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Simple Summary: Magnetic hyperthermia therapy is an alternative treatment for cancer that com-
plements traditional therapies and that has shown great promise in recent years. In this review, we
assess the current applications of this therapy in order to understand why its translation from the
laboratory to the clinic has been less smooth than was anticipated, identifying the possible bottlenecks
and proposing solutions to the problems encountered.

Abstract: Hyperthermia has emerged as a promising alternative to conventional cancer therapies
and in fact, traditional hyperthermia is now commonly used in combination with chemotherapy or
surgery during cancer treatment. Nevertheless, non-specific application of hyperthermia generates
various undesirable side-effects, such that nano-magnetic hyperthermia has arisen a possible solution
to this problem. This technique to induce hyperthermia is based on the intrinsic capacity of magnetic
nanoparticles to accumulate in a given target area and to respond to alternating magnetic fields
(AMFs) by releasing heat, based on different principles of physics. Unfortunately, the clinical
implementation of nano-magnetic hyperthermia has not been fluid and few clinical trials have
been carried out. In this review, we want to demonstrate the need for more systematic and basic
research in this area, as many of the sub-cellular and molecular mechanisms associated with this
approach remain unclear. As such, we shall consider here the biological effects that occur and why
this theoretically well-designed nano-system fails in physiological conditions. Moreover, we will
offer some guidelines that may help establish successful strategies through the rational design of
magnetic nanoparticles for magnetic hyperthermia.

Keywords: hyperthermia; magnetic hyperthermia; magnetic nanoparticles; magnetic nanoparticle-
induced biological effects; clinical trial; new therapies

1. Introduction: From Cancer to Magnetic Hyperthermia Therapy via Nanomedicine

1.1. Cancer

Cancer is a multifactorial disease in which a variety of parameters influence its de-
velopment, progression or outcome, such as the type of cancer, tissue localization, genetic
predisposition, immune status of the patient, etc. For this reason, it is one of the most chal-
lenging diseases to treat and develop new and effective therapies, which in turn requires
the cooperation of multidisciplinary teams. Many types of therapies have been approved to

Cancers 2021, 13, 4583. https://doi.org/10.3390/cancers13184583 https://www.mdpi.com/journal/cancers1
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treat cancer and the specific therapy or a combination of these that patients receive depends
on factors like the type or stage of development of the cancer. Traditionally, the most
common treatments for cancer involve surgery, radiotherapy and chemotherapy. However,
more recently, strategies like immunotherapy have been developed and implemented in
combination with these established approaches due to their capacity to improve these
treatments. Complementary therapies like stem cell transplant also help restore blood-
forming stem cells in patients after particularly harsh treatments. In addition, biomolecular
advances have helped us better understand the causes of certain types of cancer, guiding
the use of more specific and precise treatments, for example, using biomarkers or genetic
studies [1].

1.2. Hyperthermia

Hyperthermia (HT) is a cancer treatment strategy first shown to produce benefits in the
1940s when it was contemplated that rising the temperature of a tissue might combat fibrosis
and cancer [2]. To treat cancer, HT involves exposing malignant tissues to supraphysiological
temperatures [3]. Damage to tumour cells or their death are the main desirable effects of such
heating but also, HT may improve tumour antigen presentation, the activation of dendritic
and NK cells, and leukocyte trafficking through the endothelium [4]. These are phenomena
that enhance the anti-tumour immune response, and that make cancer cells more sensitive
to the effects of radiotherapy and chemotherapy. HT is generally considered to be defined
as a rise in temperature of the tumour region to between 39 and 43 ◦C (known also as mild
hyperthermia) [3,5], although an increase up to 45 ◦C may also be considered [6]. However,
when the temperature rises above 45 ◦C the situation is usually referred to as thermal ablation,
which may have dramatic side-effects due to the damage caused to normal tissue and the death
of healthy cells. For this reason, careful temperature control is necessary during HT treatment.
Usually, MHT is administered such a multivalent oncological strategy in combination with other
anti-cancer approaches, specifically when HT has been demonstrated to produce an improved
synergic effect [7].

HT therapies are mainly classified according to the area of the body treated, which is
usually closely related with the method used to increase the temperature (energy source) [6,7].

1.2.1. Whole-Body Hyperthermia

Whole-body HT is the systemic heating of the body in an attempt to obtain benefits
treating widely disseminated metastatic cancer. The recommended upper limits are 42 ◦C
maintained for 1 h, or 40 ◦C in combination with cytotoxic drugs. Technically, this method
has important drawbacks, one of which is the need to sedate or submit the patient to
general anaesthesia. Moreover, rising the body temperature from 37 ◦C to 42 ◦C is a lengthy
process (90–180 min). In many cases the side effects of whole-body HT are unacceptable
and much effort has been made to develop equipment that can resolve these disadvantages,
e.g., IRATHERM-2000, currently in phase I/II clinical trials [8]. However, the success of
this approach is limited by the poor balance between risk and benefit, and by the increasing
interest in applying the fundamentals of HT in a safer and more specific manner [9].

1.2.2. Regional Hyperthermia

Regional HT is the application of the HT to a whole organ, limb or region but not to a
specific tumour area. The most commonly used strategy to raise the temperature in selected
regions is perfusion HT. Perfusion HT consists of inducing a heated fluid flow, normally
of the patient’s own blood, through a specific area, and it is usually directed at tumours
localized to a limb. Nevertheless, there are variants where stomach cancer or other tumours
in the abdominal cavity are treated in this way, such as continuous hyperthermia peritoneal
perfusion (CHPP). This approach is not technically difficult and it is safe to employ by
heating the perfusion fluid up to 43 ◦C for 2 h. However, this technique alone does not
produce outstanding results and only in synergism with cytotoxic drugs are the desired
results produced. This combined therapy needs a precise adjustment of certain parameters,
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such as the flow rate (30–40 mL/min), the cells, pH and O2 of the blood perfused, or the
amount of drug administered (which will be higher than in more specific therapies) in
order to avoid undesirable toxicity [6,10]

1.2.3. Local Hyperthermia

Local HT is based on the controlled heating of a specific tumour zone in an attempt
to avoid side-effects in the healthy surrounding area. This approach is based on the
application of electromagnetic waves or ultrasound through a physical stimulator, enabling
local heat to be applied in an external or an invasive way. The external application operates
through micro- or radio-waves directed at a superficial or slightly deeper solid tumour
(only a few centimetres below the skin) by an external device (e.g., microwave antennas,
radiofrequency electrodes, laser fibres, electromagnetic coils or ultrasound transducers).
Alternatively, invasive local HT (or interstitial HT) requires a thin needle or probe to be
inserted into the tumour and serve as in situ energy applier. In this case, invasive local
HT can be used in a deep tumour but it is restricted to small tumours (less than 5 cm
in diameter) located in an accessible organ or tissue, such as the head, neck, bladder or
prostate. In general terms, the success of local HT is determined by the tissue characteristics
and blood flow, factors on which the energy and heat distribution is strongly dependent.
Indeed, the heat distribution is often not as homogenous as would be desired and to resolve
this problem, segmented radio-frequency electrodes that allow a three-dimensional control
of heating have been evaluated for clinical implementation [6,7,10].

1.2.4. The Drawbacks of Conventional Hyperthermia

Without any doubt, HT is a very promising approach for cancer treatment and various
clinical trials support its application for a wide range of different cancers: head, neck,
melanoma, sarcoma, breast, glioblastoma multiforme (GBM), bladder, cervix, rectum,
oesophagus, lung, mesothelioma and paediatric germ cell tumours [6]. However, since
its first clinical application in the 1980s, its implementation has not been as widespread
as might have been expected, probably reflecting several of the problems that traditional
HT presents.

Firstly, HT requires specific equipment and technically, it is more complex than other
more standard therapies like chemotherapy. Currently, there is considerable effort being
directed at developing new, improved equipment. Secondly, the limited effectiveness of HT
means it cannot compete with the standard protocols of cancer therapy. For an acceptable
result, HT must be applied in combination with other therapies, mainly chemotherapy and
radiotherapy, producing notable synergic effects. Consequently, HT is often considered
as a sensitizing adjuvant therapy more than a cancer therapy by itself [11]. Traditionally,
this reduced effectiveness can be explained by the uncontrolled dispersion of the heat,
which is in turn caused by the lack of powerful devices to control and monitor the local
temperature. In addition, this situation is exacerbated by the physical and physiological
handicaps, such as the non-homogeneity of the tissues, the physical distance between the
tumour cells to be treated and the heat source, or the thermal dissipation produced by the
circulatory system. Thirdly, HT also produces side-effects and the rise in temperature may
provoke non-desirable toxicity in healthy tissues or cells, even after local application. This
is again due to the heat source not being exactly adjacent to the cancer cells, producing local
side-effects. Finally, more studies into thermal biology and how HT affects individual cells
molecularly are needed to better understand the process. Above all, it is necessary to assess
the thermotolerance that has often been proposed [5,7,10] and to analyse the sensitivity of
different types of cancer to temperature.

A general roadmap to address the aforementioned limitations involves improving the
real-time temperature control of the tumour region and effectively localizing the induc-
tion of heat using a contactless stimulus. Regarding the former, technical developments
have been quite successful, for example with Magnetic Resonance Thermometry (MRT).
MRT is a MRI (magnetic resonance imaging) based technique that involves non-invasive
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3D measurement of temperature distributions that could substitute the currently used
invasive thermal probes. Since combining thermometry with MRI was first proposed four
decades ago [12], MRT techniques have improved in accuracy and robustness for in vivo
applications [13], now reaching pre-clinical stages of development [13,14]. Moreover, new
approaches based on nanomedicine have been explored to obtain non-invasive heat sources
that can be precisely targeted to the tumour cell in order to avoid side-effects and enhance
the effectiveness of HT. Nevertheless, it would be desirable to have a single equipment
where in vivo location and MHT could be performed simultaneously. However, limitations
intrinsic to the technique (as different magnetic field requirements between MRI and MHT)
do not allow a real-time guidance [15].

1.3. Nanomedicine: A Trip through the Hyperthermia Based Nanotherapies to Treat Cancer

Medicine is evolving towards more specific and personalised therapies, and HT
must also move in this direction. Faced by this challenge, nanomedicine emerges as a
very promising alternative to convert HT into a well-implanted and important cancer
treatment. In recent decades, the application of nanotechnology and nanoparticles (NPs)
to medicine and cancer has revolutionized techniques for diagnosis and treatment, now
offering a broad range of alternatives. In terms of diagnosis, magnetic nanoparticles
(MNPs) are contemplated as MRI contrast agents [16,17] or organic and inorganic NPs as
nano-biosensors [18,19]. In addition, NPs also play an important role in cancer treatment,
improving chemotherapy delivery [20–22], and they are being used in the development of
innovative techniques such as gene [23,24] and HT therapies. Another interesting approach
is the use of NP-loaded cells instead of individual NPs, a good example being the use of
MNP-loaded immune cells for magnetic targeting in adoptive cell transfer therapies [25].
Both the possibilities for diagnosis and treatment make these nanomaterials, and specifically
MNPs, very powerful candidates in the fight against cancer, know referred to as theranostic
agents [16,26]. The success of NPs can be largely explained by the possibility of using them
as more specific guided medicines and from the growing number of clinical trials, the use
of NPs in cancer is becoming a reality [27–29].

First of all, NPs have the intrinsic ability to accumulate passively in tumours due
to an Enhanced Permeability and Retention (EPR) effect, a concept coined in 1986 [30].
This EPR effect is based on the disruption and consequently, the loss of impermeability in
the tumour vasculature, allowing the extravasation of proteins and macromolecules, and
also of NPs into the interstitial space of tumours [31]. Moreover, the absence of functional
lymphatic vessels contributes to the retention and non-clearance of the NPs [32]. The use
of NPs (or macromolecular drugs, polymeric drugs or liposomes) is crucial to obtain an
adequate EPR effect, since the use of these nanocarriers allows the desired drug to reach and
accumulate in the tumour avoiding renal clearance caused by its small size (renal clearance
threshold = 40 kDa) [30]. The success of the EPR effect is not exclusively dependent on the
size of the nanoparticle or nanomedicine, but is much more conditioned by the tumour
environment: size and concentrations of endothelial cells fenestrations, grade of fibrinolysis
or thrombocytopenia in tumour hypoxic area, pericyte coverage of tumour microvessels,
amount of collagen IV in basement membrane or density of extracellular matrix, and
it, in turn, it is closely dependent of the type of tumour and organism. Nevertheless,
an adequate diffusion extravasation and retention of NPs with sizes larger than 100 nm
would be compromised [32]. Another way to direct NPs to cancer cells is through their
active accumulation. This strategy involves the functionalization of the NP surface with
antibodies or other specific ligands that recognize and promote NP uptake into target
cells [33,34]. Even local NP injection into the tumour is a less aggressive and more specific
minimally invasive option than conventional therapies not based on NPs [32].

Returning to HT, the possibility of a rationally targeting NPs to cancer cells offers two
significant improvements over non-specific therapies. On the one hand, treatment effec-
tiveness is notably enhanced due to the fact that each loaded NP can act as an individual
heat source, only increasing the temperature in the areas where NPs accumulate and not
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affecting the surrounding tissues. Consequently, the HT produced with NPs is associated
with fewer side-effects. Moreover, research into NPs is still constantly refining their synthe-
sis and preparation, which is becoming cleaner, faster and cheaper, as witnessed by their
single-step synthesis by microwaves [35,36].

Consequently, nanomedicine is particularly relevant to the future of HT therapies,
which are generally based on the accumulation of NPs at target sites and the application
of an external stimulus that induces NP heating. There are four different ways to achieve
nanomaterial-induced MH, being the nature of the stimulus and the type of nanomate-
rials used (with their intrinsic properties) crucial parameters to achieve hyperthermia
phenomena (Figure 1; Table 1).

Figure 1. Therapies based on the accumulation of nanoparticles in the tumour and on the application of an external stimulus
to induce nanoparticle heating: (a) Photothermal nano therapy (PTT), (b) Radiofrequency nano-hyperthermia (RFHT), (c)
Ultrasound nano-hyperthermia (UHT) and (d) Magnetic nano-hyperthermia therapy (MHT).

Table 1. Main features of the different nanotherapies.

Nanotherapy

PTT RFHT UHT MHT

Equipment Laser Radiofrequency generator Ultrasound applicator Electromagnetic coil

External stimulus NIR RF-EF Ultrasound AMF

Physical principles
Surface Plasmon Resonance

(SPR) or
Optical absorption

Joule heating and
Fermi electrons

Thermal interactions and
mechanical interactions

Néel relaxation and
Brown relaxation

Underlying effects - - Cavitation NPs Rotation

NPs employed
Mainly: Au nanorods

Others: CuS NPs or carbon
nanomaterials

Mainly: Au NPs
Others: Pt, Si NPs or carbon

nanotubes
Si, Au or iron-oxide NPs MNPs (SPIONs)

Type of cancer treated
Non-deep tumours:

Melanoma
Bone marrow, liver pancreas,

colon or lung cancer
All types of cancer (breast,
melanoma, colon, etc . . . )

Mainly glioblastoma and
Pancreatic cancer

Main advantage Feasible and cheap Great penetration No depth restriction High specificity

Main disadvantage Limited penentration Invasive
(needle insertion)

Lower specificity
Expensive equipment

Lack of response in biological
milieus (see point 5)
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1.3.1. Photothermal Nano Therapy (PTT)

Photothermal nano therapy, usually shortened as photothermal therapy (PTT), is
based on the capacity of agents to convert optical energy applied through a laser into heat.
The laser beam can be tightly controlled, adjusting parameters such as the power density,
duration or wavelength. Near-infrared (NIR) wavelengths (700–1400 nm) are normally
used due to their good tissue penetration without producing undesirable damage or burns.
Different nanomaterials can be used as photothermal agents but possibly, the best studied
are gold NPs. When gold NPs are illuminated with NIR light, the energy produced by the
excitation of their surface plasmon resonance (SPR) is transformed into heat and released to
the local environment. The SPR effect is due to the oscillation of the free surface conduction
electrons when excited by light, and they oscillate more with a resonance wavelength
determined by the geometrical features of the gold nanomaterial [37,38]. For this reason,
the size, surface and shape of gold-nanorods, and hence, their anisometry means they
produce the best response to NIR excitation [39]. The PPT is a phenomenon shared by
other nanomaterials, such as carbon nanomaterials (nanotubes, fullerene, graphene) [40,41]
and CuS NPs [42] related to optical absorption. The effectiveness of PTT therapy is largely
dependent on the penetration capacity of NIR, and it is more effective in melanoma and
non-deep tumours. However, NIR-I (1000–1150 nm) penetrates well into tissues and organs
like kidney, spleen and liver, whereas NIR-II (700–1000 nm) is the best option for muscles,
and for stomach, heart and brain tissue in rats [43].

1.3.2. Radiofrequency Nano-Hyperthermia Therapy (RFHT)

Radiofrequency nano-hyperthermia therapy (RFHT) is based on the capacity of dif-
ferent nanomaterials to absorb non-invasive radiofrequency electric fields (RF-EFs) and
release heat in response [44]. The physical mechanisms explaining RFHT remain contro-
versial and although Joule heating is considered the main mechanism, others will also
contribute [45]. The longitudinal acoustic vibrational mode is another theoretical mecha-
nism proposed to explain RFHT, for example involving the absorption of RF-EF energy by
Fermi electrons [46]. Different nanomaterials release heat after exposure to RF-EFs, such as
Pt or Si NPs and carbon nanotubes. However, the best studied are again Au NPs, for which
high concentrations and small sizes have been demonstrated to be important parameters
to enhance RFHT. The main advantage of this strategy is the greater penetration of RF-EF,
which enables deep tumours to be treated. Indeed, RF therapies have been tested against
bone marrow, liver, pancreas, colon or lung cancer [44].

1.3.3. Ultrasound Nano-Hyperthermia Therapy (UHT)

Ultrasound nano-hyperthermia therapies (UHT) are based on the capacity of some
nanomaterials to enhance the effects produced by exposure to ultrasound. Ultrasound
therapy produces a non-specific response, such that extensive ultrasound exposure could
provoke thermal damage to healthy tissues. However, high intensity focused ultrasound
(HIFU, 0.1–1 kW/cm2) is a less harmful alternative [47]. The selection of nanomaterials
used in UHT is crucial due to their importance to enhance the effects of ultrasound therapy
where NPs are located. Ultrasound affects tissues in two ways: thermally and mechani-
cally. In UHT the thermal interactions depend on the attenuation coefficient and thermal
conductivity of the NPs. The first of these contributes to the absorption and scattering of
the ultrasound waves so that large NPs provoke a major attenuation and therefore, greater
thermal dissipation. In terms of conductivity, small metallic NPs are the best candidates
to improve the thermal conductivity when cell are loaded with these NPs. On the other
hand, NPs maximize the mechanical interactions, consequently the cavitation nucleation
threshold decrease and cavitation phenomenon is induced, which causes mechanical cell-
membrane damage and cell lysis. Theoretically, this therapy could be applied to all types
of tumours without any restriction in terms of depth. However, in practice it has been
little studied due to the lower specificity and the expensive equipment required, and it has
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mainly been carried out with silica, gold and iron-oxide NPs against breast, melanoma or
colon tumours [44].

1.3.4. Magnetic Nano-Hyperthermia Therapy (MHT)

Magnetic nano hyperthermia therapy (MHT) is essentially based on the intrinsic
ability of MNPs to respond to alternating magnetic fields (AMFs) by converting magnetic
energy into heat [37,44]. This approach is a valuable alternative for some kind of cancers
located close to vital organs and in particular, for those difficult to remove surgically like
some brain tumours [48]. This therapeutic approach allows the main clinical limitation of
conventional radiotherapy to be overcome, that is the lack of selectivity of ionizing radiation
which damages healthy and tumour tissues alike [49], thereby limiting the treatment to
certain tumours. In MHT, the tumour cells (in vitro)/tumour (in vivo) are first treated
with functionalized MNPs that are specifically internalized by these cells and then, the
cells/tumour are subjected to an AMF to increase the local temperature of the tumour
cells and induce controlled apoptosis. The main disadvantage for this therapy is having
pre-clinical implementation problems and it is necessary a well-understanding actuation
mechanism in order to exploit its full potential. Concretely, these handicaps are discussed
in the point 5 of this manuscript: nanoparticles aggregation and consequently loss of ability
to releasing heat.

The purpose of this review has not been to carry out an exhaustive search of all the
articles published in recent years in medical databases that include the term “magnetic
hyperthermia therapy”, but we have preferred to include those articles that we believe have
contributed the most to understanding MNPs behavior in response to AMF in biological
milieus, which is a critical step to drive magnetic hyperthermia therapy toward clinical
implementation. The focus of this review is placed on the specific issues related to the
physical basis of this therapy, the type of MNPs used and the tumours that are best suited
to this therapy. The concepts underlying MHT will be addressed to understand what
type of NPs are the best candidates to use. The biological effects of MHT at the cellular
and molecular level will be explained and ultimately, the most promising and novel
rationally improved strategies that currently produce the best results will be described.
Finally, the current ongoing clinical trials will be reviewed and prospects for the clinical
implementation of MHT therapies based on MNPs will be reviewed.

2. Physical Concepts of Magnetic Hyperthermia (MH)

The clinical application of magnetic hyperthermia is referred to MHT. This therapy is
based on certain physical principles that we consider important to explain below. MNPs
present unique magnetic properties that can be taken advantage of to achieve selective
contactless heating mediated by AMF. The ferromagnetic materials used in the production
of magnets are characterized by the remanent magnetization (MR) they present even in
the absence of a magnetic field. This magnetization is a consequence of the alignment
of atomic moments in a specific direction defined by the anisotropy of the material (easy
magnetization axis). When ferromagnetic materials are reduced to the nanoscale, thermal
fluctuations become more and more important until the thermal energy surpasses the
anisotropy energy of the NPs, making the magnetic moment flip between two bistable
positions of the easy axis and leading to what is called superparamagnetic behaviour. As a
consequence of these spontaneous fluctuations, the MR of the MNPs disappears and the
magnetization (M) presents a S-like reversible response to low frequency magnetic fields
(H) like that indicated in Figure 2a. The time taken for the magnetic material to lose its
magnetization is called the relaxation time [50].
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Figure 2. Physical properties of magnetic nanoparticles (MNPs), and the magnetic response to low and high frequency
magnetic fields. (a) At low frequencies the MNPs present a S-like magnetic response with a high susceptibility (super-
paramagnetic) and they transit towards a hysteretic magnetic response when exposed to high frequency AMFs. (b) The
MNPs may lose spontaneously their magnetization by Néel and Brownian relaxation when the applied field is subtracted or
rotate coherently in response to a rotatory magnetic field. Through these mechanisms the MNPs can convert the energy of
magnetic fields into (c) heat, (d) mechanical vibration or (e) local torque in the cell environment depending on the features
of the field applied.

MNPs recover a ferromagnetic response when the oscillation of the applied field
is faster than the relaxation time of the magnetic moments (high frequencies) and the
magnetization processes take place through dissipative loops. This dual response is of
interest for their biomedical application as they become contactless nanoheaters. Thanks
to the lack of the MR of superparamagnetic MNPs in the low frequency regime, they can
be prepared as a colloidal suspension, avoiding aggregation. Consequently, they can be
injected intravenously without any fear of them obstructing capillaries [51,52]. In addition,
once they are situated in the target tissue they can be remotely activated as nanoheaters by
applying a high frequency field, producing minimal effects in the surrounding biological
tissues where only a weak magnetic response is produced. In contrast to other contactless
mechanisms of activation, such as that required in photothermal or photodynamic thera-
pies, AMFs can penetrate the body with minimal attenuation, ensuring homogeneous field
conditions in the whole tumour without any shadow effect [53].

There are two dissipative mechanisms by which MNPs may lose their magnetization
when the magnetic field is removed: Néel relaxation and Brownian relaxation (Figure 2b).
The former relaxation is associated with the inversion of the magnetic moments between
the two directions of the easy axis magnetization, and it depends on the magnetic features
of the MNPs. The latter is produced by the physical rotation of the MNP within the liquid
media. In both cases, relaxation leads to the misalignment of the easy magnetization axes
and consequently, a cancelation the global magnetization of the system. Brownian rotation
is a consequence of the random interaction with the surrounding media and therefore, it is
controlled by the hydrodynamic size, the temperature and the viscosity of the medium [54].
In both cases, relaxation leads to the misalignment of the easy magnetization axes and
consequently, a cancelation the global magnetization of the system. MNPs will adopt
a faster relaxation mechanism depending on their intrinsic properties and those of the
surrounding medium [55], although combinations of both mechanisms may exist. It has
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been postulated that in certain AMF conditions MNPs may physically align their easy
magnetization axis with the applied field before undergoing Néel relaxation [56].

