to Improve the Heat Generation of Iron-Oxide Nanoparticles for Magnetic Hyperthermia
Applications. Sci. Rep. 2013, 3, 1–8. [CrossRef] [PubMed]

http://doi.org/10.1111/j.1349-7006.1998.tb03283.x
http://doi.org/10.1016/S0304-8853(98)00586-1
http://doi.org/10.1252/jcej.34.66
http://doi.org/10.1111/j.1349-7006.2003.tb01438.x
http://www.ncbi.nlm.nih.gov/pubmed/12824927
http://doi.org/10.1002/ijc.21061
http://www.ncbi.nlm.nih.gov/pubmed/15825167
http://doi.org/10.1002/pros.20253
http://www.ncbi.nlm.nih.gov/pubmed/15754344
http://doi.org/10.3109/02656736.2013.837200
http://doi.org/10.1016/S0304-8853(00)01239-7
http://doi.org/10.1007/s11060-006-9195-0
http://doi.org/10.1118/1.1748629
http://doi.org/10.1080/02656730500158360
http://doi.org/10.1016/j.eururo.2006.11.023
http://doi.org/10.1080/02656730601175479
http://doi.org/10.7150/thno.40805
http://doi.org/10.1038/natrevmats.2016.14
http://doi.org/10.1021/acs.jpcc.7b10528
http://doi.org/10.1021/nn2048137
http://doi.org/10.1021/acsami.0c03222
http://doi.org/10.1021/acsnano.7b08995
http://doi.org/10.1002/adma.201405036
http://doi.org/10.1038/nnano.2011.95
http://doi.org/10.1021/jp410717m
http://doi.org/10.1038/srep01652
http://www.ncbi.nlm.nih.gov/pubmed/23576006


Cancers 2021, 13, 5285 26 of 27

107. Gandia, D.; Gandarias, L.; Rodrigo, I.; Robles-García, J.; Das, R.; Garaio, E.; García, J.Á.; Phan, M.-H.; Srikanth, H.; Orue, I.;
et al. Unlocking the Potential of Magnetotactic Bacteria as Magnetic Hyperthermia Agents. Small 2019, 15, e1902626. [CrossRef]
[PubMed]

108. Chandrasekharan, P.; Tay, Z.W.; Hensley, D.; Zhou, X.Y.; Fung, B.K.; Colson, C.; Lu, Y.; Fellows, B.D.; Huynh, Q.; Saayujya, C.;
et al. Using magnetic particle imaging systems to localize and guide magnetic hyperthermia treatment: Tracers, hardware, and
future medical applications. Theranostics 2020, 10, 2965–2981. [CrossRef] [PubMed]

109. Chandrasekharan, P.; Tay, Z.W.; Zhou, X.Y.; Yu, E.Y.; Fung, B.K.L.; Colson, C.; Lu, Y.; Fellows, B.D.; Huynh, Q.; Saayujya, C.; et al.
Chapter 15—Magnetic Particle Imaging for Vascular, Cellular and Molecular Imaging. In Molecular Imaging, 2nd ed.; Ross, B.D.,
Gambhir, S.S., Eds.; Academic Press: Cambridge, MA, USA, 2021; pp. 265–282.

110. Lu, Y.; Rivera-Rodriguez, A.; Tay, Z.W.; Hensley, D.; Fung, K.L.B.; Colson, C.; Saayujya, C.; Huynh, Q.; Kabuli, L.; Fellows, B.;
et al. Combining Magnetic Particle Imaging and Magnetic Fluid Hyperthermia for Localized and Image-Guided Treatment. Int. J.
Hyperthermia 2020, 37, 141–154. [CrossRef] [PubMed]

111. Giustini, A.J.; Petryk, A.A.; Cassim, S.M.; Tate, J.A.; Baker, I.; Hoopes, P.J. Magnetic nanoparticle hyperthermia in cancer treatment.
Nano Life 2010, 1, 17–32. [CrossRef] [PubMed]