It has generally been claimed that for translational MHT, MNPs design must focus on
optimizing the mechanisms of Néel relaxation [57] since the natural MNPs-aggregation
induced by contact with biological milieus (for instance, during lysosome encapsulation)
and the high viscosity of these media blocks the Brownian effect [58]. However, the
heat produced by MNPs with pure Néel relaxation requires tumour cells to have a high
concentration of Fe in order to increase the temperature, which is difficult to achieve by
intravenous injection and that has been resolved by intratumour injection [59].

An additional response of MNPs to an AMF is mechanical damage due to the magnetic
torque generated in the presence of the field, which is in turn due to the misalignment
between the field applied and the easy magnetization axis. This is a different concept to the
Brownian relaxation indicated above. In this case, the magnetic moments of the different
MNPs maintain their relative alignment but they are rotated collectively to reduce the
angle between their magnetic moment and the field applied. Equation (1) shows how the
magnetic torque (T) applied by a magnetic field (B) to a magnetic moment (μ) grows with
the misalignment (θ) between them [60].

T = μ·B· sin(θ)− 6ηVH
dθ

dt
(1)

This equation also takes into account the resistance to rotation produced by the
medium depending on its viscosity coefficient (η), the hydrodynamic volume of the MNP
(VH) and the angular speed of rotation (dθ/dt). The order of magnitude of the mechanical
torque in normal conditions for a single MNP is 10−21 Nm [61]. However, the torque
generated by the magnetic field is enhanced for an aggregate of MNPs [62], like those
observed inside the cell’s lysosomes.

The most relevant parameters (η, VH, AMF and frequency, etc.) have been revised
in detail to determine the transition between heat dissipative mechanisms and magneto-
mechanical actuation. As a result, in viscous media the mechanical rotation induced
by AMFs is mainly relevant for large MNPs (15–50 nm) and low frequency AMFs (<10
kHz) [63,64], although it can be exploited to exert effective mechanical torque on biological
components [65]. This transition with AMF frequency becomes even clearer in the case
of large anisometric NPs [63] and some empirical studies reported that AMFs induce a
torque [66] or a physical movement of the MNPs [67] that may produce mechanical damage
of the lysosome and cell membrane [68,69].

The use of rotatory fields is more convenient when inducing mechanical damage to
cells. These fields maintain the MNPs magnetized throughout rotation and it is technologi-
cally simpler to generate homogenous fields of high intensity (>0.1 T) using permanent
magnets. According to theoretical simulations, the torque induced by rotatory fields is
30-fold that created by AMFs [61]. Hence, many of the studies that seek to use MNPs to
induce mechanical damage now focus on this kind of magnetic stimulus [66,70].

2.1. Determining the Heating Power of MNPs

One of the main limitations for the critical analysis of MHT measurements is how
to determine the heating power of MNPs [71]. The Specific Absorption Rate (SAR) is an
empirical parameter frequently used by radiological protection departments to regulate the
amount of radiation absorbed by patients when exposed to radiofrequency fields and it is
normalized to the mass of biological tissue irradiated in terms of W/g [72]. This parameter
was taken by the MHT community to quantify the amount of magnetic energy transformed
into heat by a suspension of MNPs. However, it is important to note that in the latter
case, the temperature increase (ΔT/Δt) is generally normalized to the Fe concentration in
the magnetic colloid (mFe) according to Equation (2), where CV is the specific heat of the
colloid [73,74].

SAR(W/gFe) =
CV
mFe

ΔT
Δt

(2)

9



Cancers 2021, 13, 4583

It is also important to note that this is a system-dependent parameter that varies
with the field intensity (H) and frequency (f) of the AMF. With the aim of standardizing
such parameters and comparing the heating power of MNPs studied under different AMF
conditions, an alternative parameter has been introduced, the Intrinsic Loss Power (ILP).
This parameter divides the SAR by the frequency of the field and the square of the field
intensity (Equation (3)).

ILP(W/gFe) =
SAR
f H2 (3)

This definition is based on the theoretical model proposed that considers a linear
response of the magnetic moment to the AMF applied [75]. This model predicts a linear
dependence of the SAR on the frequency and a quadratic dependence on H, although this
is only valid for highly anisotropic MNPs and a small H, and thus, it cannot be assumed
as a universal parameter. Besides, recent double-blind experiments showed that the
specific features of the experimental set-ups and the thermal curves analysed may produce
inconsistent SAR values between laboratories [71]. A promising solution to achieve a global
and consistent parameter to determine heating power is to measure the high frequency
magnetic loop of the MNPs [76]. As indicated previously, the amount of heat dissipated by
a collection of MNPs is strictly related to the area of the high frequency hysteresis loops
(A), see Figure 2a right). Therefore, the theoretical SAR can be derived from the product
of this area to the number of magnetic cycles per second, i.e., the frequency of the AMF
(Equation (4)).

SAR = A· f (4)

Hysteresis loops are intrinsic to magnetic systems and they provide information about
the magnetic response to AMFs of different frequencies and intensities. Therefore, they
provide information about the dissipative properties of the MNPs that are independent
of the thermal diffusion of the medium and do not depend on the thermal loses of the
calorimetric system. However, the AC magnetometers required to study these are still
scare and generally homemade [77].

The ideal field and frequency AMF conditions for MHT are also still to be defined. The
former limit was established for the maximum field-frequency product as H× f≤ 4.85× 108

A m−1s−1 based on the feeling of discomfort in irradiated subjects [78], a subjective test of
patient comfort. New AMF application systems can concentrate the radiation in a restricted
volume, reducing the radiation dose received by the patient and enabling more flexible limits to
be proposed, ranging between 1.8× 109 A m−1s−1 [79] to 8.3× 109 A m−1s−1 [80], and up to
18.7× 109 A m−1s−1 [81].

2.2. Other Advantages of Using MNPs

An additional functionality of MNPs that enhances their applicability in MHT is
the possibility to concentrate them in a certain region using magnets. When MNPs are
magnetized with a magnetic gradient they minimize their energy by shifting towards the
region of the maximum field. This principle has been exploited to concentrate magnetic
nanoagents to a target superficial tumour by locating a set of permanent magnets in the
proximal skin area. Using the same principle, MNPs have been used to label circulating
tumour cells so that they can be concentrated and detected for an early diagnosis of
metastasis risk [82,83]. More recently, the magnetic guiding of immune cells loaded with
MNPs has been proposed as an advanced solution to reduced vascular accessibility [84],
and as a means to activate mechanosensitive membrane receptors that inhibit cancer
proliferation [85].

MNPs also present interesting properties for clinical imaging techniques, such as
MRI. The strong permanent field used to align the magnetic moment of water protons
magnetizes MNPs, creating local regions of enhanced magnetic fields in the tissues where
these MNPs lie. The local field created by MNPs modifies the relaxation time of the
surrounding water molecules [86]. This changes the MRI contrast of the tissue loaded with
MNPs and offers an interesting pathway for personalized therapy. In addition, Magnetic
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Particle Imaging (MPI) has emerged as a promising technique to solve the incompatibility
of a simultaneous MHT and MRI (mentioned in 1.2.4) and ideally achieve theragnostic
NPs which are useful as heat generators for MHT, and at the same time, for diagnosis
through real-time in vivo image during the therapy. MPI is an emergent image modality
which works by detecting the nonlinear magnetization of the flipping MNP. MPI present
several advantages: ideal penetration and signal-noise ratio, no view limitations, highly
sensitive, linear and quantitative signal, high contrast, zero ionizing radiation, and safer
and persistent. All this makes this technique an excellent non-invasive 3D tomographic
imaging method to be combined with MHT for a real-time therapy image guided [15,87].

3. MNPs for MHT

Maximizing the heating power of MNPs is an interesting approach to minimize
the dose required for effective HT therapy. In this section we will summarize the most
important strategies to maximize the amount of heat dissipated by MNPs. Considering
equation 4, it is easy to identify that the SAR can be maximized by increasing the frequency
of the AMF, the area (A) of the high frequency hysteresis loops, or both parameters at the
same time. The simplest strategy to increase A is to increase the magnetization of the sample.
Taking magnetite (Fe3O4) as a reference for biocompatible magnetic materials, saturation
magnetization can be increased by doping its crystalline structure with other transition
metals. The magneto-crystalline structure of magnetite is an inverse spinel made of two
sub-lattices of magnetic moments aligned in opposite directions that occupy octahedral
and tetrahedral positions [88]. Due to the higher number of octahedral positions and the
Fe2+/Fe3+ occupancies, the magnetic moment of these two sub-lattices is not compensated,
which classifies magnetite as a ferrimagnetic material. Thus, in the presence of a magnetic
field the octahedral and tetrahedral moments lie in parallel and antiparallel, respectively.
As such, the global magnetization of magnetite can be enhanced by substituting Fe ions
with other transition metals with a higher atomic moment, like Mn that occupies octahedral
positions [89,90], or with transition metals like Zn that have no atomic moment and occupy
tetrahedral positions. Both effects can be combined in ternary ZnxMn(1−x)Fe2O3 ferrites
to maximize the saturation magnetization [91]. However, it must be borne in mind that
the magnetic coupling between the lattices might be affected when high concentrations
of dopants are used to reduce the magnetic order in the MNP, averting the enhanced
magnetization. Besides, such complex formulations compromise the homogeneity of the
stoichiometry in the sample.

An alternative strategy involves widening the magnetic cycle by increasing the coer-
civity field (HC) of the MNP. The Hc is related to the field required to cancel the remanent
magnetization and thus, to the anisotropy of the magnetic system. MNPs with a high
magnetic anisotropy (K) are harder to magnetize but they dissipate more energy as their
magnetization is reversed. If the AMF is not sufficiently intense, most of the magnetic mo-
ments of the system remain fixed in their easy magnetization axis without dissipating any
thermal energy. Thus, it is necessary to reach an AMF threshold to partially or completely
overcome the anisotropy barrier of the MNP. The anisotropy field (HK) is an interesting
parameter to define such a threshold in theoretical simulations (Equation (5)).

HK = 2K/MS (5)

According to the numerical simulations based on the Stoner-Wolfarth theory, MNPs
requires an AMF higher than approximately 0.4 HK to begin heat dissipation, which reaches
it maximum value when the AMF approximates to the HK [92]. At higher AMFs, magnetic
moments reach saturation and heat dissipation does not further increases. This theory also
establishes a direct relationship between the HK and HC (HK = 0.48 HC) for a set of MNPs
with randomly oriented easy magnetization axes, making this parameter an interesting
link between theoretical simulations and empirical data [93]. In summary, increasing the
magnetic anisotropy of the system can help increase the SAR as long as the intensity of the
AMF applied is similar to the HK of the system.
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The magnetic anisotropy constant (K) is a composite of two components: the mag-
netocrystaline anisotropy and the shape anisotropy. The former is associated with the
crystalline structure of the MNPs and the coupling between their atomic magnetic mo-
ments. The magnetocrystalline anisotropy of magnetite can be enhanced by doping the
structure with other transition metals, such as Co [94]. These cobalt ferrite MNPs have a K
value that is 2 orders of magnitude higher than magnetite [95], creating MNPs with mag-
netic moments strongly fixed in the easy magnetization axes. Heat dissipation for highly
anisotropic MNPs like cobalt ferrites is generally produced by Brownian mechanisms,
which might be not ideal for in vivo applications.

The second contribution to anisotropy is defined by the geometry of the MNP. Mag-
netic materials tend to minimize their magnetic poles by locating their magnetization
along their longest axis, establishing the geometrical easy magnetization axis. The geo-
metric anisotropy can be enhanced by creating anisometric nanostructures like nanocubes,
nanorods and nanodiscs [63,96–98]. These nanostructures are of general interest as they
are good mechano-transducers that may apply large torques on biological components
although they must be prepared with reduced dimensions to preserve their superparamag-
netic response [99,100]. An alternative to superparamagnetism is to create nanomaterials
with an exotic magnetic order known as magnetic-vortex that can be mechanically manipu-
lated and also presents a lack of remanence [69].

As a rule of thumb, increasing the saturation magnetisation (MS) of the sample is
a good approach for AMF inducers that operate at low intensity and high frequency,
whereas increasing the K of the system is more convenient for AMFs that operate in high-
intensity and low frequency conditions [101]. Both strategies could be combined by creating
magnetically coupled composites with two magnetic components [102]. The area of the
high frequency hysteresis loops can be maximized by coupling a “soft” magnetic phase
with the high MS and a “hard” magnetic phase with large coercivity through an exchange
interaction [103]. Indeed, CoFe2O4@MnFe2O4 core-shell MNPs represent a paradigmatic
example of this kind of system [104]. The synergetic effect of such magnetic coupling
generates an increase in the SAR value of one order of magnitude with respect to similar
MNPs with a single ferrite phase (3.03 kW/g). Even more impressive results were obtained
with Zn0.4Fe2.6O4@CoFe2O4 core-shell MNPs prepared with a cubic shape in which the
SAR was above 10 kW/g [105]. Although these are outstanding SAR values compared to
other MNPs [106], the synthesis of homogeneous core-shell structures with a controlled
shell thickness remains a challenge.

A more feasible approach to exchange coupling to develop advanced magnetic
nanoheaters is the preparation of multicore MNPs, also known as nanoflowers. These
structures are made of aggregates of magnetic nanocrystals with common epitaxial inter-
faces that couple the magnetic responses of the nanocrystals. Exchange coupling creates
a cooperative magnetization process between the nanocrystals formed that increases the
susceptibility of the aggregated nanostructures [107]. This increase in susceptibility implies
a rise in the SAR values up to c.a. 2 kW/g at very high frequencies (700 kHz), even at mod-
erate AMF intensities (25 kA/m) [108]. The amount of heat dissipated strongly depends on
the primary crystal size, and on the composition and extent of the interfacial surface [109],
creating an energetic balance of the dipolar interactions and exchange coupling between
the primary nanocrystals that may favour or hamper heat dissipation [110].

Dipolar interactions are also a crucial parameter when using MNPs as nanoheating
agents. When MNPs are magnetized they create their own dipolar field that affects the
magnetic response of the surrounding MNPs. This effect is especially relevant for highly
concentrated colloids and in aggregated systems in which the MNPs are in close proximity,
such as endosomes. For small MNPs, the dipolar field may increase the anisotropy barriers
and enhance their heating performance [111]. But in most cases the effect is the opposite,
the dipolar field cancelling the effect of the applied field, reducing the susceptibility of the
system and consequently diminishing their SAR [112,113]. This has been postulated as a
possible cause for the discrepancies observed in the heating performance of MNPs between
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ex vivo and in vivo studies [114]. Only in the case of elongated aggregates, such as chains,
does the dipolar interaction result in cooperative magnetization that favours susceptibility
and increases the coercivity of the system [115].

Although these parameters are interesting from the point of view of the magnetic
properties, superparamagnetic iron oxide nanoparticles (SPIONs) are clearly the most
advanced candidate in terms of commercial availability, regulation and clinical trials. In
terms of magnetic properties, SPIONs present a relatively high susceptibility and low
residual magnetization in the absence of an external magnetic field. Moreover, SPIONs
are well-tolerated and they have low toxicity profiles, even in long-term studies [116]. In
addition, they can be biotransformed from SPIONs to other iron compounds, facilitating
their clearance [117–120]. SPIONs have been in clinical use for years, and several types
have been approved for use in humans by the European Medicines Agency (EMA) and the
Food and Drug Administration (FDA) in the USA, especially as anti-anaemic drugs and
contrast agents for MRI [121].

Preparation of Candidate MNPs for MHT

In designing MNPs for HT, a balance must be reached between the size of the magnetic
core to maximize the heat released (>10 nm) and the colloidal stability in biological media
required for intravenous injection (<50 nm). Above these sizes, magnetic interactions
between NPs are very strong and it is difficult to keep them apart despite their coating,
such that they tend to aggregate and precipitate. One NP formulation already approved
for use in cancer therapy is NanoTherm®, approved in 2010 by the EMA to treat recurrent
GBM and in 2018 by the FDA for human prostate cancer (https://www.magforce.com/en/
home/about_magforce/#highlights; accessed on 27 July 2021). NanoTherm® is a colloidal
suspension of aminosilane coated 15 nm iron oxide NPs (with an iron concentration of
112 mg/mL) that can be delivered percutaneously into the tumour tissue. However, the
challenge remains to develop NPs with enhanced specific loss of power and efficient
delivery, within clinical AMF design constraints [122].

Iron oxide MNPs commercially available for HT are produced by precipitation of iron
salts (Fe(II) and Fe(III)) in alkaline aqueous solutions. The size of the particles does not
exceed 20 nm and it can be ensured by thermal treatment for long periods of time or by
controlling the pressure in autoclaves. Thus, high pressure homogenisation processes allow
the formation of individual crystals with mean diameters of 15–20 nm [123]. In a similar
way, core–shell NPs and mixed ferrites are obtained by co-precipitation of stoichiometric
mixtures of solutions containing divalent (Mn(II), Co(II), Zn(II)) and trivalent metals
(Fe(III)) in alkaline medium [124]. Although core-shell MNPs can be finely tuned in organic
media synthesis, the synthetic methods in aqueous media are preferred because they do not
need additional coatings for water transference and are fully scalable to mass production,
although controlling the size distribution and crystal order is limited due to the use of
temperatures below 100 ◦C.

Controlling the shape of NPs and producing larger MNPs (>20 nm) can be achieved
by thermal decomposition in organic media at temperatures as high as 300 ◦C, while
cubes or rods are prepared using shape directing agents, either carboxylic acids or amines,
respectively [96,97]. Autoclaves have recently been used to produce up to gram quantities
of cubes, using iron pentacarbonyl as a precursor (Patent: WO2020222133A1). Other ferrites,
such as manganese ferrite, zinc ferrite or a mixture of them in the form of core@shell or
alloys prepared by this method, have showed excellent properties for HT [101].

Moreover, the assembly of magnetic cores into regular structures has been shown to
significantly influence the HT behaviour of the particles, requiring the control of some key
synthetic parameters that drive the self-assembly and growth process, such as surfactants
and the viscosity of the medium. Thus, flower-like iron oxide assemblies between 25 and
250 nm can be obtained by heating a mixture of Fe(II) and Fe(III), or of an Fe(III) salt alone,
to 200 ◦C in a heating mantel or in an autoclave [108,125]. In this sense, polyols are very
interesting polar solvents that work as reducer, surfactant and high temperature synthesis
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media, allowing the use of inorganic salts as precursors [126]. Moreover, it is possible to
combine the polyol procedure with more efficient heating technologies, such as microwave
heating, leading to higher production yields over shorter reaction times [127].

The assembly of magnetic cores can be exploited even in the absence of an interface
between them. The chains of magnetic nanocubes naturally produced by magnetotactic
bacteria have for long been the best candidates for MHT, with a SAR of 2.38 kW/g at 310
kHz and 30 kA/m [128]. For this reason, several mimetic systems have been produced
using silica as a template or other anisometric nanomaterials [129]. Finally, further coating
and functionalisation is possible for NPs obtained in either aqueous, organic and polyol
media. Coating with aminosilanes and/or polysaccharides is mainly used for targeted HT
applications [130]. These coatings provide an excellent first layer for the bioconjugation of
biomolecules, such as antibodies or peptides, drugs or biomarkers.

4. The Biological Effects of the Application of AFM to Cells Loaded with MNPs: Is It
Always Hyperthermia?

Having established the physical principles and the materials used in the develop-
ment of MHT, we can focus on the biological effects that they produce. However, rather
than adopting a general or macroscopic view of this issue, we shall focus on the cellular
and subcellular effects of this treatment. There are many in vitro and in vivo studies that
have correlated MNPs and AMF therapies with extended life expectancy or tumour re-
gression [131], although the biochemical mechanisms responsible for such improvements
remain unclear. Depending on the magnetic features of the MNPs, and on the AMF am-
plitude and frequency, the MNPs can transform the energy of the magnetic field into heat
or mechanical effects (Figure 2c,d,e). The application of the AMF may cause the magnetic
moments of the internalized MNPs to rotate in the direction of the field (Néel’s relaxation)
and the actual MNPs to physically rotate (Brown’s relaxation). These two responses to the
magnetic field are manifested to a greater or lesser extent depending on the intrinsic charac-
teristics of the NMPs (size, shape, anisotropy, crystallinity) and the magnitude of the AMF.
When the AMF is applied and it alternates at high frequency, the continuous re-orientation
of the MNPs with the magnetic field alters the release of heat by the MNPs [132] or the
physical movement of the MNPs, provoking mechanical damage.

Consequently, there is a controversy around if it could be termed hyperthermia for
all effects provoked by MNPs + AMF treatment. So that, we propose to classify the
biological effects into four groups, depending on the main cause of the biological effects
observed. First, we talk about the most intuitive mechanism, the rise of temperature, that
is, hyperthermia. Then, we mention several studies where the authors believe that the
resulting effects are not related to temperature, but due to the physical and mechanical
MNPs movements. Later, we introduce a section to propose an explanation for these
apparently non-temperature-related effects, offering the possibility of a macroscopically
undetectable hyperthermia phenomenon. Finally, we mention other indirect treatment
processes that help us to tumour regression.

4.1. Biological Effects of Heating

It is well known that a rise in temperature triggers cell death, yet not all cell types are
equally sensitive. Cancer cells are considered to be more susceptible to HT than healthy cells
due to their higher metabolic rates [133], the hyperthermic inhibition of DNA repair [134] and
the poorer heat dissipation through the blood flow [135]. More specifically, the biological effects
of HT include (Figure 3): an increase in oxidative stress (Figure 3. 1©) [136,137]; inactivation
of membrane receptors and increase in ion permeability that affects cell transport (inhibition
of amino acid transport and increased Na+, K+, and especially Ca2+: Figure 3. 2©); a lack of
stability and an increase in membrane fluidity (Figure 3. 3©); changes in cytoskeletal organization,
involving microtubule, microfilament and intermediate filament depolymerization (Figure 3. 4©);
increased protein denaturation and insoluble protein aggregation in the nucleus (Figure 3. 5©),
which promotes heat shock protein expression (Figure 3. 6©) and centrosome damage, as well
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as mitotic dysfunction (Figure 3. 7©); and eventually, DNA damage or denaturation can occur
(Figure 3. 8©) [138].

Figure 3. Cellular and sub-cellular biological effects derived from hyperthermia. Upper: normal conditions (37 ◦C). Bottom:

hyperthermia treatment (>42 ◦C).

4.2. Biological Effects of Mechanical Rotation or Vibration

It is interesting that there have recently been several reports of cell death after MHT
without any perceptible rise in temperature [139–142]. The mechanisms responsible for
these effects have not yet been elucidated, although there is data indicating that they are
related to an increase in lysosomal permeability, which triggers an enhanced reactive oxy-
gen species (ROS) production and enhanced activity of the lysosomal protease cathepsin
D in the cytoplasm diminishing tumour cell viability [47,143,144]. This lysosomal perme-
abilization might be also caused by mechanical rotation or vibration of SPIONs altering
lipid membrane stability (Figure 3. 9©). Indeed, dynamic magnetic fields induce a slow
rotation of lysosome targeted SPIONs, tearing the lysosomal membrane and activating
apoptosis [145]. Moreover, according to theoretical simulations, the rotation of MNPs in a
liquid media can be induced by either rotatory fields or AMFs. However, at moderate field
intensities the torque induced by rotatory fields is 30 times higher than those created by
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AMFs [61]. Evidence of the mechanical damage produced by MNPs under an AMF has
come from reports of lysosomes rupture inside the cells [144].

4.3. Biological Effects Derived from Non-Perceptible Heating: The “Hot Spot” Effect

Another possible explanation for the biological effects of AMFs that are apparently
unrelated to temperature changes might be very local intracellular heat release from
SPIONs (not detected macroscopically), known as a “hot spot” effect. This local heat-
release enhances biological effects, such as the generation of ROS by the iron oxide surface
of the NPs through the Fenton reaction (Figure 3.�), which is known to be accelerated
directly by temperature [146]. Hence, we think that markers of sub-cellular temperature
rises (e.g., Hsp70 [147] or thermal nanoprobes) should be implemented routinely in these
studies to determine if tumour cell death can be always attributed to HT (even if these
occur on a subcellular scale), or whether the biological effects that occur are unrelated
to temperature.

4.4. Biological Effects Derived from Other Indirect Process

It seems clear that independently of whether they are due to MNP heating or their
mechanical rotation and vibration, biological effects not directly or not exclusively related
to temperature play a crucial role in tumour regression. ROS formation through Fenton
reactions is probably the best studied of these, given that ROS can severely damage cell
elements due to oxidation, such as DNA, proteins, lipids and enzyme cofactors, thereby
inducing apoptosis [148]. ROS formation can occur by lysosome degradation or through
the breakdown of other subcellular structures but also, by MNP interactions and Fenton
reactions at the MNP’s surface. Interestingly, and concomitant with ROS production, an
increase in fluidity and a loss of cytoplasmic membrane integrity also activates cell death,
either necrosis or apoptosis [5]. Other effects not directly related with the MNP-tumour
cell interaction have an enormous importance in the fight against cancer. MHT has also
been associated with activation of DCs and NK cells [149].

5. MNP Behaviour in Response to AMF in the Biological Milieu

In the previous section, we have analyzed the biological effects driven directly or
indirectly by MNP exposure to AMF in MHT settings, that may or may not be trigger
by MNPs heat release in response to AMF exposure. In recent years, many studies have
suggested that the ability of MNPs to produce heat in response to AMF exposure when
MNPs are in biological milieus is severely reduced, even sometimes undetectable, a cir-
cumstance that would not be desirable for MHT therapies. A possible explanation for this
undesired behaviour could be that the magnetic response of MNPs to AMF was modified
as a consequence of MNPs-cell interaction [150,151], being the causes of these changes
in the magnetic properties a reduction in MNPs mobility, dipolar interactions, milieu
viscosity, and MNPs clustering or aggregation [58,114,150–153]. This alteration of MNPs
magnetic properties implies a dramatic reduction of SAR values, that could be observed
when MNPs are aggregated by contact with cells, but also by contact with physiological
milieus or viscous media emulating cellular environment, and depending on the intrinsic
properties of the MNPs, these SAR decreasing values could be more than 60% [114,152],
even in MNPs that, after being tested in aqueous medium, showed a promising heating
capacity [153]. Most of the observed alterations in the MNPs magnetic properties could
be explained by the restriction of the Brownian relaxation, since MNPs cannot respond
to AMF with rotation because MNPs are physically immobilized and blocked. Therefore,
when Brownian relaxation component is suppressed in biological conditions, and it was
demonstrated that Néel relaxation was unaffected by changes to their biological microen-
vironment, emphasizing the importance of MNP intrinsic magnetic properties for MHT
when particle mobility cannot be kept. So that, Néel relaxation component becomes the
only possible heat induction mechanism [58]. Likewise, doping MNPs with Zn allows a
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strong Néel relaxation that was preserved after MNPs-cell interaction, which is suitable for
heat releasing in MHT [151].

Although Néel relaxation contributes for heating generation during MHT the most im-
portant component for heating during an ideal MHT is the Brownian relaxation. Therefore,
it is a key point to understand why the MNPs are immobilized in and if it is a reversible
process. It has been shown that MNPs that were blocked as a consequence of cell internal-
ization, can recover their original magnetic properties, including the Brownian relaxation,
when the cells that contained them were lysed, due to the integrity of the magnetic core is
preserved during this process [57] suggesting that MNPs immobilization or aggregation is
the final cause of loss of Brownian relaxation. In another study, three systems with MNPs
different spatial distributions and grades of aggregation were analyzed in order to compare
their magnetic properties: isolated MNPs, MNPs-liposomes system, and MNPs-cell interac-
tion (using, in turn, Jurkat cell line that attached MNPs to the outer membrane and Pan02
cell line that internalized the MNPs). Results showed that the biological environment
played a crucial role in the dynamic magnetic response of the MNPs, being more altered
for MNPs-cell system, and concluding that the simple fact of being in contact with the cells
triggers MNPs aggregation [154].

Other studies tried to determine if this aggregation derived from MNPs-cell contact
was a process dependent on the intrinsic properties of the MNPs or the host cell line. For
that, co-precipitated maghemite nanoparticles, assembly of the same maghemite nanoparti-
cles in liposomes, cobalt ferrite nanoparticles, iron oxide/gold dimers, iron oxide nanocubes
and iron oxide nanoflowers were tested in three different biological environments: MNPs in
water, MNPs attached to adenocarcinoma SKOV-3 cells membranes, or MNPs internalized
in SKOV-3 cells. As result, a rapid fall in the heating capacity of all the nanomaterials tested
(regardless of its different composition, shape or size) has been observed when MNPs
were associated with the cell membrane or were internalized [153]. Likewise, different
core size MNPs (6, 8 and 14 nm), coating (APS: 3-aminopropyltriethoxysilane, and DMSA:
dimercaptosuccinic acid), cell line (Jurkat and Pan02) and subcellular localization (mem-
brane or internalized in endosomes/lysosomes) were tested in biological milieus being
demonstrated that the aggregation process was independent of MNPs core size, coating,
cellular environment, host cell line and MNPs subcellular localization [150].

Currently, these problems of aggregation or blockade of MNPs are the main bottle-
necks in MHT therapies, so that more efforts will be required to develop strategies directed
to avoid them to achieve a satisfactory MHT.

6. Rational Design of Strategies Based on MNPs for MHT and Their Applications to
Tumours In Vitro and In Vivo

Having described the physical and biological behaviour of MNPs in relation to MHT, we
shall assess how this knowledge has been directed towards extracting the full potential of this
therapy through the rational design of MHT strategies based on MNPs. Hence, it is important to
consider the different intrinsic (size [155], shape [156], doping, etc . . . ) and extrinsic (magnetic
field intensity and frequency, subcellular location, intracellular aggregation, etc . . . ) parameters
that govern the success of such treatments (Scheme 1). As such, the different studies where MHT
has been successfully achieved based on the rational design of in vitro and in vivo experiments
will be considered.
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Scheme 1. Main parameters to be considered to achieve a successfully magnetic hyperthermia treatment.

6.1. Fine-Tuning the Intrinsic and Extrinsic MNP Properties for In Vitro Magnetic Hyperthermia

We can find many examples of rationalized MNP designs that have been considered
for in vitro MHT. For instance, size-optimized MNPs enhance cell death in Jurkat cells
after MHT [157]. Likewise, phospholipid-PEG coating has been used to concurrently
deliver Doxorubicin and to generate heat for an enhanced multimodal cancer treatment
in HeLa cells [158]. Likewise, MNP functionalization with the folate-receptor (a tumour
marker) has been employed for smart delivery to the MCF7 and G1 cell lines, with no
uptake by a control L929 cell line [159]. Furthermore, it has been described that MNPs
pegylation coating is capable of counteracting the interactions between dipolar particles
while maintaining a low level of nanoparticle aggregation in environments of different ionic
strengths and viscosities [160]. Each of these serves as a good example of the rationalization
of MNP size, coating and targeting for in vitro MHT.

We carried out studies that combined different strategies for the rational design
of MNPs [161], synthesizing them by thermal decomposition to obtain 18 nm flower-
like Mn-doped SPIONs covered with DMSA and functionalized with cRGD (an αvβ3-
Integrin-Ligand) peptide (from now on named NF-DMSA-PEP) that targets the U87MG
glioblastoma cell line. These NF-DMSA-PEP had higher SAR values than 12 nm spherical
MNPs covered with DMSA (NP-REF) and 20 nm flower-like MNPs covered with citric
acid (NF-REF), demonstrating the notable role of rationalized intrinsic MNPs properties
(size, shape, doping and coating MNPs). Furthermore, extrinsic properties related to the
biological features of the target cells must also be considered. MNPs uptake was tested by
comparing our NF-DMSA-PEP system with the same MNPs without the cRGD peptide (NF-
DMSA). NF-DMSA-PEP uptake by U87MG cells was enhanced 5–6 fold, while endocytosis-
exocytosis cycles avoided compact aggregation inside lysosomes and the resulting decrease
in NP-induced HT. Consequently, peptide effectiveness was demonstrated, establishing
2 h as the optimal time to then apply the magnetic field. Finally, a 2 h NF-DMSA-PEP
incubation followed by a 1 h AMF application (25 kA/m, 250 kHz) efficiently induced
intracellular cell heating (Hsp70 over-expression), ROS production and cell death (but
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without inducing apoptosis). The biological effects observed were always stronger with
NF-DMSA-PEP than with control MNPs.

6.2. Tuning Intrinsic and Extrinsic MNP Properties for In Vivo Magnetic Hyperthermia

One further step in the study of these approaches is the application of rational design
to treat tumours in animal models, mainly glioblastoma, pancreas, breast and prostate. The
most common way of administering nanoparticles for antitumor hyperthermia treatments
is by intratumoral injection of MNPs, with or without the aid of the use of advanced
imaging techniques to deliver MNPs into the tumour [162,163]. Systemic administration
of MNP through intravenous injection followed by the biological or physical targeting of
those MNPs to the tumour is another possibility, especially in the case of hard-to-reach
tumors. However, MNPs doses needed is greater than for intratumoral administration,
because the amount of MNPs that reach the tumour depend on several factors such as
biodistribution [51], EPR effect [31], active targeting [33,34] and renal clearance [31]. These
factors must to be taken account during the rational design process of the MNPs for MHT.
For instance, the pegylation of MNPs allows long blood circulation times avoiding the
rapid uptake by mononuclear phagocytic system and renal clearance [164]. Moreover,
thinking in translational therapy, several studies conclude that EPR effect work properly in
rodents but not in humans [32] making essential the use of active targeting strategies that
could make the process more complex. Nevertheless, satisfactory MHT through rational
designed MNPs intravenously administered has been done, as exemplified a study where a
rational design based on pegylation of MNPs and functionalization with c(RGDyK) peptide
solved the renal clearance and active targeting issues respectively, and finally glioblastoma
regression in mice was achieved [165].

For intratumoral administration rational MNPs design is also needed to improve the
regression of tumours. For instance, MNPs covered with DMSA and functionalized with
doxorubicin as chemotherapeutic agents were administered intratumorally achieving breast
cancer xenograft regression through a synergic effect [166]. Likewise, the development
of a biocompatible magnetic lipid nanocomposite vehicle for encapsulate MNPs and
doxorubicin was demonstrated to provoke a synergic effect sensitizing the tumour cells to
cancer chemotherapy in a subcutaneous melanoma mice model [167]. Another example
is the design of Janus MNPs charged with doxorubicin achieving the decrease of tumour
weight in subcutaneous breast solid tumour models [168]. Another example, cubic-shaped
MNPs, since cubic-shaped MNPs are better heaters than spherical MNPs [97], coated
individually with a polymer shell to avoid MNPs aggregation, have been shown to be
effective heat mediators for MH and heat-mediated chemotherapy on an in vivo xenograft
tumour model using A431 epidermoid carcinoma cells [169].

In addition to the intrinsic properties of MNPs, the extrinsic properties must be
considered. It was shown above that controlling and optimizing the biological parameters
related to the MNP-cell interactions is important for satisfactory MHT. However, since
intra-tumour injection is normally chosen in vivo, it is more interesting to consider other
parameters like the animal model or the type, size and location of the tumour. In addition,
optimizing the HT equipment conditions will play an even more crucial role. Modifying the
magnetic field frequency and intensity will allow the MNP induced heating capacity be fine-
tuned, with a higher frequency and a stronger magnetic field intensity translated into more
heating, which is crucial for certain nanomaterials. Normally, MNPs require a threshold
field to open their hysteresis loop and then achieve heat release. Nevertheless, higher
magnetic field frequencies and intensities are not permitted for in vivo or translational
therapies and thus, a compromise between these parameters must be found in order to
remain within the safety limits [79–81]. The duration and the repetition of applications are
other parameters to be considered. A full comparison of the in vitro and in vivo conditions
for MHT has recently been prepared by Vilas-Boas et al. [170].
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7. From the Laboratory to the Clinic

Despite the improvements implemented and the exponential growth of studies into
MHT to treat cancer, translational investigation in this area has not progressed as desired
and its clinical implementation has not yet occurred [79]. Various factors have influenced
this delay, technological challenges being the most important. As mentioned previously,
only one NP formulation has currently been approved for HT: NanoTherm® (MagForce AG,
Berlin, Germany). This sole alternative rules out the possibility employing a rational design
of NPs with better physical characteristics and a potentially improved heating capacity
at the same concentrations or doses [171]. In addition, NanoTherm® is a ferrofluid that
agglomerates in the tissue, and entrapment by macrophages as opposed to glioblastoma
cells might result in cancer cells receiving insufficient doses [172]. Moreover, intratumour
NPs injection must be employed to avoid aggregation, restricting their use to solid and
accessible tumours like glioblastoma or prostate cancer. Consequently, a homogeneous
NP distribution and therefore, constant heat distribution across the tumour is difficult to
achieve [171]. Moreover, the inability to use active rational design also translates into a loss
of effectiveness. On the other hand, the AMF applicator MFH 300F® (later implemented
as Nanoactivator® F100: MagForce s AG, Berlin, Germany) is the only apparatus used in
the clinical trials carried out to date, and always operating at a fixed frequency of 100 kHz
and with a field strength of 0–18 kA/s [79]. However, changes to these parameters might
produce better results while still respecting the safety limits.

Several clinical trials have been perfromed by Charité—Universitätsmedizin Berlin
(Germany) and the spin-off company MagForce AG, Berlin (Germany). The pipeline that
has driven the initial idea towards the realization of clinical trials can been easily traced
(Figure 4). In 1993, the potential use of SPIONs for HT therapy was first noted and how
NP application localised to a tumour might be less invasive than other techniques. With
clinical implementation in mind, a moderate concentration of ferrite 5 mg/g tumour was
considered, coupled to clinically acceptable magnetic fields that were comparable to ra-
diofrequency heating by local application and superior to regional RF heating [173]. Nearly
a decade later, in 2001 this idea was developed further and a new magnetic field therapy
system was introduced for the treatment of human solid tumours with magnetic fluid HT.
In this study, two of the three pillars of HT therapy used in the Charité-MagForce clinical
trials were well defined. Firstly, the aminosilane magnetite NPs used were subsequently
manufactured by MagForce AG and called NanoTherm® and they were seen to be more
significantly taken-up by malignant cells than normal cells. Secondly, the first prototype of
a magnetic fluid hyperthermia (MFH) therapy system was designed (Applicator MFH 300F)
and which was later developed as Nanoactivator® F100 by MagForce AG [174,175]. Finally,
and just one year later the third pillar appeared, the software initially called HyperPlan
and now NanoPlan® (MagForce AG) that enables treatments to be planned through a
thin-sliced CT or MRI scan. The software developed, in combination with the AMIRA®

visualization package (Mercury Computer Systems, Berlin, Germany), allows us to ob-
tain 3D reconstructions of the NP distribution in the tumour and the localization of the
thermometry catheter. Moreover, the physician can modify the parameters to simulate
different scenarios and to determine the optimal magnetic field strength for the treatment,
estimating the possible temperature distribution during the treatment [176].

Once the basic concepts have been fixed and a well-defined route obtained, a pilot
clinical trial was carried out. The aim of this pilot study was to evaluate whether the MFH
technique can be used for minimally invasive treatment of prostate cancer. The results
indicated that HT using MNPs injected transperineally into the prostate was feasible and
well-tolerated. Moreover, NPs were retained for at least 6 weeks in the prostate, making
sequential HT treatment possible without the need for new NP application. This study
formed the basis on which future clinical trials could be designed [177].
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Figure 4. Timeline of the major milestones and clinical trials carried out on humans where Magnetic Hyperthermia
Treatment was employed.

In the following years different clinical trials were performed, the details of which are
shown in Table 2. These clinical trials focused on understanding, optimizing and improving
particular aspects of the technique to enhance the results. First, in 2006 a phase I trial was
performed to evaluate the feasibility and tolerability of thermotherapy using MNPs in
different pre-treated tumours, as well as testing three different NP injection methods. The
results showed that magnetic fluid and thermotherapy treatment was well-tolerated, with
no or only moderate side-effects, respectively. Moreover, there was a clear need to further
improve the temperature distribution by refining the implantation techniques, or simply
by increasing the amount of NPs or the magnetic field strength [178].

A year later, a phase I trial was carried out in 2007 to investigate the feasibility
of using thermotherapy with biocompatible SPIONs in patients with locally recurrent
prostate cancer, evaluating an image-based approach for the non-invasive calculation of
the 3D temperature distribution. It was concluded that heating using MNPs was feasible.
Hyperthermic to thermoablative temperatures were achieved in the prostate at 25% of the
available magnetic field strength, indicating the potential to reach higher temperatures and
that a specific non-invasive thermometry method could be developed that may be used
for thermal dosimetry [179]. In the same clinical trial, the treatment-related morbidity and
quality of life (QoL) during thermotherapy was studied, and it appeared that interstitial
heating using MNPs was feasible and well-tolerated by patients with locally recurrent
prostate cancer. Furthermore, deposition of NPs in the prostate was evident 1 year later,
even though a homogeneous distribution was not achieved. Finally, a refinement of the
technique was needed to enable higher magnetic field strengths to be applied [180].

In parallel, a phase I trial was presented in 2007 to evaluate the feasibility and tolerabil-
ity of the newly developed thermotherapy, using MNPs to treat recurrent GBM and guiding
the intratumour NP injection by 3D imaging. The study demonstrated that thermotherapy
using MNPs is safe to use in the treatment of brain tumours and that therapeutic tempera-
tures ranging from HT to thermoablation can be achieved. These promising results opened
the door to further studies [181] and consequently, a few years later a phase II clinical
trial was carried out on 59 GBM patients. The objective of the study was to determine
the efficacy of intratumour thermotherapy in conjunction with fractionated stereotactic
radiotherapy for glioblastoma. This clinical trial confirmed the aforementioned advantages,
demonstrating MHT to be a safe and well-tolerated cancer therapy. Moreover, the clini-
cal trial concluded that the combination of HT and radiotherapy was clinically effective,
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augmenting the overall survival of patients. Finally, it was proposed that the combination
of HT and chemotherapy (particularly temozolomide), in conjunction with intratumour
NP targeting using convection-enhanced delivery (CED) is a promising approach for the
treatment of other solid tumours that should be evaluated in future clinical trials [59].

Table 2. Summary of the different MHT clinical trials carried out by Charité –MagForce.

Trial
Phase

N◦ of
Patients

Cancer Type
NPs Used and Route of

Administration
MFA and

Conditions
Hyperthermia Sessions,

Duration and Tª Reached
Year / Reference

I
(Pilot) 1 Prostate

NanoTherm® injected
transperineally into the
prostate (NPs retained for
at least 6 weeks).

Applicator MFH
300F:
(f = 100 kHz)
H = 4.0–5.0 kA/m

Hyperthermia, six 1-h
sessions:
- 1st session: 40.0–48.5 ◦C
- 6th session: 39.4–42.5 ◦C

2005 [177]

I 22

Different pre-treated
recurrences tumours:
chondrosarcoma,
rectal carcinoma,
cervical carcinoma,
prostate cancer,
sarcoma,
rhabdomyosarcoma,
ovarian carcinoma

NanoTherm® injected by 3
implantation methods:
- Infiltration under CT
fluoroscopy (group A)
- TRUS (transrectal
ultrasound)—
implantation guided by
X-fluoroscopy (group B)
- Intra-operative infiltration
under
visual control (group C)

Applicator MFH
300F:
(f = 100 kHz)
- H in pelvis =
3.0–6.0 kA/m
- H in thoracic and
neck up to 7.5
kA/m
- H in head > 10
kA/m

Hyperthermia (six 1-h
sessions) +
radiotherapy/chemotherapy:
- Tª ≥ 40.0 ◦C: 86% of
tumour volume
- Tª ≥ 43.0 ◦C: 30% of
tumour volume (Group A)
and 0.2% (Group B)

2006 [178]

I 10 Prostate

NanoTherm® injected
transperineally into the
prostate guided by
TRUS/fluoroscopy (89.5%
were retained for at least 6
weeks and NPs still
observed 1 year later).

Applicator MFH
300F
(f = 100 kHz)
H = 2.5–18.0 kA/m

Hyperthermia, six 1-h
sessions:
- Median prostate Tª: 40.1
◦C (7.8 min at 43 ◦C in 90%
of cases)
- Maximum prostate Tª:
55.0 ◦C
- Median urethral Tª: 40.5
◦C
- Median rectal Tª: 39.8 ◦C

2007 [179,180]

I 14 Glioblastoma
multiforme

Intratumoural injection
guided by 3D image of
0.1–0.7 mL of NanoTherm®

Applicator MFH
300F
(f = 100 kHz)
H = 2.5–18.0 kA/m

Hyperthermia (six 1-h
sessions) + radiother-
apy/chemotherapy:
- Intratumoural Tª:
42.4–49.5 ◦C

2007 [181]

II 59 Glioblastoma
multiforme

Intratumoural injection
guided by 3D image of
0.5–11.6 mL of
NanoTherm®

Nanoactivator®

F100
(f = 100 kHz)
H = 2.0–15.0 kA/m

Hyperthermia (six 1-h
sessions) +
radiotherapy/chemotherapy:
- Median Tª = 51.2 ◦C

2011 [59]

Finally, the “Magnetic Nanoparticle Thermoablation-Retention and Maintenance in the
Prostate: A Phase 0 Study in Men (MAGNABLATE I)” was the first clinical trial performed
outside of the Charité –MagForce collaboration, promoted by University College London
Hospitals (NCT02033447 [182].

8. Conclusions

From this review we can draw some important conclusions regarding the clinical
implementation of MHT. In the case of MNPs, there are many studies about how their
intrinsic properties (size, shape, composition, coating, etc) can affect their ability to generate
heat in response to AMFs in non-biological milieus. This knowledge can be used to improve
their rational design for MHT therapies to obtain the better heat release. However, the
behaviour of MNPs in response to AMF in biological media, and the underlying cellular
mechanisms that are triggered, are not yet fully understood, representing a major bottleneck
in the application of MHT under physiological conditions. Therefore, it is important that
more studies focus on the behaviour of MNPs inside cells. For example, it is important
to study MNP biodegradation in different cell types and tissues, since MNP degradation
in cells could affect their magnetic properties during treatment, and issue that could be
critical in therapies that require the repeated application of the magnetic pulses long after
the administration of NPs. In terms of the development of HT equipment, it is important
to emphasize the importance of selecting the appropriate field intensity and frequency for
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each case, so that treatments produce specific effects. For clinical applications, it should be
remembered that safety limits exist above which we cannot operate.

In general terms, the clinical implementation of MHT has not progressed as might
have been anticipated, despite the success of some clinical trials. The global conclusions
that we can extract from the clinical trials carried out to date is that the first steps taken
have yielded promising results. However, in recent years no more clinical trials have been
carried out. Fortunately, this tendency seems to be changing and a few months ago, a new
and very ambitious pivotal single-arm clinical study for the focal ablation of intermediate-
risk prostate cancer using NanoTherm® was presented by MagForce USA, Inc. following its
FDA approval. Along similar lines, in Europe both the Vall d’Hebron University Hospital
and the Fuenlabrada University Hospital are involved in a new feasibility study on treating
locally advanced pancreatic ductal adenocarcinoma (PDAC) as part of the NoCanTher
project [183].

In summary, we strongly believe that increasing knowledge in the key biological
aspects above-mentioned is highly necessary to achieve fine control of the process that
could trigger the desired clinical implementation of MNPs-based magnetic hyperthermia.
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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
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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.
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Simple Summary: In cancer patients, adoptive T cell transfer shall increase the number of circu-
lating cytotoxic T cells to foster anti-tumor immune responses. In solid tumors, however, lack of
lymphocyte infiltration into the tumor impairs treatment efficacy due to the immune-suppressive
tumor microenvironment. To make cells controllable by external forces, we loaded primary human
T cells with citrate-coated superparamagnetic iron oxide nanoparticles (SPIONs). SPIONs were
tightly attached to the plasma membrane and also taken up intracellularly into vesicles. With their
nanoparticle cargo, we were able to magnetically accumulate them, which is a promising finding for
future magnetic delivery of immune cells after adoptive transfer.

Abstract: T cell infiltration into a tumor is associated with a good clinical prognosis of the patient
and adoptive T cell therapy can increase anti-tumor immune responses. However, immune cells
are often excluded from tumor infiltration and can lack activation due to the immune-suppressive
tumor microenvironment. To make T cells controllable by external forces, we loaded primary
human CD3+ T cells with citrate-coated superparamagnetic iron oxide nanoparticles (SPIONs).
Since the efficacy of magnetic targeting depends on the amount of SPION loading, we investigated
how experimental conditions influence nanoparticle uptake and viability of cells. We found that
loading in the presence of serum improved both the colloidal stability of SPIONs and viability of
T cells, whereas stimulation with CD3/CD28/CD2 and IL-2 did not influence nanoparticle uptake.
Furthermore, SPION loading did not impair cytokine secretion after polyclonal stimulation. We
finally achieved 1.4 pg iron loading per cell, which was both located intracellularly in vesicles and
bound to the plasma membrane. Importantly, nanoparticles did not spill over to non-loaded cells.
Since SPION-loading enabled efficient magnetic accumulation of T cells in vitro under dynamic
conditions, we conclude that this might be a good starting point for the investigation of in vivo
delivery of immune cells.
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1. Introduction

Cancer is the second leading cause of mortality worldwide with over 8.7 million deaths
in 2016 and is expected to become the leading one by 2060 [1]. Despite death rates have
been steadily declining in the last years, treatment is still complex. Surgery, chemotherapy,
radiotherapy, alone or in combination, have represented the main treatment options for a
long time. Since the immune system itself can recognize and eliminate tumor cells, immune
therapy has evolved. Infiltration of solid tumors with immune cells has turned out to be
an important criterion for therapy as well as for patient prognosis [2,3]. Especially CD8+
T cells among the tumor-infiltrating lymphocytes (TILs) have a favorable impact on disease
burden and progression [4,5]. Adoptive transfer of immune effector cells shall increase
the amount of tumor-infiltrating lymphocytes to boost the anti-tumor immune response.
This procedure utilizes the isolation of peripheral T cells or TILs from a patient and the
expansion and modification to increase the immunogenic anti-tumor activity [6]. However,
it has been shown that after the transfer of the T cells only a small number infiltrated into
the tumor, resulting in only minor anti-tumor effects [7,8]. Irregular tumor vasculature,
barrier function of the tumor epithelium, low expression of adhesion molecules, as well as
low chemokine expression in the tumor and/or aberrant chemokine receptor expression
on the T cells are discussed to hinder the infiltration of effector cells [9]. To overcome these
issues, several very specific strategies dependent on the tumor and T cell type have been
developed such as the use of antibodies or homing peptides, which increased activation
of the cells but also induced severe adverse events such as cytokine release syndrome or
seizures and cerebellar effects [10–12]. In addition, their specificity, short half-time, and
high costs may represent an obstacle for wider use [13]. Thus, a safe and targeted approach,
applicable to various effector cell types and tumors is of urgent need.