112. Choi, B.H.; Kim, J.H.; Cheon, J.P.; Rim, C.T. Synthesized Magnetic Field Focusing Using a Current-Controlled Coil Array. IEEE
Magn. Lett. 2016, 7, 1–4. [CrossRef]

113. Cubero, D.; Marmugi, L.; Renzoni, F. Exploring the Limits of Magnetic Field Focusing: Simple Planar Geometries. Results Phys.
2020, 19, 103562. [CrossRef]

114. Bauer, L.M.; Situ, S.F.; Griswold, M.A.; Samia, A.C.S. High-Performance Iron Oxide Nanoparticles for Magnetic Particle Imaging—
Guided Hyperthermia (hMPI). Nanoscale 2016, 8, 12162–12169. [CrossRef]

115. Hensley, D.; Tay, Z.W.; Dhavalikar, R.; Zheng, B.; Goodwill, P.; Rinaldi, C.; Conolly, S. Combining Magnetic Particle Imaging and
Magnetic Fluid Hyperthermia in a Theranostic Platform. Phys. Med. Biol. 2017, 62, 3483–3500. [CrossRef]

116. Murase, K.; Takata, H.; Takeuchi, Y.; Saito, S. Control of the Temperature Rise in Magnetic Hyperthermia with Use of an External
Static Magnetic Field. Phys. Med. 2013, 29, 624–630. [CrossRef]

117. Kumari, P.; Ghosh, B.; Biswas, S. Nanocarriers for Cancer-Targeted Drug Delivery. J. Drug Target. 2016, 24, 179–191. [CrossRef]
118. Peer, D.; Karp, J.M.; Hong, S.; Farokhzad, O.C.; Margalit, R.; Langer, R. Nanocarriers as an Emerging Platform for Cancer Therapy.

Nat. Nanotechnol. 2007, 2, 751–760. [CrossRef]
119. Pérez-Herrero, E.; Fernández-Medarde, A. Advanced Targeted Therapies in Cancer: Drug Nanocarriers, the Future of Chemother-

apy. Eur. J. Pharm. Biopharm. 2015, 93, 52–79. [CrossRef]
120. Yang, Y.; Aw, J.; Chen, K.; Liu, F.; Padmanabhan, P.; Hou, Y.; Cheng, Z.; Xing, B. Enzyme-Responsive Multifunctional Magnetic

Nanoparticles for Tumor Intracellular Drug Delivery and Imaging. Chem. Asian J. 2011, 6, 1381–1389. [CrossRef]
121. Peiris, P.M.; Bauer, L.; Toy, R.; Tran, E.; Pansky, J.; Doolittle, E.; Schmidt, E.; Hayden, E.; Mayer, A.; Keri, R.A.; et al. Enhanced

Delivery of Chemotherapy to Tumors Using a Multicomponent Nanochain with Radio-Frequency-Tunable Drug Release. ACS
Nano 2012, 6, 4157–4168. [CrossRef]

122. Oliveira, H.; Pérez-Andrés, E.; Thevenot, J.; Sandre, O.; Berra, E.; Lecommandoux, S. Magnetic Field Triggered Drug Release from
Polymersomes for Cancer Therapeutics. J. Control. Release 2013, 169, 165–170. [CrossRef]

123. Nardoni, M.; Della Valle, E.; Liberti, M.; Relucenti, M.; Casadei, M.A.; Paolicelli, P.; Apollonio, F.; Petralito, S. Can Pulsed
Electromagnetic Fields Trigger On-Demand Drug Release from High-Tm Magnetoliposomes? Nanomaterials 2018, 8, 196.
[CrossRef]

124. Fuller, E.G.; Sun, H.; Dhavalikar, R.D.; Unni, M.; Scheutz, G.M.; Sumerlin, B.S.; Rinaldi, C. Externally Triggered Heat and Drug
Release from Magnetically Controlled Nanocarriers. ACS Appl. Polym. Mater. 2019, 1, 211–220. [CrossRef]