Superparamagnetic iron oxide nanoparticles (SPIONs) have come into focus as mag-
netically controllable shuttles to deliver drugs specifically to the desired region and sparing
healthy tissues, referred to as “Magnetic Drug Targeting (MDT)” [14]. For this, SPIONs
loaded with a (chemo-)therapeutic drug, are applied to the tumor supplying vascular sys-
tem and enriched in the tumor region by application of an external magnetic field. We and
others have shown successful targeting and enhanced anti-tumor activity of SPION-loaded
chemotherapeutic agents when magnetically accumulated in the tumor region [14–16].
Following the principle of magnetic targeting, it is not only possible to transport active
ingredients to a target by magnetic control. Cells can also be loaded with SPIONs and
moved to the desired region by an external magnetic field. For that, the SPIONs must
either bind to the cell surface or be taken up into the cell. Dendritic cells, stem cells, and
endothelial cells have been functionalized with SPIONs and were magnetically guided to
the target tissue for tumor vaccination, to control tissue injury or application in regenerative
medicine [17–19].

Concerning diagnosis, magnetic nanoparticles can be visualized in magnetic resonance
imaging (MRI) and have been used for liver imaging previously. Analogously, SPION-
loaded cells can be visualized by MRI, which has been used to track the path of T cells
for a better understanding of migration and survival of antigen-specific T cells under
pathophysiological situations [20–22]. Interestingly, for future translation into clinics, the
magnetic field coils inherent to clinical MRI scanners can not only be used for tracking
but also steering magnetic nanoparticles or nanoparticle-loaded cells into the wanted
region [23,24].

To enable their site-directed targeting, lymphocytes such as NK cells and T cells
have been previously functionalized with SPIONs [25–32]. Physicochemical factors of the
nanoparticles such as surface charge, size, shape, and coating were reported to influence
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nanoparticle uptake and biocompatibility [33]. Since lymphocytes are not phagocytic,
their nanoparticle uptake is usually low [34], which might reduce magnetic retention.
Positively charged coatings of the SPIONs such as 3-aminopropyl-triethoxysilane can
enhance interaction with the negatively charged plasma membrane [31] but might also lead
to nanoparticle clusters that can detach and spill from the loaded cells. Moreover, NK cells
were loaded with positively charged magnetic nanocomplexes and enabled image-based
guiding by MRI after intra-arterial infusion [35]. Another employed strategy was the
binding of magnetic nanoclusters onto T cells via a PD-1 antibody, which enabled efficient
recruiting of T cells to tumor sites, where the PD-1 antibody was released and both, together,
exerted a synergistic anti-tumor effect [28]. Zupke et al. showed that the loading efficacy of
T cells with nanoparticles strongly depended on nanoparticle concentration, incubation
time, and temperature, as well as the presence of serum in the incubation media [36]. The
question if SPIONs spill from labeled cells to other cells and the stability of SPIONs in the
loaded cells, however, has not been intensively investigated so far.

Besides other challenges, for magnetic guidability the basis is the stable and sufficient
loading of SPIONs on or into the T cells without compromising their viability and effector
functions. Here, we investigated, with negatively charged citrate-coated SPI-ONs, how
experimental conditions influence nanoparticle uptake and viability of primary human
T cells.

2. Materials and Methods

2.1. Materials

Cell culture plates were purchased from TPP (Trasadingen, Switzerland). Merck
(Darmstadt, Germany) provided the Muse® Count & Viability Assay Kit. Ringer’s solu-
tion was acquired from Fresenius Kabi (Bad Homburg, Germany). Hoechst 33342 (Hoe),
1,1′dimethyl-3,3,3’,3’-tetramethylindodicarbocyanine iodide (DiIC1(5)), Gibco™ RPMI
medium 1640, GlutaMAX supplement, penicillin-streptomycin solution 5000 U/mL, Vy-
brandt™ DiD, Syto16, Fixable Viability Dye eFluor™ 450, CellTrace™ Violet (CTV), and
L-glutamine (200 mM) were purchased from Thermo Fisher Scientific (Waltham, MA,
USA). Propidium iodide (PI) and phosphate-buffered saline (PBS) were obtained from
Sigma-Aldrich (Taufkirchen, Germany), fetal calf serum (FCS), and amphotericin B from
Biochrom (Berlin, Germany).

The Human CD3 Fab-TACS Gravity Kit was obtained from IBA (Goettingen, Ger-
many), and the nitric acid 65 % from Carl Roth (Karlsruhe, Germany). The H2O used in all
experiments was prepared in-house using the Merck Milli-Q® Direct water purification
system (Darmstadt, Germany). Falcon® 40 μm and 70 μm cell strainers were purchased
from Corning by Life Sciences (Corning, NY, USA) and LabSolute (Renningen, Ger-many).
Annexin A5 fluorescein isothiocyanate (FITC) conjugate (AxV-FITC) and recombinant
human Interleukin (rhIL)-2 and rhIL-7 were obtained from ImmunoTools (Friesoythe,
Germany), the ImmunoCult™ Human CD3/CD28/CD2 T cell Activator was obtained
from Stemcell Technologies (Vancouver, BC, Canada), and the S-Monovettes 10 mL 9 NC
were obtained from Sarstedt (Nuembrecht, Germany). BD Insyte-W intravenous cannula,
16GA were purchased from BD (Haryana, India). Iron reference standards (1 g/L) were
purchased from Bernd Kraft GmbH (Duisburg, Germany).

BioLegend (San Diego, CA, USA) provided APC anti-human CD8a, APC Mouse
IgG1, κ Isotype Control, PerCP/Cy5.5 anti-human CD4, PerCP Mouse IgG1, κ Isotype
Control, and PE anti-human IL-2. FITC mouse anti-human CD3, Pacific Blue mouse anti-
human CD8, Pacific Blue mouse IgG1, κ, Isotype Control and FITC Mouse IgG1, κ, Isotype
Control were obtained from BD Pharmingen (San Jose, CA, USA). Inside Stain Kit, PE
anti-human Tumor Necrosis Factor (TNF)-α, APC-Vio 770® anti-human Interferon (IFN)-γ
were purchased from Miltenyi Biotec (Bergisch Gladbach, Germany). Ibidi (Gräflingen,
Germany) provided μ-Slide I Luer with a channel height of 0.4 mm. The peristaltic pump
Ismatec® IPC and PharMed® BPT tubes (2.06 mm inner diameter) were obtained from Cole-
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Parmer GmbH (Wertheim, Germany). Neodymium disc-shaped magnets (5 mm × 5 mm,
approximately 400 mT) were purchased from Webcraft GmbH (Gottmadingen, Germany).

The Gallios flow cytometer and Kaluza analysis Software (1.3, 2.1) were obtained from
Beckman Coulter (Brea, CA, USA). The SpectraMax iD3 plate reader was purchased from
Molecular Devices (San José, CA, USA).

For the analysis of T cells in transmission electron microscopy (TEM) the following was
used: Carl Roth (Karlsruhe, Germany) supplied glutardialdehyde 25 % (for microscopy) in
PO4-buffer, ethanol (absolute), acetone (100 % anhydrous), hardener MNA, DPA, glycidyl
ether (100 %), accelerator DMP 30, and NaOH (1 M). Science Service (Munich, Germany)
supplied OsO4, copper grid. Merck (Darmstadt, Germany) supplied K3(Fe(Cn)6, agarose
(low melting point), and lead(II)citrate-3-hydrate. Serva (Heidelberg, Germany) supplied
uranyl acetate. The following equipment from these companies was used: Emerson (Saint
Louis Missouri, United States) Branson 1200 ultra-sonic machine, Leica (Wetzlar, Germany)
Ultracut UCT, Zeiss (Oberkochen, Germany) TEM Leo 906, TRS Tröndle (Moorenweis,
Germany) CCD camera, ImageSP SysPROG.

2.2. Synthesis of SPIONs and Physicochemical Characterization

SPIONs were synthesized based on an adjusted protocol of Elbialy et al. [37] in
three batches. Particles were sterilized by filtration through syringe filters with 0.2 μm
pore size (Sartorius, Goettingen, Germany). Subsequently, SPIONs were analyzed re-
garding their size, iron content, magnetic susceptibility, and zeta potential according to
Mühlberger et al. [26]. The iron content was investigated after a dilution of 1:25 in deion-
ized H2O and dissolving in 65 % nitric acid with atomic emission spectroscopy (AES),
using the Agilent 4200 MP-AES (Agilent Technologies, Santa Clara, CA, USA) with an iron
solution of 1000 mg/L as an external standard (Bernd Kraft, Duisburg, Germany). Triplicate
measurements were performed at a wavelength of 371,993 nm, which were then averaged.

2.3. Isolation of T Cells from Human Whole Blood

Human cells were isolated from peripheral human blood obtained from healthy
volunteers after informed consent (approved by the ethics committee of the Friedrich-
Alexander-Universität Erlangen-Nürnberg; reference number 257_14 B). To obtain CD3+
T cells from citrate-anticoagulated human blood, the CD3 Fab-TACS™ Gravity Kit was
used according to the manufacturer’s instructions for freshly drawn blood. Isolated T cells
were counted in a MUSE cell Analyzer using the MUSE® Count and Viability assay kit.

2.4. Determination of T Cell Purity

To compare the T cell frequency in whole blood before isolation with the one after
isolation, erythrocytes were lysed in 100 μL whole blood for 20 s using 600 μL 0.12 %
formic acid (pH 2.7). Immediately after lysis, the solution was neutralized with 265 μL
solution containing 6 g/L sodium carbonate, 14.5 g/L sodium chloride, and 31.1 g/L
sodium sulphate (pH 11.2). Then, the cells were washed with 1 mL PBS and centrifuged at
300 rcf for 5 min at room temperature. Lysed whole blood and freshly isolated T cells were
then stained with antibodies against CD3, CD4, CD8, and corresponding isotype controls
for 30 min at 4 ◦C. Subsequently, the cells were investigated by flow cytometry and the
data was analyzed with the Kaluza software (version 2.1).

2.5. Determination of Cell Viability

Cell viability was determined in flow cytometry by staining 50 μL cell suspension with
250 μL of staining mixture for 20 min at 4 ◦C. The staining mixture contained 20 nM Hoe,
2 μL/mL AxV-FITC, 4 nM DiIC1(5), and 66.6 ng/mL PI per ml Ringer’s solution. Cells
were analyzed in a Gallios flow cytometer. Electric compensation was used to eliminate
fluorescence bleed through. Data were analyzed with the Kaluza software (version 2.1).
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2.6. Colloidal Stability of SPIONs in Various Media and Cellular Nanoparticle Uptake

If not indicated otherwise, T cells were cultured in a humidified 5% CO2 atmosphere
at 37 ◦C in a standard T cell medium composed of RPMI 1640 medium supplemented with
10% heat-inactivated (HI) FCS, 2% penicillin-streptomycin solution, 1% L-glutamine, and
1% amphotericin B.

To investigate the colloidal stability dependent on the medium composition, nanopar-
ticles (0, 26.7, 53.3, 80.0, and 106.7 μg/mL) were incubated in (1) T cell medium with 10%
FCS or (2) T cell medium with only 2% FCS or (3) PBS with 2% FCS overnight in cell
culture conditions. The next day, 100 μL supernatant of each sample, as well as 100 μL of
remaining fluid with resuspended SPIONs, was transferred to separate wells of a 96-well
plate. The optical density of the samples was measured at 320 nm in the SpectraMax iD3.
To analyze the formation of SPION agglomerates depending on the medium composition,
50 μL aliquots of each well were added to 250 μL of Ringer’s solution and then analyzed by
flow cytometry (forward scatter: voltage 500, gain 5, discriminator 20; side scatter: voltage
550, gain 10, discriminator off).

To evaluate the effect of the medium composition on the uptake of SPIONs by T cells,
1 × 106 freshly isolated T cells in 100 μL were incubated with SPIONs for one hour. Then,
cells were stained for viability as described above, analyzed by flow cytometry, and their
iron content was quantified in AES as detailed in Section 2.2.

2.7. Comparison of Stimulated and Non-Stimulated T Cells

2 × 106 of T cells were stimulated in a concentration of 1 × 106 cells per ml with
30 IU/mL rhIL-2 and 25 μL/mL/1 × 106 cells of Immunocult™ human CD3/CD28/CD2
T cell activator. Unstimulated CD3-positive cells in standard T cell medium served as
controls. After 72 h, 2 mL of either the T cell medium only or the T cell medium containing
30 IU/mL rhIL-2 was added to the controls or stimulated T cells, respectively.

To determine the effects of the stimulation on the viability of the T cells, flow cytometry
was performed after 0 h and 96 h as described above. Additionally, MUSE cell count and
viability analyses were conducted to confirm the flow cytometry results.

2.8. Determination of Nanoparticle Uptake

T cells were stimulated as described in Section 2.7. After the second stimulation at 72 h,
200 μL SPION solution was added to the test samples or the controls, respectively. A control
was also established, which received only 200 μL deionized H2O without SPIONs. After an
additional 24 h, the T cells were washed twice with PBS to remove free nanoparticles. The
T cell number was determined via the Muse Cell Analyzer. Cells were then sedimented
by centrifugation at 300 rcf for 5 min. After discarding the supernatant, the pellets were
dried at 95 ◦C, 300 rpm for 30 min in a 1.5 mL Eppendorf tube, before they were lysed with
100 μL nitric acid at 95 ◦C, 750 rpm for 15 min. 900 μL of water was added, followed by
measurement of their iron concentration by AES.

The long-term stability of the ingested SPIONs was also investigated. T cells were
loaded with 80 μg Fe/mL SPIONs overnight, controls received only deionized H2O. The
cells were then seeded at a concentration of 2 × 106 cells in 2 mL of T cell medium.
10 ng/mL IL-7 was added to the T cell medium to increase long-term survival. After 24 h,
48 h, and 72 h, the cells were collected, washed three times to remove any unbound iron,
and cell count was determined using the MUSE Cell Analyzer. Samples were dried at 95 ◦C
for 30 min, lysed with 50 μL HNO3 at 95 ◦C for 15 min, and dissolved in 450 μL deionized
H2O. The iron content was determined with AES and the pg iron per cell was calculated by
dividing the iron amount by the cell number.

2.9. SPION Exchange with Non-Loaded T Cells

2 mL of 1 × 106 CD3+ T cells per 1 mL in T cell medium were seeded in 12-well
plates, half of them were incubated with SPIONs overnight; the control group was treated
the same way with deionized H2O. The next day, nanoparticles were washed from the
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samples at 300 rcf for 5 min at room temperature. Loaded T cells were stained with FITC
anti-human CD3 antibody for 30 min at 4 ◦C with a working solution of 1:200 in T cell
medium, were washed two times and resuspended. Non-loaded cells were resuspended
in medium and placed into 96-well plates. Triplicates of 100 μL pure non-loaded T cells,
triplicates of 100 μL loaded T cells, and triplicates with mixed 50 μL non-loaded and 50 μL
stained loaded T cells were placed into 96-well plates and incubated for three hours in an
incubator at 37 ◦C. All samples were placed in the flow cytometer and the side scatter was
analyzed. Populations of non-loaded and loaded CD3+ T cells were differentiated by a
CD3 stain.

To investigate the long-term stability of the ingested iron in the cells, T cells were
stained with 5 μM of CTV for 30 min at 37 ◦C and then loaded with 80 μg Fe/mL SPIONs
overnight as described above; an unstained control received only deionized H2O. The
cells were then washed to remove excess particles and seeded in a 12-well plate at a
concentration of 1 × 106 cells in 2 mL of T cell medium. IL-7 was added to the T cell
medium at a concentration of 10 ng/mL, to increase the long-term survival. The exchange
between loaded and non-loaded cells was investigated by the seeding of 0.5 × 106 of each
loaded and non-loaded T cells in 2 mL of T cell medium. After 24 h, 48 h, and 72 h, cells
were collected, stained with 2 μL/mL AxV-FITC and 66.6 ng/mL PI for 20 min at 4 ◦C, and
then analyzed by flow cytometry.

2.10. Transmission Electronic Microscopy

For determination of the incorporated amount of SPIONs, transmission electronic
microscopy (TEM) was performed. For that, T cells were isolated and incubated for 72 h in
T cell medium. Afterwards, SPIONs were added to 8 × 106 T cells per sample for 24 h to
receive 2667 μg/mL or 80 μg/mL of iron. Cells that received only H2O without SPIONs
served as controls. Subsequently, the cells were washed three times with PBS whereupon
they were fixated in 2.5 % glutaraldehyde in 0.1 M PO4 buffer for 4 h, subsequently washed
3 times with 0.1 M PO4 buffer and left overnight at 4 ◦C. The staining of the cells for
TEM was performed with 1% osmium treta oxide (OsO4) in 3% potassium ferricyanide
(K3(Fe(Cn)6) for 2 h at room temperature (RT), and additionally washing the stained cells
with 0.1 M PO4 buffer overnight at 4 ◦C. Before embedding the cells in Epon resin, the cells
were transferred into a matrix of 2% agarose (low melting point) in 0.1 M PO4 buffer in an
Eppendorf reaction tube overnight. For Epon resin embedding, the cells were dehydrated
in agarose through an ethanol step and finally transferred to Epon using acetone and an
acetone–epon mixture, followed by a polymerization step for 48 h at 60 ◦C. Ultra-thin
sections of approximately 50 nm section thickness of the samples were prepared with the
Leica Ultracut UCT and placed on copper grids. These ultra-thin sections were then first
contrasted with lead citrate for 10 min and then with uranyl acetate for a further 10 min.
The images were taken with the Zeiss TEM 906 LEO (from Zeiss) with a CCD-camera
residual light amplifier from A. Tröndle, TRS, and the software ImageSP SYS Prog, TRS. The
images were taken at an acceleration voltage of 80 kV and a magnification of 12,930-fold.

2.11. Magnetic Accumulation of SPION-Loaded T Cells under Dynamic Conditions

The magnetic attractability of CD3+ T cells after SPION-loading was evaluated under
dynamic conditions. To imitate blood flow, a peristaltic pump was used to move SPION-
loaded cells through slides to which Neodymium disc shape magnets (5 mm × 5 mm,
approximately 400 mT) were attached. Unloaded cells and slides without magnets served
as controls. After 1 h of pumping, magnetically accumulated cells were stained with
the Hoechst 33,342 stain. Images were taken on a Zeiss Axio Observer Z1 fluorescence
microscope (Carl Zeiss AG, Oberkochen, Germany). Subsequently, pictures were analyzed
using the ImageJ software (version 1.52a).
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2.12. T Cell Activation and Proliferation after Polyclonal Stimulation

The T cells were investigated for cytokine production after stimulation. T cells were
isolated and loaded as described above and stimulated with 25 μL per 1 × 106 cells per
1 mL ImmunoCult human CD3/CD28/CD2 T-cell activator mix, however, no IL-2 was
added. After 24 h, the T cells were stained for CD4 and CD8 for 30 min at 4 ◦C, in order to
distinguish T cell subclasses. Afterwards, the cells were fixated and permeabilized with the
inside stain kit. The fixation was performed at room temperature for 20 min with 100 μL of
Inside Fix. Cells were then permeabilized for 30 min at 4 ◦C with the addition of antibodies
against TNF-α, IF-γ, and IL-2. Subsequently, the cells were analyzed by flow cytometry.

2.13. Data Analysis and Statistics

Data were prcessed in Microsoft Excel (Microsoft, Redmond, WA, USA). Statistical
analysis and graph creation were performed with GraphPad PRISM 9.0.2 from Graph-
Pad Software, Inc. (San Diego, CA, USA). For statistical significance, p-values ≤ 0.05
were considered.

3. Results

3.1. Physicochemical Characterization of SPIONs

Magnetic susceptibility, hydrodynamic Z-average size, and zeta potential of three
independently synthesized batches of SPIONs were investigated (Table 1). The magnetic
susceptibility of the particles normalized to an iron concentration of 1 mg/mL for the
purpose of comparison was determined to be ranging from 4.08 × 10−3 to 4.12 × 10−3.
The hydrodynamic Z-average size of the nanoparticles was in mean 52 nm to 58 nm. In
accordance, the polydispersity index (PDI) in water was 0.143 to 0.152. The zeta potential
ranged from −48.5 mV to −53.7 mV in deionized H2O with a pH of 7.3.

Table 1. Physicochemical characterization of SPIONs.

Physicochemical Feature Batch 1 Batch 2 Batch 3

Magnetic susceptibility (10−3) 4.08 ± 0.00 4.12 ± 0.00 4.10 ± 0.00
Z-average size (nm) in H2O 58 ± 0.1 52 ± 0.1 53 ± 0.2
Polydispersity index (PDI) 0.143 ± 0.005 0.151 ± 0.08 0.152 ± 0.07

Zeta potential (mV) at pH 7.3 −48.5 ± 0.5 −53.7 ± 0.4 −51.8 ± 0.3

3.2. Colloidal Stability of SPIONs in Cell Culture Medium

Since the protein corona is known to play a crucial role in nanoparticle uptake, we
reduced the FCS amount from 10% to 2% in the cell culture medium in order to increase
cellular nanoparticles loading. Experiments were additionally performed in 2% FCS in
PBS. To determine the colloidal stability of SPIONs in the above-mentioned media, the
nanoparticles were incubated overnight to allow them to agglomerate and sediment. On
the next day, the nanoparticle suspensions were analyzed for agglomerations. In the
medium with only 2% FCS, already macroscopically nanoparticle agglomerations were
visible in a dose-dependent manner. In PBS with 2% FCS and medium with 10% FCS,
we found no obvious larger nanoparticle sedimentations (Figure 1A). To analyze smaller
agglomerations, which were not visible to the naked eye, we measured the absorption
of the supernatant of sedimented or resuspended nanoparticle suspensions, respectively.
Recording of the spectrum (250–500 nm) of nanoparticle dilutions revealed an optimal
wavelength for the detection of SPIONs at 320 nm (Figure 1B). In the case of complete
colloidal stability, the absorption of sedimented and resuspended samples should be equal.
SPIONs in T cell medium containing 10% FCS and 2% FCS in PBS revealed the best colloidal
stability as determined by absorption measurements of the supernatant of the sedimented
and resuspended samples. Thus, absorption values of the supernatant of sedimented and
resuspended samples increased dose-dependently and were not dramatically different
between both. In contrast, the medium containing only 2% FCS induced nanoparticle
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agglomeration and sedimentation, causing large differences in the optical density values
of the supernatants of sedimented and resuspended samples. The resuspended samples
induced a dose-dependent absorption, whereas already in the smallest tested concentration
the values of the sedimented and resuspended samples were different (Figure 1C). Ana-
lyzing the agglomerations by flow cytometry supported this conclusion: only in the T cell
medium with 2% FCS nanoparticle agglomerations were detected by their relative size (for-
ward scatter) and granularity (side scatter). In the other solutions, the nanoparticles were
colloidally stable and the nanoparticle sizes were below the detection limit (Figure 1D).

Figure 1. Colloidal stability of SPIONs in various media. SPIONs were incubated overnight in PBS with 2% FCS or
RPMI cell culture medium containing 2% or 10% FCS, respectively. (A) Macroscopic pictures of SPIONs diluted in PBS
supplemented with 2% FCS or T cell medium with 2% or 10% FCS, respectively. (B) Spectrum of SPIONs diluted in RPMI
with 10% FCS. (C,D) T cell medium with 10% FCS is depicted in red, while T cell medium with 2% FCS is shown in green.
PBS supplemented with 2% FCS is depicted in blue. (C) Optical density at 320 nm of the supernatant of sedimented or
resuspended samples. (D) Supernatant or sediment was analyzed in flow cytometry for agglomerations. Shown are the
mean values of triplicates (C) or duplicates (D) with standard deviations. Significances were calculated using unpaired
t-test with Welch’s correction; * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001. ns: not significant, SP: SPIONs.