125. Maruyama, S.; Shimada, K.; Enmeiji, K.; Murase, K. Development of Magnetic Nanocarriers Based on Thermosensitive Liposomes
and Their Visualization Using Magnetic Particle Imaging. Int J. Nanomed. Nanosurg. 2016, 2. [CrossRef]

126. Liang, X.; Wang, K.; Du, J.; Tian, J.; Zhang, H. The First Visualization of Chemotherapy-Induced Tumor Apoptosis via Magnetic
Particle Imaging in a Mouse Model. Phys. Med. Biol. 2020, 65, 195004. [CrossRef] [PubMed]

127. Creixell, M.; Bohórquez, A.C.; Torres-Lugo, M.; Rinaldi, C. EGFR-Targeted Magnetic Nanoparticle Heaters Kill Cancer Cells
without a Perceptible Temperature Rise. ACS Nano 2011, 5, 7124–7129. [CrossRef] [PubMed]

128. Naud, C.; Thébault, C.; Carrière, M.; Hou, Y.; Morel, R.; Berger, F.; Diény, B.; Joisten, H. Cancer Treatment by Magneto-Mechanical
Effect of Particles, a Review. Nanoscale Adv. 2020, 2, 3632–3655. [CrossRef]

129. Liu, D.; Wang, L.; Wang, Z.; Cuschieri, A. Magnetoporation and Magnetolysis of Cancer Cells via Carbon Nanotubes Induced by
Rotating Magnetic Fields. Nano Lett. 2012, 12, 5117–5121. [CrossRef]

130. Wong, D.W.; Gan, W.L.; Liu, N.; Lew, W.S. Magneto-Actuated Cell Apoptosis by Biaxial Pulsed Magnetic Field. Sci. Rep. 2017,
7, 10919. [CrossRef]

131. Domenech, M.; Marrero-Berrios, I.; Torres-Lugo, M.; Rinaldi, C. Lysosomal Membrane Permeabilization by Targeted Magnetic
Nanoparticles in Alternating Magnetic Fields. ACS Nano 2013, 7, 5091–5101. [CrossRef]

132. Zhang, E.; Kircher, M.F.; Koch, M.; Eliasson, L.; Goldberg, S.N.; Renström, E. Dynamic Magnetic Fields Remote-Control Apoptosis
via Nanoparticle Rotation. ACS Nano 2014, 8, 3192–3201. [CrossRef]

133. Shen, Y.; Wu, C.; Uyeda, T.Q.P.; Plaza, G.R.; Liu, B.; Han, Y.; Lesniak, M.S.; Cheng, Y. Elongated Nanoparticle Aggregates in
Cancer Cells for Mechanical Destruction with Low Frequency Rotating Magnetic Field. Theranostics 2017, 7, 1735–1748. [CrossRef]

http://doi.org/10.1002/smll.201902626
http://www.ncbi.nlm.nih.gov/pubmed/31454160
http://doi.org/10.7150/thno.40858
http://www.ncbi.nlm.nih.gov/pubmed/32194849
http://doi.org/10.1080/02656736.2020.1853252
http://www.ncbi.nlm.nih.gov/pubmed/33426994
http://doi.org/10.1142/S1793984410000067
http://www.ncbi.nlm.nih.gov/pubmed/24348868
http://doi.org/10.1109/LMAG.2016.2520903
http://doi.org/10.1016/j.rinp.2020.103562
http://doi.org/10.1039/C6NR01877G
http://doi.org/10.1088/1361-6560/aa5601
http://doi.org/10.1016/j.ejmp.2012.08.005
http://doi.org/10.3109/1061186X.2015.1051049
http://doi.org/10.1038/nnano.2007.387
http://doi.org/10.1016/j.ejpb.2015.03.018
http://doi.org/10.1002/asia.201000905
http://doi.org/10.1021/nn300652p
http://doi.org/10.1016/j.jconrel.2013.01.013
http://doi.org/10.3390/nano8040196
http://doi.org/10.1021/acsapm.8b00100
http://doi.org/10.16966/2470-3206.111
http://doi.org/10.1088/1361-6560/abad7c
http://www.ncbi.nlm.nih.gov/pubmed/32764190
http://doi.org/10.1021/nn201822b
http://www.ncbi.nlm.nih.gov/pubmed/21838221
http://doi.org/10.1039/D0NA00187B
http://doi.org/10.1021/nl301928z
http://doi.org/10.1038/s41598-017-11279-w
http://doi.org/10.1021/nn4007048
http://doi.org/10.1021/nn406302j
http://doi.org/10.7150/thno.18352