3.3. Influence of Medium Composition on SPION-Loading of T Cells

T cell isolation via IBA gravity columns resulted in a CD3+ T cell purity of 91.5% ± 1.1%
compared to the portion of CD3+ T cells of 34.9% ± 3.9% in whole blood (Figure S1). To
achieve magnetic guidability of the cells by loading with SPIONs, a sufficient amount
of iron per cell is crucial. Based on previous data by Mühlberger et al. [27], we selected
80 μg/mL as the optimal iron concentration for the loading of T cells. Similar to the loading
strategy of Sanz-Ortega [31], we reduced the medium volume, resulting in a cell count of

68



Cancers 2021, 13, 4143

1 × 106 cells in 100 μL of medium or PBS in the presence of 80 μg/mL SPIONs for 1 h to
enhance contact of cells with the nanoparticles.

Subsequently, cells were washed, counted, and the amount of iron was determined
from the cell lysates using AES. Cell count and viability were directly (without washing)
determined by flow cytometry after staining for apoptosis and necrosis using AxV-FITC and
PI (Figure 2A). AxV-FITC stains phosphatidylserine which is exposed on the outer surface
of the cells in apoptosis. Counterstaining with the plasma-membrane impermeable dye
PI detects necrotic cells. Thus, AxV-FITC-/PI- cells are considered viable, AxV-FITC+/PI-
cells apoptotic, and PI+ cells necrotic.

Figure 2. Influence of medium composition on SPION-loading of T cells. (A) Experimental setup.
(B) Determination of the cell count by flow cytometry. (C) The viability of the cells was determined
by AxV-FITC and PI staining in flow cytometry. AxV-FITC-/PI- cells were considered viable, AxV-
FITC+/PI- apoptotic, and PI+ cells necrotic. (D) Estimation of cellular nanoparticle loading by
analysis of the side scatter increase of viable cells by flow cytometry. (E) Cellular iron content [pg
Fe/cell] was determined by atomic emission spectroscopy of cell lysates. (B–E) Experiments were
performed in triplicates of T cells from 3–5 donors. Shown are the mean values with standard
deviations. Significances were calculated with a 2-way ANOVA test with a Tukey post hoc test;
* p ≤ 0.05; *** p ≤ 0.001. ctrl: control; SSC: side scatter; med: medium; ns: not significant; nec: necrotic;
apo: apoptotic; viab: viable.

69



Cancers 2021, 13, 4143

With the medium containing 10% FCS, the cell count was not reduced in the presence
of SPIONs. In contrast, SPIONs in both medium or PBS containing 2% FCS reduced the
cell count dramatically (Figure 2B), which might be due to iron overload and rupture of
cells. The majority of the residual cells, however, were viable (AxV-FITC-/PI-) (Figure 2C).

As shown by Friedrich et al., nanoparticle uptake was accompanied by an increase of
side scatter by flow cytometry [38], serving as a marker to estimate SPION-loading of the
cells. Since cell death processes also cause the alteration of cell morphology, we gated only
on viable cells based on their AxV-FITC and PI negativity. In RPMI medium with 2% FCS,
in which the nanoparticles agglomerated, the cells showed the largest side scatter increase.
In PBS containing 2% FCS, in which the nanoparticles were colloidally stable, the side
scatter increase was smaller, and in medium with 10% FCS hardly detectable (Figure 2D).
We analyzed the iron amount in the cell lysates using AES and calculating the iron amount
in relation to the cell count. In line with the side scatter data, we achieved the highest iron
values per cell for T cells in medium with 2% FCS with 26.03 pg ± 5.32 pg iron per cell,
which might be due to nanoparticle agglomerations in the cell lysates. T cell loading in
PBS with 2% FCS resulted in 2.96 ± 1.67 pg iron per cell. Cells in the medium with 10%
FCS contained only 1.40 ± 0.44 pg iron per cell (Figure 2E).

3.4. Influence of Polyclonal Stimulation on SPION-Loading of T Cells

Previously, it has been shown that uptake of nanoparticles by cells is dependent
on the cell cycle state, whereas uptake in G2/M was stronger than in the S and G0/G1
phase, respectively [39]. In order to increase nanoparticle uptake by cells, we aimed to
foster the division of the cells by polyclonal primary and costimulatory stimulation using
CD3/CD28/CD2 beads in the presence of 30 IU/mL rhIL-2 for 72 h (Figure 3A). Then, cells
were re-stimulated with 30 IU/mL rhIL-2 for another 24 h. At this time point, 80 μg/mL
SPIONs were added as well. Then, after 24 h incubation with SPIONs and an overall
96 h of stimulation, viability and iron uptake were determined by flow cytometry and
AES, respectively. At this time point, the stimulated T cells were at the cell division stage.
Unstimulated cells served as controls.

Flow cytometry revealed that with stimulation the cell count increased from 5.038 ± 1.637
to 12.154 ± 2.865 cells, whereas the presence of nanoparticles had no influence on the
cell count after stimulation (4.932 ± 1.537 to 13.004 ± 3.037 cells) (Figure 3B). The cell
viability, however, was reduced by the stimulation from 75.8% ± 9.8% to 62.4% ± 8.0%.
The presence of SPIONs further reduced the cell viability of non-stimulated and stimulated
cells to 71.8% ± 10.8% and 52.9% ± 8.0%, respectively (Figure 3C).

The side scatter of non-stimulated cells increased from 11.67 ± 0.53 to 16.17 ± 1.17 in
the presence of nanoparticles. For stimulated cells, the side scatter of the cells was generally
higher, possibly because of alterations in morphology due to the proliferation. Nonethe-
less, incubation with nanoparticles further significantly increased it from 31.58 ± 0.64 to
32.5 ± 0.89 (Figure 3D). Determination of the iron content in the cell pellets via AES and
calculation of the iron content per cell confirmed the nanoparticle loading of the cells in
the presence of SPIONs. Interestingly, however, we saw no significant differences in the
cellular iron amount dependent on the polyclonal stimulation of the cells. We observed
0.976 ± 0.43 pg Fe/cell for unstimulated and 1.03 ± 0.33 pg Fe/cell for stimulated cells
(Figure 3E).

3.5. SPION-Loaded T Cells Do Not Exchange Nanoparticles with Non-Loaded T Cells

After nanoparticle loading, it is mandatory that SPIONs are not released from the cells
or exchanged with other cells, to minimize loss of magnetic controllability, spill over to
formerly non-loaded cells, and the bias of other cells getting also magnetically attracted.

Transmission electron microscopy of the unstimulated cells revealed both the binding
of the SPIONs to the plasma membrane as well as internalization into vesicles (Figure 4A).
With 27 μg/mL of SPIONs, most of the nanoparticles were located intracellularly in vesicles.
Only some particles were attached to the plasma membrane. With 80 μg/mL, obviously
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more nanoparticles were associated with the plasma membrane. These nanoparticles
seemed to be tightly attached in a uniform layer at one side of the cell. In the magnification
(Figure 4A, picture 3), the formation of a membrane invagination with SPIONs is visible.

Figure 3. Influence of T cell stimulation on nanoparticle uptake. (A) Experimental setup. 1 × 106 CD3+ T cells in 1 mL T cell
medium were stimulated for 72 h and then re-stimulated and incubated with 80 μg/mL SPIONs for 24 h. Unstimulated
and/or cells without SPIONs served as controls. Subsequently, cells were analyzed by flow cytometry and atomic emission
spectroscopy (AES). Determination of cell count (B) and viability (C) in flow cytometry. AxV-FITC-/PI- cells were considered
viable, AxV-FITC+/PI- cells apoptotic, and PI+ cells necrotic. (D) Side Scatter (SSC) increase of AxV-FITC-/PI- cells indicates
nanoparticle uptake. E) Determination of the iron amount (pg/cell) by AES. (B–E) Experiments were performed in triplicates
of T cells from four donors. Shown are the mean values with standard deviations. Significance was estimated by a 2-way
ANOVA with a Tukey post hoc test; * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001. ctrl: control; ns: not significant; SP: SPIONs, stim:
stimulated; unstim: unstimulated; nec: necrotic; apo: apoptotic; viab: viable.
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Figure 4. SPIONs were not exchanged between loaded and non-loaded CD3+ T cells. (A) Subcellular localization of
SPIONs determined by TEM. Scale bars depict 500 μm (upper row) and 250 μm (lower row). Squares indicate areas with
SPION-loading in T cells. (B) Isolated CD3+ T cells (1 × 106 cells/mL) were loaded with 80 μg Fe/mL SPIONs overnight and
stained for CD3 or CTV; non-loaded T cells served as controls. Side scatter values were used for estimation of nanoparticle
uptake of SPION-loaded and non-loaded cells. A quotient was calculated by division of the SSC of loaded T cells with that
of non-loaded T cells of the same donor at the same time point. (C) Cell viability of SPION-loaded cells. Cells were stained
with AxV-FITC and PI. Ax-FITC-/PI- cells were considered viable (viab), Ax-FITC+/PI- apoptotic (apo), and PI+ necrotic
(nec). (D) Iron content per cell as determined by atomic emission spectroscopy and division through cell count. Shown are
the mean values with standard deviations. Significances were estimated using an unpaired t test with Welch’s correction;
** p ≤ 0.01, *** p ≤ 0.001; ctrl: control, SP: SPIONs, NM: not mixed, M: mixed.
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To investigate nanoparticle release from SPION-loaded T cells, cells were loaded
overnight with 80 μg Fe/mL SPIONs and stained for CD3 or with CTV for identification
by flow cytometry. Subsequently, we mixed loaded T cells with non-loaded T cells and
analyzed them after 3 h, 24 h, 48 h, and 72 h by flow cytometry regarding SSC increase.
Non-loaded T cells and loaded T cells in separate tubes served as controls. For comparison
between the time points, a quotient was calculated from the SSC of loaded T cells divided
by the SSC of unloaded T cells from the same donor at the same time point. The quo-
tients of non-mixed and mixed samples were not significantly different at each time point
(Figure 4B), indicating that nanoparticles were not exchanges between loaded and formerly
non-loaded cells. In parallel, we determined the viability after 24 h, 48 h, or 72 h after
loading by AxV-FITC and PI staining. As depicted in Figure 4C, after 24 h 81.1% ± 10.1%
of unloaded T cells were still viable compared to 74.7% ± 10.5% of loaded T cells. This
slightly reduced viability was also detectable after 48 h (non-loaded: 79.5% ± 10.4%, loaded:
71.9% ± 12.4%) and 72 h (non-loaded: 76.7% ± 12.0%, loaded 72.5% ± 10.8%), however
was not significant (Figure 4C). Furthermore, the iron content per cell after 24 h, 48 h, and
72 h was determined by AES. Starting with an iron content around 1 pg/cell at 12 h after
loading, the iron amount was reduced to 0.5 μg/mL at 48 h until it remained constant
(Figure 4D).

3.6. Loading of T Cells with SPIONs Allows Magnetic Enrichment under Dynamic Conditions

The magnetic attractability of CD3+ T cells after SPION-loading was evaluated under
dynamic conditions. To imitate blood flow in a physiological vascular system, a peristaltic
pump was used to move SPION-loaded cells through slides to which magnets were
attached. Non-loaded cells and slides without magnets served as controls (Figure 5A).
The catching of SPION-loaded cells (containing roughly 1 pg iron/cell) was visible even
macroscopically. After 1 h of pumping, magnetically accumulated cells were analyzed by
fluorescence microscopy by Hoechst staining. For cells without SPION-loading, no cell
accumulation was detected. With SPION loading, the numbers of cells increased from
62 ± 90 to 2188 ± 186 (stimulation) in the presence of a magnet, proving their magnetic
attractability (Figure 5B–D).

Figure 5. Dynamic magnetic enrichment of T cells. CD3+ T cells were isolated and stimulated for
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72 h with a CD3/CD28/CD2 activation mix with 30 IU/mL IL-2. After three days, the T cells received
an additional 30 IU/mL IL-2 as well as 80 μg Fe/mL SPIONs for 24 h. T cells without SPIONs or
un-stimulated T cells served as controls. Subsequently, the cells were stained with Hoechst 33342.
Dynamic enrichment was performed with a peristaltic pump at a flow velocity of 9.6 mL/min for 1 h
in μ-slides I Luer. Magnets were added to locally enrich T cells. For the controls, no magnets were
added. The slides were then imaged in fluorescent microscopy to analyze cell count. (A) Depiction
of the experimental setup. (B) T cell count after the dynamic enrichment and (C,D) corresponding
fluorescent microscopy images of the area where the magnet was placed of non-stimulated (C) and
stimulated cells (D). Statistical significances were calculated with an unpaired t test with Welch‘s
correction; *** p ≤ 0.001. ctrl: control; SP: SPION; -M: without Magnet; +M: with Magnet; the white
scale bar indicates 100 μm.

3.7. SPION Loading Does Not Impair Cytokine Release and Differentiation of T Cells after
Polyclonal Stimulation

The ability of loaded T cells to perform an immune reaction after stimulation is
mandatory. We polyclonally stimulated SPION-loaded and non-loaded T cells with
CD3/CD28/CD2 T-cell activator mix overnight. Subsequently, cells were intracellularly
stained for cytokine expression such as INFγ, TNFα, and IL-2. We found that neither the
loading with SPIONs induced cytokine production nor inhibited cytokine expression for
both CD4+ and CD8+ cells after polyclonal stimulation (Figure 6).

Figure 6. Cytokine expression of T cells after stimulation. Isolated T cells were loaded with 80 μg Fe/mL SPIONs and were
stimulated with a CD3/CD28/CD2 activation mix overnight. H2O treated cells and cells without stimulation mix served as
controls. The cells were then stained for CD4 and CD8, viability, and cytokine expression. Depicted are the percentages of
CD4 (A–C) or CD8 (D–F) T cells expressing TNFα (A,D), IFNγ (B,E) or IL-2 (C,F). Statistical significances were estimated
using an unpaired t test with Welch’s correction; (ns): p ≥ 0.05. ctrl: control; SP: SPIONs; unstim: unstimulated T cells; stim:
stimulated T cells.
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4. Discussion

The loading of cells with SPIONs enables their control by external magnetic forces.
This strategy has been applied for a long time for magnetic associated cell sorting (MACS)
in vitro [40] but also represents a great potential for in vivo applications, e.g., for targeted
adoptive T cell therapies. For MACS, cells are usually labeled via antibody-conjugated
magnetic microbeads, thus, cell labeling enables the isolation of wanted (touched) or
unwanted (untouched) cell populations. In contrast to direct targeting of surface markers
by antibody-labeled nanoparticles, we use nanoparticles with a citrate shell without any
specific targeting moiety. With this, cells can be labeled independently from specific surface
structures. Our aim is to make T cells magnetically attractable to enable site-directed
targeting for biomedical applications. For this purpose, T cells must be loaded with
sufficient iron and at the same time, the cellular function must not be impaired. Here we
analyzed how experimental conditions influence nanoparticle uptake and cell viability.

Our SPIONs have a negative zeta potential of around −50 mV at pH 7.3 and a hydro-
dynamic diameter of 54 nm in water (Table 1). When exposed to physiological fluids, it
is known that the nanoparticle surface is immediately covered by various biomolecules
to lower the surface energy [41–43]. Rocker et al. showed that serum proteins such as the
abundant albumin, bind nanoparticles [44]. This protein adsorption, referred to as protein
corona, essentially determines the “biological identity” of the nanoparticle, which can also
explain reduced targeting efficacy of, e.g., antibody-conjugated nanoparticles in vivo [45].
With 10% FCS in the cell culture medium, our SPIONs remained colloidally stable and
roughly 1.4 pg iron was associated with the cells after 3 h of incubation (Figures 1 and 2).
Reduction of the FCS content in cell culture medium to 2% led to nanoparticle agglom-
erations and their sedimentation (Figure 1). In parallel, we observed increased cellular
levels of iron (25 pg/cell), which was probably caused by insufficient removability by
washing due to nanoparticle sedimentation. In PBS with 2% FCS, in fact, no nanoparticle
agglomerations were detected, but cellular iron amounts also increased to nearly 3 pg/cell.
Thus, in conditions with 2% FCS only, iron uptake was enhanced but also accompanied
by a strong reduction in cell counts (Figure 2). These findings are in line with previous
reports by Lesniak et al., who showed much more nanoparticle uptake in the absence of
proteins. Analyzing the composition of the protein corona, they found that in the absence of
proteins nanoparticles tend to cover themselves with proteins from the plasma membranes,
which was exhausting for the cells [46]. This, and the tendency of SPION-loaded cells to
aggregate, might have led to a loss of cells in conditions with low protein amounts [47].
Zupke et al. also reported that the presence of human serum proteins reduces the uptake
of nanoparticles by CD4+ T cells but preserves cell viability [36].

Besides protein amount, the activation status of the cell was reported to also influence
nanoparticle uptake. Others have shown increased incorporation of nanoparticles by
activated lymphocytes compared to freshly isolated ones [31,36]. This has been ascribed
to the increased macropinocytosis by primary mouse and human T cells after polyclonal
activation to support T cell growth [48]. Based on these findings, we polyclonally stimulated
T cells to foster nanoparticle uptake. As expected, the T cell count was increased after 72 h,
but the stimulated cells did not contain more nanoparticles than the resting ones (Figure 3).
Contrary to our data, polyclonal activation of the T cells by anti-CD3, anti-CD28, IL-2,
and concanavalin A has previously been shown to increase nanoparticle uptake [49]. In
this context, the dependence of nanoparticle uptake on the cell cycle has been discussed.
Although cells in different phases of the cell cycle internalized nanoparticles at similar
rates, cells in the G2/M phase contained more nanoparticles than those in the S or G0/G1
phase. As soon as cells split, cell-associated nanoparticles were divided between daughter
cells [39] and, therefore, it was discussed that increased amounts of nanoparticles were
rather due to cell size and the number of endosomes than the cell cycle state [50,51].

When we stimulated T cells after SPION uptake, we found that the release of the
cytokines IFNγ, TNFα, and IL-2 was not influenced (Figure 6). Thus, these data con-
firm earlier investigations of our group, that activation after polyclonal stimulation of
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human primary T cells was not impaired by SPION loading [27]. In addition, others have
previously shown the biocompatibility of SPIONs [30–32,36].

To analyze the subcellular location of nanoparticles after incubation with T cells in
a cell culture medium containing 10% FCS, we performed TEM. Although it has been
described that the internalization of cationic nanoparticles is more efficient in comparison
to neutral or anionic nanoparticles due to the interaction with the positively charged plasma
membrane [52,53], we found not only a strong association with the plasma membrane but
also remarkable amounts of particles intracellularly enriched in vesicles (Figure 4A). The
nanoparticles associated with the plasma membranes were rather bound as thin layers, not
in clusters. When comparing with the TEM pictures from others using cationic SPIONs,
which achieved up to ten-fold higher iron amounts per cell, their nanoparticles were not
taken up but attached to the plasma membrane in multiple layers and clusters, with the
risk of detachment from the cells [31]. Since lymphoid cells are non-phagocytic, the uptake
of nanoparticles has been frequently described to be low and supporting techniques such
as functionalization of the nanoparticles by RGD peptides, coatings derived from viruses,
or electroporation of the target cells, were employed for better engulfment [54,55]. The
difference in the uptake of nanoparticles dependent on incubation temperature, however,
indicated an energy-dependent uptake process with the involvement of endocytic processes
for T cells as well [36].

When analyzing the SSC as a marker for nanoparticle uptake of co-incubated loaded
and non-loaded cells, we found that SSC of the single-cell populations did not change;
indicating that SPIONs did not spill from loaded cells to initially non-loaded ones. However,
when analyzing the iron amount in the loaded T cells, the AES measurements revealed
a reduction in iron during the 72 h observation time, which was not due to cell division,
since the analysis was performed with non-proliferating T cells. Others have previously
characterized the export of nanoparticles from T cells as an energy-dependent active
process, taking part within 24 h, which was reduced by lowering of the temperature or
use of inhibitors of cell metabolism [36]. Concerning the cellular persistence of SPIONs,
both the retention for several days as well as bisection of the MRI signal within the first
24 h has been reported [56–58]. Whereas SPIONs are superparamagnetic, their degradation
products, mainly ferritin and hemosiderin, were anti-ferromagnetic, exhibiting a detectable,
but reduced MRI signal [59]. Others previously analyzing the degradation of citrate-
coated SPIONs in stem cell spheroids found endosomal degradation and upregulation iron
homeostasis genes coding for ferritin light chain (iron loading) and ferroportin (iron export)
from day 3 onwards [60]. Moreover, after i.v. injection of radioactively labeled SPIONs in
mice, after 7 days, 59Fe from the administered nanoparticles appeared in the hemoglobin
of newly formed erythrocytes, indicating the intracellular degradation of the nanoparticles.
From studies applying SPIONs as contrast agents (Endorem, Resovist), the phenomenon
of Fe incorporation into erythrocytes has been well-known [61]. Concerning T cells, it
has been found that endosomal acidification was slower and not as robust as in other
cells [62]. If SPIONs, in our case, are excreted from the T cells or degraded intracellularly
in the lysosomes remains, so far, elusive and must be further investigated. Nonetheless, we
detected no spilling to initially non-labeled cells (Figure 4B).

Finally, we analyzed the magnetic retention of the SPION loaded T cells under flow
conditions. In magnetic accumulation, the viscosity of the medium, cell radius, and cell
velocity are known to play a role [47]. When a permanent magnet generates a magnetic
field of about 10–50 T/m over a distance of 1 cm, with a 10 pg iron load, a cell experiences
a corresponding force of 1 pN to a few nN [63]. For the investigation of the magnetic
accumulation of SPION loaded cells, we used a flow rate of 9.6 mL/min for 1 h at a channel
height of 0.4 mm, and a 5 × 5 mm sized permanent neodymium magnet with approximately
400 mT. With this experimental setup, we were at least able to show in vitro magnetic
retention of the SPION-loaded T cells in the wanted area (Figure 5). As with magnetic
drug targeting, we are aware that magnetic targeting of cells to the tumor region in vivo is
much more ambitious and faces several challenges and pitfalls [64–67]. Exemplarily, tumor
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vascularization may be unfavorable, hindering the delivery of the cells or nanoparticles
for drug delivery. However, others previously functionalized lymphocytes with magnetic
nanoparticles and showed increased therapeutic success with the adoptive transfer of T cells
and NK cells [28,35]. Further, contactless magnetic movement by permanent magnets
and dynamically programmable magnetic fields is under intense investigation [29,68].
Interestingly, for future translation into clinics, the magnetic field coils inherent to clinical
MRI scanners can not only be used for tracking but also for steering magnetic nanoparticles
or nanoparticle-loaded cells into the wanted region [23,24], possibly enabling an image-
based therapy in the future.

5. Conclusions

Adoptive T cell transfer suffers from poor efficacy in many patients with solid cancers,
which is due to low infiltration of the cells into the tumor. The stable and effective loading of
T cells with SPIONs enables their magnetic controllability and accumulation. In summary,
we showed here that we can load primary human CD3+ T cells with SPIONs. We found
that loading efficacy and cell viability was dependent on the amount of serum present in
the cell culture medium. The activation of the cells, however, did not affect nanoparticle
uptake. With our loading strategy, we achieved 1.4 pg Fe/iron per cell, which was enough
to accumulate the cells in a dynamic flow system. Furthermore, we found that SPIONs
were located intracellularly in vesicles or tightly attached to the plasma membrane, without
spillover to non-loaded cells. With stable and sufficient iron loading, T cells become not
only magnetically controllable but can enable tracking of injected cells using MRI.
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Simple Summary: Superparamagnetic iron oxide nanoparticles (SPIO) have been shown to identify
sentinel lymph nodes (SLNs) in patients with breast cancer. This study investigated whether a
minimally invasive approach with MRI-LG after SPIO injection in the breast followed by a magnetic
guided axillary ultrasound and core biopsy of the SLN (MagUS) could accurately stage the axilla.
The study included not only patients planned for primary surgery but also patients with recurrent
cancer after previous surgery, but also patients scheduled for neoadjuvant treatment (NAT). The
latter underwent minimally invasive SLNB prior to treatment and had their SLN clipped; surgery
in the axilla was performed after NAT. In 79 included patients, MagUS detected all patients with
macrometastasis and performed comparably with surgical sentinel lymph node dissection (SLND).
It also allowed for marking of the SLN in patients planned for PST and enabled tailored decision
making in breast cancer recurrence.

Abstract: Lymph Node Dissection (SLND) is standard of care for diagnosing sentinel lymph node
(SLN) status in patients with early breast cancer. Study aim was to determine whether the combi-
nation of Superparamagnetic iron oxide nanoparticles (SPIO) MRI-lymphography (MRI-LG) and
a Magnetic-guided Axillary UltraSound (MagUS) with biopsy can allow for minimally invasive,
axillary evaluation to de-escalate surgery. Patients were injected with 2 mL of SPIO and underwent
MRI-LG for SN mapping. Thereafter MagUS and core needle biopsy (CNB) were performed. Patients
planned for neoadjuvant treatment, the SLN was clipped and SLND was performed after neoadjuvant
with the addition of isotope. During surgery, SLNs were controlled for signs of previous biopsy or
clip. The primary endpoint was MagUS SLN detection rate, defined as successful SLN detection of at
least one SLN of those retrieved in SLND. In 79 patients, 48 underwent upfront surgery, 12 received
neoadjuvant and 19 had recurrent cancer. MagUS traced the SLN in all upfront and neoadjuvant
cases, detecting all patients with macrometastases (n = 10). MagUS missed only one micrometastasis,
outperforming baseline axillary ultrasound AUS (AUC: 0.950 vs. 0.508, p < 0.001) and showing no
discordance to SLND (p = 1.000). MagUS provides the niche for minimally invasive axillary mapping
that can reduce diagnostic surgery.

Cancers 2021, 13, 4285. https://doi.org/10.3390/cancers13174285 https://www.mdpi.com/journal/cancers81
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1. Introduction

Primary tumor biology and axillary status guide therapeutic decisions in breast cancer
treatment [1,2]. Sentinel Lymph Node Dissection (SLND) is considered the standard
method of axillary staging, both in upfront surgery as well as after neoadjuvant treatment
(NAT) [3–8].

Preoperative identification of patients with a negative SLN, or low-volume axillary
disease that does not warrant further surgery, but guides therapeutic decisions, may allow
for tailored approaches avoiding upfront SLND [6,9,10]. In patients scheduled for NAT,
identifying those with a true negative axilla, but also those with low-volume disease,
as de-escalation of axillary surgery after conversion from cN1 to cN0, could be safely
attempted. [7,11,12].

At the same time, SLND is not an indolent procedure and is related to complications
and considerable short- and long-term morbidity [13–16]. Therefore, non- or minimally
invasive modalities have been proposed in order to address this problem. All of them are
based on the principle of injecting a contrast interstitially in the breast in the same manner as
when SLND is performed. The contrast will then be taken up by the lymphatics and reach
the SLNs and will subsequently be visualized by a radiological modality. Previously, several
methods such as single-photon emission computed tomography (SPECT), tridimensional
computed tomography lymphography (3D-CTLG) or contrast enhanced ultrasound with
microbubbles (CEUS) have been evaluated as alternatives to surgery [17–19]. Most of these
have shown promising results, but larger studies are missing and, complicated logistics,
need for access to nuclear medicine facilities and demanding learning curves are restricting
their introduction into clinical practice.

Superparamagnetic iron oxide nanoparticles (SPIO) are used as a SLND tracer with
comparable detection to the combination of radioisotope and blue dye, as shown in previ-
ous studies [20,21]. Additionally, when SPIO is injected in the breast, it can identify SLNs
in axillary magnetic resonance imaging lymphography (MRI-LG) [22]. At the same time,
SPIO yields the benefit that it resides in the tissue for a prolonged period of time without
migrating to higher lymph node echelons and, thus, allows for the identification for SLNs
during a much wider timeframe [23]. In this manner the SLNs that are identified during
surgery should be visible in an MRI and, at the same time, transcutaneous signal detected
by a magnetic probe, as in surgery, should be able to guide the axillary ultrasound to allow
for transcutaneous identification and biopsy of the SLNs. Such a concept would have the
perceived advantages of combining and tailoring modalities and at the same time, allowing
for preoperative work up in a timeframe wider than the short halftime of Tc99 used for
SPECT or that in the case of CEUS [19,24].

The development of an integrated technique bridging non-invasive and minimally
invasive procedures for enhancement of the standard, axillary ultrasound-based diagnostic
work-up is highly relevant [23–25]. The aim of this study was to determine whether the
preoperative work-up with SPIO MRI-LG and Magnetic-guided Axillary UltraSound (Ma-
gUS), can accurately localize SLNs and predict SLN status and whether such a technique
has the potential of replacing SLN surgery in the future.

2. Methods

2.1. Patients

Adult patients with clinically and ultrasound node-negative early breast cancer (cN0)
planned for SLND at Uppsala University Hospital, from September 2017 to December 2020,
were enrolled in the study after written informed consent. Patients with hypersensitivity
to dextran compounds or SPIO, iron overload disease or planned for NAT and monitored
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with breast MRI for tumor response, were excluded. If a diagnostic breast MRI was needed,
it was performed separately, before SPIO injection and axillary MRI-LG. The study was
approved by the Regional Ethics Board in Uppsala (DNR 2016/385).

2.2. MRI-LG

Patients were injected peritumorally in the breast with 2 mL of SPIO (Magtrace®,
Endomag., Cambridge, UK) and underwent MRI-LG one to 14 days after the injection. MRI-
LG was performed with the patient in a supine position and adduction of the ipsilateral arm.
The examination was performed without iv-contrast and took ca 8 min to complete. In cases
of previous breast and axillary surgery or parasternal cancers, the contralateral axilla was
also included in the MRI-LG to identify aberrant lymphatic outflow [26]. The MRI images
were obtained using a 1,5-T and 3-T system (Philips®, Amsterdam, The Netherlands) with
T2W cor, T2* tra and T2* cor sequences. Any lymph node with SPIO uptake in a T1 sequence
or SPIO related void artifact on T2 sequence was considered a SLN, as previously described
imaging was reviewed and the number of identified SLNs was documented [22]. SLN
localization was described according to the classification proposed by Clough et al. [27], in
relation to the lateral thoracic vein and the second intercostobrachial nerve. SLN metastatic
status was assessed according to criteria previously proposed by Motomura et al. [22]; a
lymph node was considered non-metastatic if there was a homogenous low intensity signal
uptake of SPIO and metastatic if the entire node or a focal area did not show low signal
intensity uptake.

2.3. Magnetic Guided Axillary UltraSound (MagUS) and Core Needle Biopsy (CNB)

After reviewing of MRI-LG, the radiologist performed a second look axillary ultra-
sound in another session. The examination was focused to the area where the SLNs were
identified on MRI (Figure 1). After a primary assessment for lymph nodes, a handheld mag-
netometer (Sentimag®, Endomag, Cambridge, UK) was used to identify the “pre-incision
hotspot” which is the area with the highest magnetic uptake on the skin, and concordance
with the MRI localization was registered.

 

Figure 1. (a,b). Visualization of SLN with MRI before and after SPIO. In an enhancement of the SLN
is visualized after injection of SPIO. The red circle visualizes the enhanced SLN after the injection
of SPIO.

Subsequently, the identified lymph node(s) were assessed, and the percutaneous CNB
of the SLN was performed with ultrasound guidance under local anesthesia (Figure 2).
The CNB was evaluated for the presence of brown staining and magnetic uptake with the
SentiMag probe (Figure 3). If more than one pathological lymph nodes were identified at
this stage, the protocol stated that multiple efforts could be performed only after patient
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consent; otherwise, if the bioptic material obtained was considered representative and
adequate, only the most prominent node was biopsied. Standard histopathologic analyses
to assess metastasis was also performed, including verification of SPIO presence in the
SLN. In patients undergoing NAT, the SLN was clipped simultaneously after the CNB, at
the same session. When CNB was completed, the area was scanned for bleeding.

 

Figure 2. (a,b). MagUS with the SLN visualized in the red circle (left). Magnetic probe localizes the magnetic “hotspot” and
after that CNB is performed (right). Monitor width 3.9 cm.

 

Figure 3. MagUS SLN-biopsy specimen (size 1 cm).

The study protocol ruled that the first five patients would undergo axillary MRI-LG
before and after SPIO administration, and that MagUS and CNB was performed in the
operation theatre, after the induction of anesthesia and right before surgery. In cases of
recurrent breast cancer with aberrant SLN localization on MRI-LG and MagUS, a decision
to attempt SLND was made at the multidisciplinary conference and after discussion
with the patient. In patients undergoing NAT, a new axillary MRI-LG was performed
after NAT, with no subsequent SPIO injection to see whether SPIO uptake in the SLNs
was still visible. The number and localization of SLNs on MRI images was documented
and axillary transcutaneous SentiMag signal was recorded. During subsequent SLND,
concomitant radioisotope injection was administered and during surgery we registered
which SLNs were magnetic, radioactive or both as well as the signal of the clipped node
with both tracers.

2.4. Surgery and Specimen Pathology

During surgery, SLND was performed and the retrieved SLNDs were controlled
macroscopically and microscopically for signs of previous biopsy, hematoma or the pres-
ence of clip, if placed. Standard pathology of the SLN specimen served as a reference to the
microscopical examination of the CNB.

The entire MagUs flowchart is summarized in Figure 4.
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Figure 4. Flowchart showing the MagUS process.

2.5. Trial Design and Study Endpoints

To assess whether the MagUS concept has the niche to replace surgical axillary evalua-
tion (SLND), it was necessary to ensure concordance and agreement across the different
modalities. With other words, it was necessary to verify that the SLNs identified and
retrieved during surgery, were the same lymph nodes visualized on the MRI and the same
that were detected by the magnetic probe, identified by the ultrasound and subsequently
biopsied with a core needle. The common denominator was the presence of SPIO in the
node and how this is demonstrated throughout the different modalities (MRI, MagUS,
Surgery). Therefore, the outcome of interest was a minimum agreement in the assessment
obtained by the MRI/MagUS with the standard of care, that is surgery. For this, it was
clinically relevant to assess if the technique at hand is feasible, before venturing on a large
clinical trial. Subsequently, the MagUS trial was conceived as a single stage phase 2 trial
following the A’Hern’s design [28]. For a one-sided test a type one error a = 0.025 and 80%
power, a sample size of 75 or more was required between a maximum futility proportion of
95% (corresponding to the proportion of successful detection above which the method can
be further considered) and a minimum efficacy of proportion of 85% (corresponding to the
proportion of successful detection under which, the method should not warrant further
investigation).

The primary endpoint was determination of the MagUS SLN detection rate, defined
as successful SLN detection of at least one SLN of those retrieved in the following SLND.
Secondary endpoints were false-negative rate (FNR) of the MagUS technique, defined
as no diagnosis of SLN metastasis (index test = negative) but presence of metastases by
histopathology in any of the retrieved SLNs (reference test = positive) and overall accuracy,
sensitivity, specificity and positive and negative predictive value (PPV, NPV).

Another aim of the study was to determine whether the MagUS technique could
improve preoperative workup accuracy. For this, discordance in axillary evaluation from
baseline clinical and ultrasonographical assessment was assessed.

Subgroup analyses were carried out to review the role of each component of the
MagUS technique (MRI-LG. MagUS and MagUS core biopsy) and their potential role in
tailored axillary mapping and inform on a future phase 3 trial.

The manuscript was prepared according to the Standards for the Reporting of Diag-
nostic Accuracy Studies (STARD) statement [29]. Descriptive statistics were performed by
means of median (range) for continuous variables. Subsequently, non-parametric tests were
used for comparisons. The McNemar’s test was used for the assessment of discordance in
paired observations. For diagnostic accuracy statistics, Receiver Operating Characteristics
(ROC) curves were constructed and the area under the curve (AUC) is provided. Effect
sizes are provided with 95% confidence intervals (95% CI). Data analyses were performed
using SPSS (V 26.0. IBM Corp, Armonk, NY, USA) and Stata®, version 16 (StataCorp LP,
College Station, TX, USA).
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3. Results

The study is summarized in (Figure 5) and patient characteristics are presented in
Table 1. In a total of 79 patients, 48 had early breast cancer and underwent upfront
surgery, 12 underwent NAT and 19 had recurrent breast cancer after previous breast and
axillary surgery.

 

Figure 5. STARD flow diagram. * MRI_LG: Magnetic resonance imaging Lymphography. SLND: Sentinel Lymph
Node Dissection.

Table 1. Patient characteristics.

Patient Characteristics.

Patient age at operation (median, range) 64 (38–87)

Body mass index (median, range) 24.8 (19.1–43.8)

Preoperative tumor extent mm (median, range) 20 (5–120)

Days between injection and Surgery (median, range) 12 (0–140)

Laterality, number, %
Right 41 (51.9)
Left 38 (48.1)

Previous breast surgery
Right 21 (26.6)
Left 58 (73.4)

Previous axillary surgery
Right 19 (24.4)
Left 59 (75.6)
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Table 1. Cont.

Patient Characteristics.

Neo adjuvant treatment
Right 12 (15.2)
Left 67 (84.8)

Localization in the breast, number, %
Upper outer 31 (39.2)
Upper inner 12 (15.2)
Lower outer 9 (11.4)
Lower inner 7 (8.9)

Central 7 (8.9)
Multicentric 11 (13.9)
Chest wall 2 (2.5)

Histological type (n = 79)
Invasive ductal (n, (%)) 66 (83.5)
Invasive lobular (n, (%)) 11 (13.9)
Other Histology (n, (%)) 2 (2.5)

Intrinsic Subtype (n = 79)
Luminal A (n, (%)) 36

Luminal B, erbb2− (n, (%)) 20
Luminal B, erbb2+ (n, (%)) 10

Non luminal erbb2+ (n, (%)) 3
Triple negative (n, (%)) 9

Type of surgery (n = 79)
Wide local excision (n, (%)) 28 (35.4)

Mastectomy (n, (%)) 23 (29.1)
Oncoplastic breast conservation (n, (%)) 28 (34.4)

MRI-LG was performed a median of 3 days after SPIO injection (range 1–12) and
the MagUS with transcutaneous SLNB ± SLN clipping a median of 3 days (range 1–5)
after MRI-LG. In all 73 patients where MagUS SLNB was performed, transcutaneous
detection was successful and the SLN was located. Minimally invasive SLNB (MagUS
CNB) retrieved lymphatic tissue with magnetic signal on the SentiMag® probe, and the
presence of SPIO was confirmed on post-operative histopathology. At surgery, the node
with signs of previous biopsy and/or clip was always retrieved. In one case, the lymph
node that was biopsied was a non-sentinel node (i.e., ex vivo signal less than 10% of
the signal of the SLN with the maximal signal), but the true SLN was just behind it and
recovered during SLND.

Metastases on specimen pathology was found in 11 patients (11/73, 15.1%, 95%
confidence intervals: 7.8; 25.4). MagUS identified all patients with SLN macrometastases
(n = 10) and missed only one SLN with a micrometastasis, resulting in a FNR of 8.3% and
an overall accuracy of 98.6% (Tables 2 and 3). In terms of diagnostic performance, when
compared to the results of surgical pathology, MagUS performed very accurately (AUC:
0.955; 0.865, 1.000, p < 0.001) whereas AUS was not predictive at all (AUC: 0.505; 0.410,
0.601, p = 0.916).

Table 2. Comparison between MagUS and final pathology.

Preoperative MagUS Assessment for Metastases

No n, (%) Yes n, (%) Total n, (%)

Metastases at
histopathology

No 62 (98.4) 0 (0) 62 (84.9)

Yes 1 (1.6) 10 (100) 11 (15.1)

Total 63 (100) 10 (100) 73 (100)
Mc Nemar’s test, p = 1.000.
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Table 3. Diagnostic performance of the MagUS technique.

Rate Lower 95% CI Upper 95% CI

Sensitivity 90.9% 58.7% 99.8%
Specificity 100% 94.2% 100%

PPV 100% 69.1% 100%
NPV 98.4% 91.5% 99.9%

Accuracy 98.6% 92.6% 99.9%

The number of SLNs identified on MRI-LG (median 4, range 1–6) did not differ from
the number of SLNs retrieved (median 3, range 1–6) (Wilcoxon signed rank test, p = 0.331)
with high correlation (Cronbach’s Alpha = 0.719; 0.481, 0.848, p < 0.001). Additionally,
topographic concordance between MRI-LG, MagUS and SLND was 100%. In 63 patients
(86%), the nodes were located medial to the lateral thoracic vein and caudal to the intercos-
tobrachial nerve.

In patients receiving NAT, the MagUS allowed for accurate axillary mapping, identifi-
cation and clipping of the true SLN prior to the initiation of NAT. After the completion of
NAT, a median of 130 days (range 86–140) after SPIO injection, the SLNs were still visual-
ized in MRI-LG and were detectable during surgery in all patients. There was excellent
correlation between the number of SLNs identified on MRI (median 4, range 2–6) and the
magnetic SLNs retrieved (median 3.5, range 1–6) with Cronbach’s Alpha = 0.919; 0.699,
0.978, p < 0.001.

In patients with local recurrence after previous breast and axillary surgery (n = 19),
MagUS showed either aberrant lymphatic outflow or no outflow in 9 patients (47.3%),
preventing unnecessary ipsilateral axillary exploration. In the remaining 10 patients, both
MagUS SLNB and subsequent surgery were successful.

4. Discussion

In this phase 2 trial, the MagUS technique (MRI-LG and MagUS) provided comparable
results in accuracy and FNR with the standard of SLND. It was more accurate than the
standard b-mode AUS in preoperatively detecting low-volume axillary disease. In this
trial, it was demonstrated that accurate minimally invasive axillary staging can be achieved
with a multimodal platform that can be modified to meet tailored patient needs.

SLND is not an indolent procedure and is related to short- and long-term morbidity
such as postoperative pain, restricted shoulder range of motion, axillary web syndrome
and lymphedema, as suggested in recent meta-analysis [13,14,30]. These findings indicate
the need of establishing techniques for less invasive axillary staging that might result in
less surgery, less subsequent postoperative complications and a reduction of costs and
resources related with surgery [31,32]. Additionally, this MagUS workup can be performed
in a wide timeframe and in an outpatient basis, as SPIO resides in the tissue a long period
of time.

Recently, the necessity of surgical axillary mapping has been challenged in particular
clinical scenarios. Observational data suggest that SLND may be safely omitted in older
patients with primary tumors with small size and favorable biology [33–35]. The SOUND
randomized trial examines whether a negative AUS can allow for the omission of SLND in
patients with unifocal tumors < 2 cm planned for breast conservation and radiotherapy [36].
However, this approach does not take in consideration recent data that suggest that, in
women with small tumors that are SLN negative, radiotherapy may be safely omitted nor
that diagnosis of low-volume axillary disease, may allow for tailoring of radiotherapy or
systemic treatment [6,9,37–39]. The results of the MagUS trial suggest that this technique
may be used instead of SLND in selected cases.

It has been shown that 25% of patients considered as cN0 by AUS+/−FNAC will
have a positive SLN in surgery. MagUS has the potential to correctly identify this low-
volume axillary disease group, so that further treatment decisions may be tailored but
without further axillary surgery, as it has been shown in landmark trials such as AMAROS,
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ACOSOG Z0011 or, more recently, the RxPonder trial [6,9,40]. Reversely, in women with
one positive lymph node on standard AUS, MagUS could assess the volume of axillary
disease in a more accurate manner. This is a group that often harbors a higher nodal
disease burden [41]. However, other studies show that this is explained by the fact that the
sensitivity of AUS + FNAC increases significantly in patients with higher risk for nodal
metastasis [42]. At the same time, up to 43.2% of this patient group, will be found to have
two or less metastatic nodes, meaning that ALND will have been overtreatment [10]. If
MagUS shows that there is only low-volume axillary disease, then the patient may have
the possibility to avoid overtreatment and tailor treatment decisions may be made after
discussion in the multidisciplinary meeting [43].

Subsequently, MagUS may also address issues regarding axillary staging in the setting
of NAT, as it yields the potential of differentiating patients that are clinically node negative
from those who are also SLN negative prior to NAT. In this manner, therapeutic decisions
regarding the axilla, such as axillary radiotherapy may be better tailored, while its definitive
role in this setting remains still to be elucidated [44,45]. At the same time, it may answer
whether, in cN positive patients, the metastatic node is a sentinel or if, at presentation,
there are non-sentinel metastases, which is suggestive of a higher axillary nodal burden. In
this manner, it becomes safer to identify more appropriate potential candidates for axillary
conservation post-NAT as recently suggested in the Lucerne toolbox [12]. Moreover, MRI-
LG before and after NAT allows for an estimate of the number of SLNs in the axilla. This
may address the problem of FNR after NAT, that has been discussed in landmark trials,
such as Sentina and ACOSOG Z1071 [46–50]. In these trials FNR was shown to decrease
with the removal of ≥3 nodes, including clipped nodes, if such, whereas double tracer was
shown to increase detection rate [7,46–50]. In the present study, post-NAT MRI-LG showed
uptake in the same SLNs, suggesting that SPIO did not migrate in higher nodal echelons
during NAT. Intraoperatively, there was transcutaneous magnetic signal and SLNs were
detected in all cases. It may be so that, a MagUS could be repeated after NAT to allow for
more focused axillary evaluation, as standard AUS has not shown promising results in this
setting [51]. As omission of axillary surgery post neoadjuvant is discussed in several breast
cancer subtypes, provided that there is pathologic complete response (PCR) in the breast,
MagUS could provide a safer manner to discuss omission of surgery, rather than, in case of
non-PCR, performing SLND that will be subject to the risk of false negatives post NAT and
after a previous excision in the breast [52,53]. A given restriction is that SPIO injection in
the breast impairs the diagnostic accuracy of the MRI, suggesting that the tumor response
should be performed with other modalities. Reassuringly, modalities, such as ultrasound
and PET-CT have shown comparable accuracy in this setting, without the known risk of
false positive findings from the MRI [54–57].

Evaluating nodal status for breast cancer after previous breast and axillary surgery is
a challenge. SLN detection rate is lower and aberrant, extra-axillary lymphatic drainage
is not unusual [26,58,59]. For this reason, the use of preoperative mapping by means
of scintigraphy is recommended in this setting. However, whilst accurate, scintigraphy
complicates logistics and this is why it recent data suggest that it is no longer necessary
for patients without previous breast or axillary surgery undergoing upfront SLND [60].
MagUS has, in this setting, allowed for tailored patient treatment with flexibility, as the
MRI-LG performed preoperatively, allowed in good time to know whether SLND would
be attempted on the day of surgery. In this manner, logistics were facilitated, and treatment
decisions could be tailored with more precision and accuracy.

The strictly controlled study design allowed for safe results, despite the absence of
a control arm. However, this is a phase 2 trial and these results need to be refined and
reproduced in a larger scale. Consequently, a phase 3 randomized controlled trial is needed
prior to standardization and routine adaptation of the technique instead of surgical SLND.
The results suggest that MagUS has the potential to provide a substantial niche to avoid
axillary surgery. The cost of surgery is the most substantial, especially if one takes the
expenses related with leave of absence, morbidity and complication risks into consideration.
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Moreover, it is currently unclear whether the technique will always be implemented with
the combination of an MRI and MagUS, something which might complicate and prolong
the preoperative assessment of the patient. Finally if clinical MRI of the breast is intended, it
should be performed first, to be followed by MagUs in another, different session. However,
study results suggest that in women without risk factors for decreased ultrasound accuracy
and transcutaneous magnetic probe detection (obesity, previous axillary surgery, etc.),
MagUS and CNB were sufficient to accurately stage the axilla, suggesting that MRI is
probably necessary in a small subgroup of patients (obesity, previous axillary surgery,
etc.). This means that tailoring the technique to the specific patient will result in different
routines and probably costs. Another substantial benefit is that this can be performed
during the period between diagnosis a breast surgery, so that axillary mapping can be
performed preoperatively and on an outpatient basis.

MagUS seems to be a method that can allow for alternatives to surgical axillary
mapping. It comes to add to the armamentarium of other minimally invasive techniques
that have previously been proposed [17,19,22,61] allowing for tailored axillary mapping in
breast cancer. Its presumed advantages are the combination of different imaging modalities,
together with that SPIO remains in the node a longer period, so as to allow for delayed
SLND. Technique refinement and larger studies will allow for elucidation of the possibilities
and its role in breast cancer diagnosis and treatment.

5. Conclusions

MagUS provides the niche for minimally invasive axillary mapping that can meet
tailored patient needs and reduce diagnostic surgery. A phase 3 RCT is planned to further
evaluate the technique.
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Simple Summary: Screening, monitoring, and diagnostic methods in oncology are a critical part of
treatment. The currently used clinical methods have limitations, most notably the time, cost, and
special facilities required for radioisotope-based techniques. The use of magnetic nanoparticles is an
alternative approach that offers faster analyses with safer materials over a wide range of oncological
applications, such as the detection of cancer biomarkers and immunostaining. Furthermore, magnetic
nanoparticles, such as superparamagnetic iron oxide nanoparticles, can detect sentinel lymph nodes
for breast cancer in a clinical setting, as well as those for gallbladder cancer in animal models within
a timeframe that would enable them to be used during surgery with a magnetic probe.