Cancers 2021, 13, 5285 27 of 27

134. Master, A.M.; Williams, P.N.; Pothayee, N.; Pothayee, N.; Zhang, R.; Vishwasrao, H.M.; Golovin, Y.I.; Riffle, J.S.; Sokolsky, M.;
Kabanov, A.V. Remote Actuation of Magnetic Nanoparticles for Cancer Cell Selective Treatment Through Cytoskeletal Disruption.
Sci. Rep. 2016, 6, 33560. [CrossRef]

135. Goiriena-Goikoetxea, M.; Muñoz, D.; Orue, I.; Fernández-Gubieda, M.L.; Bokor, J.; Muela, A.; García-Arribas, A. Disk-Shaped
Magnetic Particles for Cancer Therapy. Appl. Phys. Rev. 2020, 7, 011306. [CrossRef]

136. Kim, D.-H.; Rozhkova, E.A.; Ulasov, I.V.; Bader, S.D.; Rajh, T.; Lesniak, M.S.; Novosad, V. Biofunctionalized Magnetic-Vortex
Microdiscs for Targeted Cancer-Cell Destruction. Nat. Mater. 2009, 9, 165–171. [CrossRef]

137. Goiriena-Goikoetxea, M.; García-Arribas, A.; Rouco, M.; Svalov, A.V.; Barandiaran, J.M. High-Yield Fabrication of 60 Nm
Permalloy Nanodiscs in Well-Defined Magnetic Vortex State for Biomedical Applications. Nanotechnology 2016, 27, 175302.
[CrossRef]

138. Mansell, R.; Vemulkar, T.; Petit, D.C.M.C.; Cheng, Y.; Murphy, J.; Lesniak, M.S.; Cowburn, R.P. Magnetic Particles with
Perpendicular Anisotropy for Mechanical Cancer Cell Destruction. Sci. Rep. 2017, 7, 1–7. [CrossRef]

139. Medina-Sánchez, M.; Schmidt, O.G. Medical Microbots Need Better Imaging and Control. Nature 2017, 545, 406–408. [CrossRef]
140. Li, J.; Esteban-Fernández de Ávila, B.; Gao, W.; Zhang, L.; Wang, J. Micro/Nanorobots for Biomedicine: Delivery, Surgery, Sensing,

and Detoxification. Sci. Robot. 2017, 2, eaam6431. [CrossRef]
141. Chen, X.-Z.; Hoop, M.; Mushtaq, F.; Siringil, E.; Hu, C.; Nelson, B.J.; Pané, S. Recent Developments in Magnetically Driven Micro-

and Nanorobots. Appl. Mater. Today 2017, 9, 37–48. [CrossRef]
142. Lee, S.; Kim, J.-Y.; Kim, J.; Hoshiar, A.K.; Park, J.; Lee, S.; Kim, J.; Pané, S.; Nelson, B.J.; Choi, H. A Needle-Type Microrobot for

Targeted Drug Delivery by Affixing to a Microtissue. Adv. Healthc. Mater. 2020, 9, e1901697. [CrossRef]
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