Abstract: Screening, monitoring, and diagnosis are critical in oncology treatment. However, there are
limitations with the current clinical methods, notably the time, cost, and special facilities required
for radioisotope-based methods. An alternative approach, which uses magnetic beads, offers faster
analyses with safer materials over a wide range of oncological applications. Magnetic beads have been
used to detect extracellular vesicles (EVs) in the serum of pancreatic cancer patients with statistically
different EV levels in preoperative, postoperative, and negative control samples. By incorporating
fluorescence, magnetic beads have been used to quantitatively measure prostate-specific antigen
(PSA), a prostate cancer biomarker, which is sensitive enough even at levels found in healthy patients.
Immunostaining has also been incorporated with magnetic beads and compared with conventional
immunohistochemical methods to detect lesions; the results suggest that immunostained magnetic
beads could be used for pathological diagnosis during surgery. Furthermore, magnetic nanoparticles,
such as superparamagnetic iron oxide nanoparticles (SPIONs), can detect sentinel lymph nodes
in breast cancer in a clinical setting, as well as those in gallbladder cancer in animal models, in a
surgery-applicable timeframe. Ultimately, recent research into the applications of magnetic beads in
oncology suggests that the screening, monitoring, and diagnosis of cancers could be improved and
made more accessible through the adoption of this technology.
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1. Introduction

Magnetic nanoparticles (MNPs) have recently been applied to life sciences as well
as clinical settings. MNPs comprise aggregates of iron oxide (FeO, Fe2O3, and Fe3O4) or
ferrite particles (which contain iron oxide as the main component) in the nanometer order,
which are dispersed or embedded in polymers, such as polysaccharide, polystyrene, silica,
and agarose [1]. Their application to life science research stems from the ability to separate,
guide, and detect MNPs using magnetic fields. Additionally, MNPs can be processed to
furnish their surface with a variety of functions. Recognition sites, such as functional groups
and biomolecules, are immobilized on the surface of the beads and are used to recognize
targets for separation or detection [1]. The physical size and magnetization strength of
the beads are roughly proportional to the number of iron oxide particles in the polymer.
Protein purification and cell separation applications require strong magnetic particles,
whereby micro-sized magnetic particles are used with a magnetic field [2]. For stem
cell differentiation experiments and gene transfer applications, small magnetic particles
(<100 nm) are generally used [3]. Furthermore, some nanosized magnetic particles, such as
superparamagnetic iron oxide nanoparticles (SPIONs), are biocompatible and can be used
internally in magnetic resonance imaging (MRI) contrast media for the liver [4].

We focused on the applications of MNPs in oncology from a surgeon’s perspective
when monitoring biomarkers before and after surgery, and for intraoperative diagnosis
during surgery (Figure 1). In this review, we provide an overview of the application of
MNPs in oncology.

Figure 1. The concept of this review. The usage of magnetic nanoparticles (MNPs) was divided
into two objectives: monitoring of biomarkers (before/after surgery) and intraoperative diagnosis
(during surgery). The types of MNPs and examples of their use are indicated. FG, ferrite and
glycidyl methacrylate; FF, fluorescent FG; SPIONs, superparamagnetic iron oxide nanoparticles; EVs,
extracellular vesicles; PSA, prostate-specific antigen; SLN, sentinel lymph node; MRIF, magnetically
promoted rapid immunofluorescence.

2. Monitoring Biomarkers before and after Surgery

In oncological clinical settings, early detection and accurate diagnosis are important
for cancer treatment, both before and after surgery. Enzyme-linked immuno-sorbent assay
(ELISA) [5–7], which uses antigen–antibody reactions as its detection mechanism, is widely
used to detect cancer biomarkers in serum for screening or monitoring before surgery, but
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the enzymatic method is time consuming. However, the MNP method accelerates the
antigen–antibody reaction. This is a different mechanism to magnetic separation, in which
antibody-immobilized MNPs can be attracted to immobilized antigen via a magnetic field.
In this section, we describe two examples of the MNP method for biomarker detection:
pancreas cancer-specific extracellular vesicles (EVs) using ferrite and glycidyl methacrylate
(FG) beads and prostate-specific antigen (PSA) using fluorescent FG (FF) beads.

2.1. Measuring a Biomarker in Serum Using FG Beads
2.1.1. FG Beads

Handa’s group initially developed affinity latex beads, styrene–GMA (SG) beads,
which have a polystyrene core and glycidyl methacrylate (GMA) on their surface, known
as poly GMA beads (Figure 2A left) [8]. Poly GMA beads have epoxy groups that can
immobilize proteins, nucleic acids, and low-molecular-weight compounds. Additionally,
the group found that carboxyl and thiol groups bind to the ferrite surface [9,10]. On the
basis of these findings, 35–40 nm ferrite was coupled with the adaptor molecule and then
coated with a copolymer of styrene and GMA, followed by coating with GMA [10] to
generate the FG beads (Figure 2A, middle). FG beads have a 200 nm diameter with several
encapsulated ferrite nanoparticles. Similar to the SG beads, specific ligands can be bound
to the GMA surface to enable it to bind target molecules (Figure 2A, right). Because of the
ferrite core, it can then be attracted or separated using magnetic forces.

Figure 2. (A): Construction of SG and ferrite and glycidyl methacrylate (FG) beads. SG beads are
composed of styrene and glycidyl methacrylate (GMA) (left). FG beads are prepared with surface-
modified ferrite particles, styrene, and GMA (middle). Transmission electron microscopy image is
shown (middle). Antibodies can be immobilized on the surface of FG beads (right). Modified from
Inomata et al. and Nishino et al. (B): Schematic image of the quantification of extracellular vesicles
(EVs). Candidate lectins were coated on the optical disc of the ExoCounter system. Lectin-binding
EVs in the sera of pancreatic cancer patient or cell lines were captured on the disc and labeled with
anti-CD9 Ab-conjugated nanoparticles. The absolute numbers of labeled EVs were quantified using
the optical disc drive of the ExoCounter. Modified from Yokose et al.

2.1.2. Screening or Monitoring of EVs with FG Beads

EVs are granular substances with a diameter of 50–150 nm, and they are secreted by
cells [11,12]. Lipids and proteins derived from cell membranes are contained on the surface
of EVs, and inside the EVs are intracellular substances, such as nucleic acids [13] (including
microRNA, messenger RNA, and DNA) and proteins [14]. Recently, it has been suggested
that EVs are involved in cancer development. EVs released from cancer cells are known to
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function in ways that favor cancer cells, such as cell survival, malignant transformation,
and metastasis.

The surface proteins on EVs reflect parental cells, such as CD147 from colorectal cancer
cells [15,16], human epidermal growth factor receptor 2 (HER2) from breast cancer cells [17],
and CD91 from lung cancer cells [18]. Therefore, measuring specific EVs released from
cancer cells has potential in cancer screening and monitoring. The methods used to count
EVs are mainly conventional particle-counting methods, such as nanoparticle tracking
analysis [19,20] and tunable resistive pulse sensing [21,22], or labeling-detection methods,
such as ELISA [18,23] and flow cytometry [14,24].

The ExoCounter system is a unique assay system that uses FG beads to count the
absolute number of EVs and analyze surface proteins simultaneously. The system uses
an optical disc with periodic grooves that are 160 nm wide at the bottom and 260 nm
wide at the top. Individual EVs can be bound at the bottom of the groove and FG beads
at the top (Figure 2B). The basic reaction mechanism is a magnetically prompted rapid
sandwich immunoassay. Using an optical head based on Blu-ray disc technology, EVs
modified with nanoparticles are detected one by one. The immunoassay uses antibody-
coated detection FG beads and samples placed on a capture antibody- or ligand-coated
optical disc (Figure 2B). A magnet is attached under the disc for 1–2 min to concentrate the
FG beads onto the immobilized capture antibody or ligand, and then unbound FG beads
are washed out. The captured FG beads are counted by an optical pickup composed of a
laser diode and a photodetector.

The ExoCounter system has been used to analyze pancreatic cancer patient serum,
in which EVs with glycoprotein are bound to Agaricus bisporus agglutinin (ABA) or
Amaranthus caudatus agglutinin (ACA) using CD9 antibody-coated FG beads to detect
EVs on an ABA- or ACA-coated disc [25]. Using this method, EVs that have a carbohydrate
chain that binds to ABA or ACA can be detected. EV quantification was performed on
90 samples from pancreatic cancer patients (68 preoperative and 22 postoperative samples)
and 77 negative control serum samples [25]. The ABA-binding and ACA-binding EVs
were significantly higher in the preoperative pancreatic cancer patients than in the negative
controls (p < 0.001 and p < 0.001, respectively) (Figure 3) [25]. Furthermore, the number of
labeled EVs was significantly reduced in the post-pancreatectomy sera, almost to the same
level as that of the negative controls (p < 0.001 and p < 0.001, respectively) (Figure 3) [25].
The measurement that captures the characteristics of EVs is quite unique.

 

Figure 3. Quantification of ABA- and ACA-positive EVs from the sera of preoperative and postop-
erative pancreatic cancer patients and negative controls. Patient sera were analyzed using ABA- or
ACA-coated discs and anti-CD9 Ab-conjugated beads with ExoCounter. Adapted from Yokose et al.
** p < 0.01.
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2.2. Measuring a Biomarker in Serum Using FF Beads
2.2.1. FF Beads

The next generation of FG beads is fluorescent FG beads (FF beads). Generally, fluores-
cent substances are immobilized on the polymer surface by covalency or affinity. However,
a unique feature of FF beads is that fluorescent substances, such as europium complexes
(Eu (TTA)3 (TOPO)2), can be encapsulated. Europium complexes emit fluorescence at
618 nm under light excitation at 340 nm. FG beads are tolerant to several organic solvents
and expand or shrink depending on the type of solvent. When acetone is used, the surface
polymer of FF beads swells along with the encapsulated fluorescent substance, and then
returns to its original configuration in water (Figure 4). The fluorescence can be directly
observed with a fluorescence detector or microscope. In addition to their magnetic attrac-
tion function, signal amplification is not necessary, which enables fast and highly sensitive
disease diagnosis [26–28].

Figure 4. Scheme of FF beads. FF beads were prepared by encapsulating fluorescent materials in FG
beads. Antibodies were immobilized on FF beads. FF beads emit fluorescence upon exposure to UV
excitation. Modified from Kabe et al.

2.2.2. Screening or Monitoring of Cancer Biomarkers with FF Beads

FF beads were used to measure PSA, a widely used biomarker in patients with prostate
cancer, using a magnetically prompted rapid sandwich immunoassay [26]. Detection was
undertaken by measuring the fluorescence intensity. The detected antibody-coated FF
beads and samples were placed on an antibody-coated capture microplate, and a magnet
was attached under the plate for 1–2 min to concentrate the FF beads onto the immobilized
antibody. The unbound FF beads were washed out, and the fluorescence of the remaining
FF beads was held on the plate through the antigen–antibody reaction, which was then
measured directly. When the limit of quantification (LOQ) was defined as the lowest
concentration measurable intraassay (CV < 20%) in the sandwich immunoassay with FF
beads, then the LOQ of this method was estimated to be 0.02 ng/mL for PSA in serum [26].

Clinical examination of prostate cancer requires the detection of PSA in serum over
a range of 0.1 to 10 ng/mL [29,30]. Magnetically prompted rapid sandwich immunoas-
say is therefore sufficient to analyze a healthy donor who would generally have low
concentrations of PSA (<0.1 ng/mL) and patients with prostate cancer who would have
concentrations >4.0 ng/mL [26].

3. Intraoperative Diagnosis during Surgery

Cancerous areas are surgically removed and diagnosed pathologically during surgery,
often with lymph nodes. The powerful application of MNPs in intraoperative situations
includes sentinel lymph node (SLN) mapping and the rapid diagnosis of metastasis in
SLNs. Currently, radioisotope (RI) tracers and blue dye are used as the gold standard for
SLN mapping during surgery [31,32]; however, the RI method risks radiation exposure to
both patients and medical personnel. Furthermore, the locations at which it can be used are
limited because RI methods require nuclear medicine facilities. Using biocompatible MNPs,

99



Cancers 2022, 14, 364

such as SPIONs, SLN detection can be performed without a special RI facility. Moreover,
this MRI contrast media can drain into SLNs faster than RI and can be detected using
a magnetometer.

The resected lymph nodes can be examined pathologically during surgery. Rapid
diagnosis of cancer or metastasis in SLNs is necessary for surgical decision making. To
visualize cancer or metastasis, immunostaining can increase the accuracy of diagnosis, but
it is usually time consuming.

In this section, magnetic methods for SLN detection and rapid immunostaining
are described.

3.1. Detecting Sentinel Node during Surgery Using SPIONs

Lymph nodes are responsible for trapping foreign substances, such as pathogens,
before they can spread throughout the body, and eliminating them through an immune re-
sponse [33]. Metastasis to regional lymph nodes is the most important prognostic indicator
of outcome in patients with solid tumors. Tumor cells that have invaded the stroma can
reach regional lymph nodes through the lymphatic capillaries and trunks around the tumor,
forming lymph node metastases [33]. In melanoma [34] and breast cancer [35], the SLN
theory has been established, whereby tumor cells that invade the lymphatic vessels first
metastasize to specific lymph nodes, the so-called SLNs [36], and then to regional lymph
nodes and organs throughout the body.

Pathologic examination of SLNs during surgery could provide information about
the staging of regional lymph nodes. If the SLN is demonstrated to be cancer negative,
then radical lymph node dissection would not be necessary. Recently, the applications of
SLN theory were reported to be beneficial for many cancers, such as skin [36], breast [37],
gastrointestinal [38], and gynecological cancers [39]. There could even be benefits during
laparoscopic surgery [40].

The standard approach for the detection of SLNs is the dual-tracer method using an
RI tracer (radiolabeled tin colloid) and blue dye [41]. However, the use of RIs requires
a nuclear medicine facility. Furthermore, the RI tracer must be injected 2–24 h prior to
surgery for accurate SLN detection [32]. These issues indicate the need for non-radioactive,
rapid-assessment tracers with an ability to reliably detect SLNs. The RI method could
therefore be replaced by a magnetic method.

3.1.1. SPIONs

SPIONs can be categorized as MNPs. SPIONs, such as Sienna+ and Resovist, are
hydrophilic colloidal solutions of γ-Fe2O3 coated with carboxydextran. The diameter of
the iron oxide particles is 4–10 nm, and the total size of SPIONs is approximately 60 nm.
SPIONs are biocompatible and are specifically taken up by reticuloendothelial tissues
(Kupffer cells), mainly in the liver. MRI is a diagnostic approach that uses a receiving coil
to acquire the radio waves generated when a high-frequency magnetic field is applied to
hydrogen atoms in a living body, causing a resonance phenomenon, and creates an image
on the basis of the signal data. SPIONs are used as a negative contrast agent because they
have a strong transverse relaxation time (T2) shortening effect and decrease the MR signal.
After administration to the human body, SPIONs are rapidly taken up by Kupffer cells in
the liver. Kupffer cells are not present in cancerous tissues and, thus, exert a contrast effect
in MRI [42].

SPIONs have also been used as tracers for SLN biopsy. Following injection around the
tumor, SPIONs are taken up by the SLNs and detected by a dedicated probe [43]. In this
section, we focus on SLN detection by SPIONs.

3.1.2. Magnetic Probes
Magnetic Probes for Breast Cancer

Magnetic field detectors are necessary to detect SPIONs in SLNs for SLN mapping.
A number of magnetic probes have been developed. For example, Sentimag is based
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on the mechanism of an AC pickup coil that is commercially available and is one of the
most widely used in clinical settings [43–49]. Other magnetic probes that are based on the
fundamental mode of orthogonal fluxgate (FM-OFG) [50–53], such as a magnetic tunneling
junction (MTJ) sensor [54] and negatively charged nitrogen-vacancy centers in diamonds,
have been developed. DiffMag is based on a pickup coil with AC and DC differential
magnetometry [55,56]. These magnetic probes have demonstrated the ability to detect
between 280 ng and 500 μg SPIONs from a distance of 1 mm to 2.5 cm.

Sekino et al. [57] showed that the amount of iron uptake in SLNs in breast cancer
patients was approximately 140 ± 80 μg [57], which was 0.3% of the injection dose (1.6 mL
of Resovist) that contained 44.6 mg of iron. Therefore, the magnetic probe is required to
have a detection ability in the order of 100 μg at a typical distance of 2–3 cm for breast
cancer to be applicable in the clinic.

A magnetic probe developed by Sekino and Kusakabe’s group employed a permanent
magnet and a Hall-effect magnetic sensor with a code-less handheld shape [57]. This probe
is also commercially available as a medical device (Matrix Cell Research Institute Inc.,
Ibaraki, Japan, CE mark 93/42EEC; NB:0344, EC certificate No.4201663CE01). The major
feature of this probe is that it allows precise positioning of the sensor with respect to the
magnetic null point (where the magnetic flux density is zero) to remove environmental
effects, such as any ambient magnetic fields and temperature effects. Other features of this
probe are its easy handling for surgeons during operations because of its compact shape
and low weight (108 g), and its code-less appearance. This probe can detect 56, 140, 280,
and 560 μg SPIONs at a distance of 7, 9, 11, and 15 mm, respectively.

Magnetic Probe for Laparoscopic Study

Laparoscopic surgery is a less intensive method of surgery in which an endoscope and
forceps are manipulated in four to five small incisions with ports (trocars) [58]. Usually,
two sizes of ports are used, and the inner diameter of the larger port is 12 mm. Therefore,
there is the need for a magnetic probe of a suitable shape for laparoscopic surgery. The
differences between magnetic probes used for breast cancer and laparoscopic surgery are
shown in Table 1 [57,59].

Table 1. Comparison of the probes for breast cancer and laparoscopic surgery.

Measure Probe for Breast Cancer Probe for Laparoscopic Surgery

Appearance

Total length 24.5 cm 58.5 cm
Handle length 16 cm 17 cm

Shaft length 7 cm 37 cm
Head size (diameter) 18 mm 10 mm

Weight 100 g 150 g
Detection range

(140 μg Resovist) 8 mm 6mm

The benefit of using magnetic nanoparticles, such as SPIONs, for SLN mapping in
laparoscopic surgery is not just to avoid RI exposure, but because of the speed at which
SPIONs can drain to SLNs from the injection site. SPIONs drain quicker than RI trac-
ers [60], meaning that SPIONs could be used as an SLN detection tracer during surgery.
Another benefit is the detection distance, which is shorter than that of RI. Furthermore,
the strength of the RI tracer signal means that signals from the injection site can inter-
fere with the detection signal from SLNs [41,61,62]. This so-called shine-through effect
is especially pronounced in the narrow intraperitoneal space and is not an issue with
magnetic nanoparticles.

Kuwahata et al. [63] developed an AC/DC probe magnetic sensor for laparoscopic
surgery. This probe employs a nonlinear response from the magnetic nanoparticles mag-
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netized by an alternating magnetic field with a static magnetic field to achieve sensitive
detection. The probe showed a longitudinal detection length of 10 mm for 140 μg iron; the
detection limit is approximately 280 ng from a 1 mm distance. The suitability of the probe
was demonstrated using a porcine model.

3.1.3. SLN Detection during Surgery
Breast Cancer

Magnetic tracers are taken up by macrophages in the lymph nodes and detected by
a handheld magnetometer [43]. In a previous study, it was shown that SPIONs reach the
axillary lymph nodes within minutes after injection into the breast [60]. To detect SPIONs,
several magnetometers have been developed [43,56,64].

In the EU, Sienna+ (a suspension of SPIONs) and Sentimag (a specialized probe) are
used for SLN biopsy of breast cancer. Sienna+ is injected into the tumor periphery to reach
the SLNs and can be identified by Sentimag. Sienna+ is a suspension of dark grains and can
be recognized as a dye. A meta-analysis of clinical trials of SLN biopsies using magnetic
detection systems showed that the identification rate of SLNs was not inferior to that of
simultaneous administration of radiocolloid ± dye (conventional method vs. magnetic
method: 96.8% vs. 97.1%).

Clinical tests using SPIONs and blue dye tracers in patients with breast cancer have
shown that handheld magnetic probes are useful for detecting SLNs containing magnetic
nanoparticles [65]. A multicenter study of breast cancer SLN biopsies using TAKUMI and
Resovist (ferucarbotran) as a tracer showed that the identification rate of SLNs was not
inferior to that of the RI method (RI method vs. magnetic method: 98.1% vs. 94.8%) [66].

Gallbladder Cancer

SLN mapping is challenging for cancers of difficult-to-access visceral organs, such
as the gallbladder. This is because the standard method of RI use requires preoperative
tracer injection. Indocyanine green (ICG) fluorescence imaging is a promising tool for SLN
detection in patients with breast, gastric [67], and colorectal cancers [68]. Lymph flow and
SLNs are detected soon after injection with a fluorescence imaging system, even in dense
adipose tissue. However, because the ICG tracer is small, it passes through downstream
lymph nodes, making it difficult to quantitatively analyze SLNs [69]. Magnetic methods
to detect intra-abdominal SLNs can be used to overcome these challenges and have been
effectively applied.

In a gallbladder cancer feasibility study using an animal model, the TAKUMI probe,
which includes a Hall sensor, was modified for laparoscopic use [59]. Its feasibility for
detecting SLNs of the gallbladder was evaluated using a laparoscopic dual-tracer method by
injecting ICG and SPIONs into five wild-type pigs without cancer and one immunodeficient
(RAG2-knockout) cancer-bearing pig. The laparoscopic probe identified the SPIONs in the
lymph nodes of four out of the five wild-type pigs during surgery (Figure 5). The magnetic
field counts were 2.5–15.9 μT, and fluorescence was detected in SLNs in all five pigs.

ICG shows a visual lymph-flow map, and SPIONs more accurately identify each SLN
with a measurable magnetic field, which is similar to the RI method. It was confirmed
using a RAG2-knockout porcine gallbladder cancer model with lymph node metastases
that SLN mapping is effective under tumor-burden circumstances. We identified an SLN in
the laparoscopic investigation, and the magnetic field count was 3.5 μT. The SLN was histo-
logically determined to be one of two metastatic lymph nodes [59]. This result suggested
the possibility of identifying SLNs in the intra-abdominal cavity organs.

3.2. Magnetically Promoted Rapid Immunofluorescence (MRIF) Staining Using FF Beads

Resected SLNs are examined pathologically. Here, we describe the rapid immunos-
taining of SLNs with positive images observed by fluorescence microscopy.
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Figure 5. Laparoscopic sentinel lymph node (SLN) detection with a mixed tracer in porcine surgery.
(A): Injection of the mixed indocyanine green (ICG) dye and magnetic tracer into the gallbladder wall.
(B): ICG fluorescence signals detected by near-infrared laparoscopy. (C): Magnetic field evaluation of
lymph nodes with the laparoscopic magnetic probe (yellow arrow). (D): Fluorescence signal-oriented
identification of SLNs by the magnetic method. (E): Resection of the detected SLNs. (F): Brown
pigmentation with the magnetic tracer in one resected regional lymph node among five. Modified
from Mihara et al.

3.2.1. Europium Single Staining

Accurate identification of the extent of a lesion allows the surgeon to minimize re-
moval during minimally invasive surgery of solid tumors. Thus, there is a need for the
rapid diagnosis of lesion characteristics and progression during surgery [70,71]. Generally,
snap-frozen sections are prepared during surgery and stained with hematoxylin–eosin (HE)
for examination by a pathologist. Although HE staining can provide rapid diagnosis, diag-
nosis can be difficult, such as in cases with small lesions. Immunostaining is one approach
to increase the diagnostic accuracy. The avidin–biotin complex method is a commonly used
immunostaining system that involves four sequential steps: (1) primary antibody stain-
ing; (2) biotin-labeled secondary antibody staining; (3) avidin–biotin–peroxidase complex
formation; and (4) development by diaminobenzidine (DAB) staining. Antigen–antibody
reaction steps by primary and secondary antibodies are particularly time consuming, and
the method is not suitable for rapid intraoperative diagnosis. Thus, there have been at-
tempts to shorten the time of the procedure using ultrasound [72] and microwaves [72,73]
that accelerate the antigen–antibody reaction with a stirring effect in addition to Brownian
motion. Alternatively, Onishi et al. used FF beads to develop MRIF staining, which shortens
reaction and washing times using a magnet [26,74]. MRIF can be performed in two steps
without secondary antibody, signal amplification, or DAB staining: (1) incubation with
antibody-coated FF beads and (2) washing, because the antigen–antibody complex can
be directly observed using a fluorescence microscope to observe the fluorescent material
encapsulated in the FF beads (Figure 6). This procedure reduces the time to a 1 min reac-
tion and 1 min wash step with a magnet when applied to frozen sections of xenografted
samples of A431 human epidermoid cancer cells that express high levels of epidermal
growth factor receptor (EGFR) and anti-EGFR antibody-europium encapsulated FF beads
(Figure 7A) [74].

103



Cancers 2022, 14, 364

 

Figure 6. Scheme of magnetically promoted rapid immunofluorescence. 1: Diluted FF beads are
dripped onto tumor cells, and the slide is vigorously agitated on the magnet; 2: the slide is inverted
into a plastic container and washed with a magnet; 3, 4: FF beads bound to tumor cells can be
observed directly by fluorescence microscopy. Modified from Onishi et al.

Figure 7. (A): Staining of A431 cells by hematoxylin–eosin (HE) (left), conventional immunostaining
(middle), and MRIF (right). Images of an A431 (human epidermoid cancer cells with high expression
of epidermal growth factor receptor (EGFR)) xenograft in pigs. (B): Staining image of a human breast
cancer metastatic lymph node by HE (left), conventional immunostaining (middle), and MRIF (right)
incubated with anti-pan-cytokeratin antibody-coated FF beads. Image of a paraffin-embedded tissue
array of a stained human breast cancer metastatic lymph node. Scale bar = 250 μm and 25 μm for
high magnification. Adapted from Onishi et al.
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The strength of the magnetic force is critical for obtaining maximum results; therefore,
a jig was prepared, and the relationship between the magnetic force and the distance from a
10 mm diameter and 24 mm length cylindrical magnet was examined. The magnetic force (F)
acting on an FF bead was calculated as F = −∇(−mb·B), where mb is the magnetic moment of
the FF beads, and B is the magnetic field strength of the magnet [75]. The distribution of the
magnetic force was stronger at the margins than at the center of the magnet; therefore, we
decided to agitate the magnet to obtain uniform staining [74]. The optimal distance between
the A431 xenograft samples and the magnet using anti-EGFR antibody-coated FF beads for
a 1 min incubation was within 2–5 mm, whereby the magnetic force =7.79 × 10−15 N to
3.35 × 10−15 N. A distance shorter than 2.0 mm showed unwanted background staining,
and a distance greater than 5 mm showed insufficient staining. We also examined the
optimal distance for washing. A distance from the samples to the magnet of 11 mm with a
magnetic force of 4.78 × 10−16 N showed the best result for anti-EGFR antibody-coated FF
beads. A distance >11 mm showed unwanted background staining. The staining efficiency
was confirmed by the staining of breast cancer clinical samples for cytokeratin (CK), which
is present in all epithelial cells, even in tumorigenesis, and is a widely used epithelial
marker. Anti-pan-cytokeratin antibody (AE1/AE3) was used in this study. Figure 7B
shows similar patterns of staining by conventional immunostaining and MRIF, which
is consistent with the cancer region observed in the HE-stained section. The positive
rates of conventional immunostaining were compared with MRIF staining using anti-pan-
cytokeratin antibody-coated FF beads and clinical tissue array samples. The positive rate of
conventional immunostaining was 96.5% (276/286) and that of MRIF was 92.7% (265/286).
The coincidence rate was 94.8% (271/286) [74]. Normal tissue (i.e., breast tissue, tonsil, and
lymph nodes) was analyzed. The positive rate of conventional immunostaining was 26.3%
(25/95) and that of MRIF was 32.6% (31/95) [74]. The coincidence rate was 91.6% (87/95)
(Table 2). Under optimal conditions, this ultrarapid immunostaining approach may be an
ancillary method for pathological diagnosis during surgery.

Table 2. Coincidence ratio between conventional IHC and MRIF staining.

Immunostaining Method
MRIF

Result + − Total

Conventional
Immunostaining

+ 263 13 276

− 2 8 10

Total 265 21 286
MRIF, magnetically promoted rapid immunofluorescence.

3.2.2. Multi-Colored Staining

Using several hydrophobic fluorophores that can be embedded into the polymer layers
of the beads, the construction of multi-colored FF beads becomes possible. We applied
a series of compounds, such as 3-dimesityl boryl-2,2′-bithiophene and 5,5′-dimesityl-3-
dimesityl boryl-2,2′-bithiophene, which contain boron, to create multi-colored FF beads
(patent: JP 6409173). Through the fluorescent labeling of target markers, multi-MRIF
would be achieved. Figure 8 shows HE staining, conventional IHC staining, europium
single staining, and europium double staining of human lymph nodes with metastasis by
multi-MRIF. We designed antibody-coated FF beads to emit fluorescence independently.
FF beads were coated with antibodies against CK19, which is expressed in epithelial
cells, and tenascin C (TNC), which is a glycoprotein that is expressed in the extracellular
matrix around cancer cells. Because some triple-negative breast cancers do not express
CK19, tenascin C is a good candidate to compensate for CK19 to increase the detection
rate of triple-negative breast cancer. Anti-CK19 antibody-coated FF beads show green
fluorescence, and anti-TNC antibody-coated FF beads show red fluorescence. Conventional
immunostaining with pan-CK was well correlated with single MRIF staining with pan-CK
antibody-coated FF beads, which showed magenta fluorescence derived from europium
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complexes. The blue color was nuclear with DAPI staining. For CK19 and TNC double
staining, both sets of FF beads were equally mixed and stained under the same magnetic
conditions as EGFR for a 1 min reaction and a 1 min wash. CK19 (Figure 8D) and tenascin
C (Figure 8E) were mostly stained in cancerous regions. Figure 8G shows merged images
from D, E, and F. There is still a need to optimize the conditions because the antibody
affinity is varied; however, this result demonstrates the possibility of double staining in one
step. Furthermore, when frozen sections of six human metastatic lymph node samples from
breast cancer were stained with IHC and MRIF, all lymph nodes were positive with a 100%
concordance rate. In short, we successfully performed fluorescence multiplex staining of
human breast cancer metastatic lymph nodes by binding antibodies against CK19 and TNC
to FF beads containing different fluorophores. Because the system is applicable to frozen
sections, it enables rapid diagnosis and meets clinical needs.

 

Figure 8. Staining of a frozen tissue section of a human breast cancer metastatic lymph node.
(A): Hematoxylin and eosin (HE) staining. (B): Conventional immunostaining (diaminobenzidine).
(C): Single staining of magnetically promoted rapid immunofluorescence (MRIF) with anti-pan-
cytokeratin antibody-coated FF beads that emitted magenta fluorescence. Multi-colored MRIF
using anti-CK19 antibody-coated F beads that emitted green fluorescence (D), anti-TNC antibody-
coated FF beads that emitted red fluorescence (E), DAPI staining (F), and merged images (G).
Scale bar = 1000 μm Adapted from Onishi et al. and new data.

4. Discussion and Future Perspectives

In this review, we described the applications of MNPs in oncology from a surgeon’s
perspective of monitoring biomarkers before and after surgery, and for intraoperative
diagnosis during surgery. Pancreatic cancer-specific EVs and a cancer-specific antigen,
PSA, were measured by the magnetic method, which could be used for monitoring cancer
development before and after surgery. SLN detection can be performed during surgery
by the magnetic method, and immunostaining can even be completed during surgery.
Laboratory techniques related to surgical procedures can be undertaken magnetically.

Notably, EV detection and immunostaining are quite unique. Most EV methods
require an extraction step of EVs from serum or plasma, but this magnetic method uses
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serum directly and involves counting the absolute number of EVs that express characteristic
cell surface proteins. Pancreatic cancer is one of the most aggressive cancer types because
it is difficult to identify in the early stages [76]. This method has potential as an early
detection tool. Immunostaining is a powerful tool to increase the accuracy of diagnosis,
but to contribute to decisions on surgical procedure, staining must be completed within
20 min [77]. MRIF requires only a 1 min reaction and a 1 min wash, and, thus, this method
has the potential for practical application in the clinic. Moreover, because it is easy to
define MRIF as positive and negative, it can be automated, reducing the requirement for
a pathologist.

The magnetic SLN method is a promising alternative to the RI method. Moreover,
it has the potential for clinical application to the laparoscopic method for detecting SLN
metastasis from cancers of visceral organs, which are difficult to examine via the surface
of the body or by endoscopy. These procedures can enable the identification of SLNs for
almost all intra-abdominal organs that are laparoscopically accessible. Moreover, the long
shelf life and easy handling of SPIONs and their detector permit the accurate diagnosis of
metastatic cancers in mid- to small-scale medical facilities and developing countries.

Because europium is toxic, FG beads also have the potential for magnetic sensing
with magnetic probes. Magnetic sensing activities strongly depend on magnetic character-
istics, such as the magnetic moment. Compared with the magnetic moment of Resovist
(approximately 50 emu/g) [78], the magnetic moment of the beads (20 emu/g) [10] is
relatively small. Considering the detectable distance of Resovist of 9 mm with a magnetic
probe as demonstrated by Sekino et al. [57], the detectable distance of the FF beads could
be several millimeters. This expected magnetic sensing activity potentially enables the
intra-abdominal detection of cancer and lymph nodes at a proximal distance.

The problems relating to the rate of false positives and false negatives that this type of
methodology generates in each of its applications should be addressed, for example, which
test confirms that the biological matrix has correctly come into contact with the analytical
system in the presence of a negative result. However, regarding EV measurement, a lectin
array [25] could be used to confirm the result; however, the results of lectin arrays are
relative and are not quantitative. PSA measurements should be confirmed by conventional
methods, such as ELISA, but the authors did not examine the associated rate of false
positives and false negatives. The sentinel node is defined as the first lymph node that
cancer cells reach, and the number of nodes may vary depending on the detection method.
There are usually one or two for the RI method and more for the dye method. It is therefore
difficult to discuss false positives and false negatives. In this review, we described the
ICG dye method and the SPION method. Regarding MRIF staining, Onishi et al. [74] used
conventional immunostaining to confirm that the antibody had correctly come into contact
with the antigen and described the concordance rate because tissue array samples are not
always serial sections.

5. Conclusions

Screening, monitoring, and diagnosis are critical in oncology treatment. However,
current clinical methods are time consuming. The use of magnetic nanoparticles is an
alternative approach that offers faster analyses over a wide range of oncological appli-
cations, such as the detection of cancer biomarkers and immunostaining. Radioisotope
tracers are used for SLN mapping during cancer surgery; however, the RI method risks
radiation exposure to both patients and medical personnel and requires nuclear medicine
facilities. Using biocompatible MNPs, such as SPIONs, SLN detection can be performed
safely without a special RI facility. The magnetic method is an interesting approach and
its use is expected in more applications. It is hoped that large-scale clinical trials will be
undertaken to demonstrate its usefulness and to validate it for clinical diagnosis.
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Simple Summary: There are two critical issues in cancer hyperthermia: (1) photothermal effect and
(2) cancer cell targeting efficiency. While the former can be addressed by rendering the nano carriers
with significant IR absorptions, the latter is dealt with using a novel dual-targeting strategy. In
this study, the Fe3O4 nanoparticle was coated with a shell of Cu2–xS; the resulting Fe3O4@Cu2–xS
exhibited strong IR absorption for enhanced photothermal cancer cell killing. The Fe3O4@Cu2–xS
nanoparticles are surface functionalized with amphiphilic polyethylenimine (LA-PEI) and Folic
acid-TPGS (FA-TPGS) for two purposes: (1) the PEI surface coating renders the particles positively
charged, enabling them to effectively bind with negatively-charged cancer cells for more intimate
nano/bio contact resulting in much stronger cancer cell ablation; (2) the folic acid modification further
increases the targeting efficiency via the folic receptors on the cancer cell surface. Dual-targeting with
the surface electrical charge and the tumor-specific folic acid synergistically facilitates both passive
and active targeting for significantly improved photothermal killing.

Abstract: A major challenge in cancer therapy is to achieve high cell targeting specificity for the
highest therapeutic efficacy. Two major approaches have been shown to be quite effective, namely,
(1) bio-marker mediated cell targeting, and (2) electrical charge driven cell binding. The former
utilizes the tumor-specific moieties on nano carrier surfaces for active targeting, while the latter
relies on nanoparticles binding onto the cancer cell surfaces due to differences in electrical charge.
Cancer cells are known for their hallmark metabolic pattern: high rates of glycolysis that lead to
negatively charged cell surfaces. In this study, the nanoparticles of Fe3O4@Cu2–xS were rendered
positively charged by conjugating their surfaces with different functional groups for strong electro-
static binding onto the negatively-charged cancer cells. In addition to the positively charged surfaces,
the Fe3O4@Cu2–xS nanoparticles were also modified with folic acid (FA) for biomarker-based cell
targeting. The dual-targeting approach synergistically utilizes the effectiveness of both charge-
and biomarker-based cell binding for enhanced cell targeting. Further, these superparamagnetic
Fe3O4@Cu2–xS nanoparticles exhibit much stronger IR absorptions compared to Fe3O4, therefore
much more effective in photothermal therapy.

Keywords: superparamagnetic nanoparticles; cancer cell photothermal therapy; surface charge
targeting; folic acid targeting; vitamin E TPGS modification
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1. Introduction

Hyperthermia therapy has been shown to be an effective and efficient cancer treatment
when applied locally to kill the cancer cells in a tumor-isolated fashion without adverse
effects on healthy cells and tissues [1]. The key in a successful photothermal therapy is the
targeted delivery of therapeutic agents, such as the photothermal nanoparticles, to tumors
in a precision manner. Upon application of near-infrared (NIR) laser, the nanoparticles,
typically gold or iron oxide, that are taken up by the tumor, can raise temperature to hyper-
thermic levels (~45 ◦C) for ablation of the targeted cancer cells [2]. In recent years, a variety
of nanoparticles have been developed with multifunctionalities for medical diagnosis and
therapeutics, among which the iron-oxide nanoparticles exhibit pronounced photother-
mal effects and, therefore, are most widely applied for photothermal therapy (PTT) [3–6].
Specifically, the superparamagnetic Fe3O4 nanoparticles have been extensively studied for
biomedical applications, such as gene or drug delivery, magnetic resonance imaging (MRI),
and magnetically-guided targeting [7–12]. With these unique nanoparticles, various cancer
therapeutic strategies have been developed utilizing some of their fascinating properties,
such as chemical stability, bio-compatibility, and strong photothermal effects. Recently,
enhanced NIR absorption has been observed in modified iron-oxide nanoparticles for
much stronger photothermal effects [13–15]. As is well-known, the Fe3O4 nanoparticles
have a strong UV absorption, but it gradually decreases in the visible region without any
noticeable NIR peaks [16].

Our previous works have shown that, by decorating the Fe3O4 nanoparticles with
the Cu2–xS shells, the modified Fe3O4@Cu2–xS nanoparticles exhibit pronounced IR ab-
sorptions with broad absorption peaks near 1160 nm. This is due to the fact that the
Cu2–xS nanocrystal has a tunable localized surface plasmon resonance (LSPR) in the IR
region [16,17]. The enhanced IR absorption in Fe3O4@Cu2–xS can provide much greater
photothermal effect in cancer hyperthermia therapy.

To achieve maximum therapeutic effects, cell targeting is critically required for high
uptake of the nanoparticles into tumor cells via systemic intravenous administration.
Selective delivery of therapeutic agents into tumor lesions has been a key challenge for
the successful management of cancers. To address this critical issue in cell targeting, an
electrical charge-based targeting method has been developed [18]. This unique targeting
method is based on the so-called Warburg effect that characterizes the cancer cells with
high rate of glycolysis. Normal cells typically depend on the mitochondrial oxidative
phosphorylation process to generate Adenosine triphosphate (ATP). However, all cancer
cells exhibit negative surface charges that are associated with their metabolic behavior: they
constantly secrete lactic acid, resulting in the cross-membrane movement of lactate, an end
product of the glycolysis pathway in hypoxia. Therefore, the increase of glycolysis levels in
cancer cells causes increased glucose uptake and lactate secretion levels, exceeding that
of normal cells [19]. The cross-membrane movement of lactate in cancer cells also causes
the loss of labile inorganic cations that form lactate salts and acids [19]. Consequently,
the cancer cell surfaces are left with a net of negative electrical charges [18,20,21]. If the
nanoparticles can be rendered positively charged, they are able to electrostatically bind
onto the cancer cells for the detection, targeting, and effective cell killing via PTT. In
our previous work, we succeeded in photothermal therapy with only charge-based cell
targeting. The positively-charged Fe3O4 nanoparticles were found to bind onto cancer
cells more efficiently compared to the negatively-charged counterparts. This is due to the
Coulomb force attraction between the nanoparticles and tumor cells with the opposite
charges [18,19,22]. Surface charge-mediated cancer cell targeting has also been utilized
to engineer a nanoprobe for the detection of circulating tumor cells (CTC) in clinical
blood [23,24].

Furthermore, active targeting has been achieved by using the tumor-specific ligands
to target the cell surface molecules or receptors [25]. Folic acid (FA) is considered one of the
most suitable targeting ligands for cancer therapy due to the folate receptor being overex-
pressed on many cancer cell types [26–28]. Recent research on the magnetic nanoparticles
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has shown that FA modification is an effective strategy to enhance cancer cell targeting
efficiency [29–33].

To enhance PTT efficiency in this study, we carried out photothermal experiments
with two new strategies: (1) the Fe3O4 nanoparticles were surface-modified with CuS to
develop Fe3O4@Cu2–xS with enhanced NIR absorptions for stronger photothermal cell
killing; (2) in addition to bio-targeting with FA, the nanoparticles were rendered positively
charged to achieve the so-called dual cell targeting for increased cell-specific binding. It
is well-known that Fe3O4 has strong UV absorption, but shows no peaks in the IR region.
For more efficient photothermal heating, we have developed a core–shell structure with
Cu2–xS forming a shell on the core of Fe3O4. In this hybrid structure, while Fe3O4 provides
the superparamagnetic property for the photothermal effect, the Cu2–xS shell on Fe3O4
renders the system with pronounced IR absorptions for further enhancement of the PTT
efficacy. These supermagnetic nanoparticles have been widely used in medical diagnostics
and therapeutics, such as the magnetic resonance imaging (MRI), photodynamic therapy,
and magnetic targeting [34–37].

The novel concept is schematically depicted in Figure 1. As shown in this figure, a
cationic amphiphilic polymer: lauric acid–polyethylenimine (LA-PEI) is coated on the
Fe3O4@Cu2–xS nanoparticles and stabilized by the D-α-tocopheryl polyethylene glycol
succinate (Vitamin E TPGS or TPGS) to form the positively-charged nanoparticles: PEI-
Fe3O4@Cu2–xS. TPGS is a widely used adjuvant in drug delivery which has been approved
by the FDA [38]. This biocompatible amphiphilic molecule can be used as a surface stabi-
lizer for enhanced drug stability [38–40]. Furthermore, the surfaces of the Fe3O4@Cu2–xS
nanoparticles are conjugated with the folic acid (FA-PEI-Fe3O4@Cu2–xS) to increase the
targeting efficiency on the folate receptor-expressing cell lines.

Figure 1a shows the schematic pathway for preparation of the positively charged
Fe3O4@Cu2–xS nanoparticles. The Fe3O4 nanoparticles are synthesized through a thermal
decomposition process. The as-synthesized Fe3O4 nanoparticles are then coated with a
Cu2–xS layer. The hydrophobic Fe3O4 or Fe3O4@Cu2–xS are stabilized with the amphiphilic
polymers and TPGS in order to transfer the nanoparticles from organic solvent to an
aqueous phase. Figure 1b illustrates the Warburg effect in cancer cells. As shown in this
figure, the negative surface charges are created due to secretion of lactic acid by cancer
cells. Figure 1c depicts the concept of the dual-targeting via both surface charges and
biomarkers. PEI, as a cationic polymer, provides the positive charges on the nanoparticle
surfaces enabling their binding onto the negatively-charged cancer cells. The folic acid
modified on TPGS further increases the interaction between the nanoparticles and cancer
cells with the folate receptor overexpression.
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Figure 1. (a) Pathway for preparation of the nanoparticles; (b) schematic illustration of the Warburg
effect, and (c) the strategies for electrical charge- and biomarker-mediated cancer targeting (passive
and active targeting) via nanoparticles.

2. Materials and Methods

2.1. General

All chemicals for nanoparticle synthesis, including iron (III) acetylacetonate (Fe
(acac)3, ≥99.9%), copper (II) acetylacetonate (Cu (acac)2, ≥99.9%), oleylamine (70%), sulfur
(99.998%), N-methyl-2-pyrrolidone (99.5%), polyethylenimine (PEI, branched, Mw 600), D-
α-tocopheryl polyethylene glycol succinate (Vitamin E TPGS or TPGS), polymer(isobutylene-
alt- maleic anhydride) (Mw = 6000), Hexadecylamine (98%), folic acid (FA, ≥97%), and
4-dimethylaminopyridine (DMAP), were purchased from Sigma-Aldrich Inc. (St. Louis,
MO, USA). 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC), N-
Hydroxysuccinimide (NHS) lauric acid (LA), and the organic solvents including chlo-
roform, cyclohexane, and tetrahydrofuran, were purchased from Fisher Scientific Inc.
(Hampton, NH, USA).
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The cell culture materials, including RPMI-1640 medium, Dulbecco’s Modified Eagle’s
medium (DMEM), fetal bovine serum (FBS), penicillin-streptomycin and 0.25% trypsin-
EDTA, were purchased from Thermo Fisher Scientific, Waltham, MA, USA. Dulbecco’s
Phosphate Buffered Saline (DPBS), and phosphate-buffered saline (PBS) were purchased
from Corning Corp, Corning, NY, USA. Cell Counting Kit-8 (CCK-8), Cyanine5 NHS ester,
Cyanine5 amine (non-sulfonated), Calcein-AM, and Propidium Iodide (PI) were purchased
from Apexbio Technology LLC (Houston, TX, USA).

2.2. Synthesis of Fe3O4 and Fe3O4@Cu2–xS Nanoparticles

Fe3O4 and Fe3O4@Cu2–xS nanoparticles were synthesized as described in previ-
ous studies with modification [16,17]. Briefly, a certain amount of Fe (acac)3 in the
NMP/oleylamine mixture (4:3, v/v) was injected into a preheated oleylamine at 300 ◦C
under a nitrogen protection. Keeping the system at 300 ◦C for 10 min with stirring, it was
cooled down to 60 ◦C for collecting the Fe3O4 nanoparticle which was washed by methanol.
The dried Fe3O4 nanoparticle was dispersed in the chloroform until use.

For Cu2–xS coating, a certain amount of sulfur solution in an oleylamine/cyclohexane
mixture (6:5, v/v) was injected into the as-synthesized Fe3O4 nanoparticle at 70 ◦C. Subse-
quently, Cu (acac)2 was dissolved in an oleylamine/chloroform mixture (1:4, v/v). This
very mixture was then injected into the reaction system and kept at 70 ◦C for 0.5 h with stir-
ring to obtain the Fe3O4@Cu2–xS nanoparticles. The collected Fe3O4@Cu2–xS nanoparticles
were washed with methanol and the dried Fe3O4@Cu2–xS nanoparticles were dispersed in
chloroform until use.

2.3. LA-PEI and Folate Modified TPGS Synthesis

The amphiphilic PEI was developed from modified hydrophilic fatty acid molecules
via EDC/NHS coupling, as described previously [41–44]. Briefly, the molar ratios of EDC
to LA and NHS to EDC were respectively set at 1.25:1 and 1.25:1. They were mixed in the
ethanol with 10% MES buffer (100 mM, pH = 6). After 15 min of reaction at 40 ◦C, solvated
PEI (0.25 eqv. molar to lauric acid) was quickly added into the solution and allowed to
react for 24 h at 40 ◦C. The product of LA-PEI was purified by dialysis for three days.

The synthesis of the folate-modified TPGS followed a modified procedure from a
previously reported method [45]. FA, CDI, and DMAP (with molar ratio of 1:1.2:0.5) were
dissolved in DMSO (with a FA concentration of 20 mg/mL) and stirred at room temperature
for 24 h. TPGS (1 eqv. molar to FA) was then added to the reaction system for another 24 h.
The product of FA-TPGS was purified by dialysis (MWCO 1 kDa) for three days.

2.4. Polymer Coating of the Fe3O4 and Fe3O4@Cu2–xS Nanoparticles

The hydrophobic Fe3O4 and Fe3O4@Cu2–xS nanoparticles were transferred from or-
ganic to aqueous solution by coating the amphiphilic polymers onto the particle sur-
faces [46]. For the positively-charge nanoparticles, the Fe3O4 or Fe3O4@Cu2–xS nanoparti-
cles were dissolved in chloroform (1 mL) and added to deionized water (10 mL) containing
LA-PEI and FA-TPGS. After sonication for 30 min, the chloroform in the oil-in-water
emulsion was evaporated. The extra polymers were removed by dialysis for 48 h. For
comparison, the amphiphilic polymer coating on the negatively charged nanoparticles was
developed according to the previous reports [16,47,48]. Subsequently, 272 mg of polymer
(isobutylene-alt-maleic anhydride) and 320 mg of hexadecylamine were dissolved in THF
and heated to 60 ◦C. It was kept at 60 ◦C until a cloudy mixture became transparent and
all THF had been evaporated. The resulting polymer was dissolved again in anhydrous
chloroform. For the negatively charged polymer coating, the Fe3O4 or Fe3O4@Cu2–xS
nanoparticles were mixed with TPGS in chloroform at a mass ratio of 5 to 2 under soni-
cation for a homogeneous mixture. The mixture was then added into a polymer solution
(100 mg/mL in chloroform) with negative charges and ultrasonicated for another 5 min.
Upon rotary evaporation of the organic solvent, the nanoparticles were dissolved in an
aqueous sodium borate buffer (SBB, pH 12) and ultrasonicated for 15 min. The extra poly-
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mers were removed by dialysis and the final products were kept at 4 ◦C until use. For the
Cy5 fluorescence dye labeled nanoparticles, the Cy5-NHS ester or Cy5-amine were added
to the PEI nanoparticles or to the EDC-NHS negatively charge polymer coated nanoparti-
cles at a mass ratio of 1:100 (dye to nanoparticle). The extra unreacted fluorescence dye
was removed over three days of dialysis (MWCO 20 kDa).

2.5. Nanoparticle Characterizations

The hydrodynamic diameter and surface potential were determined by dynamic light
scattering (DLS) using a Zetasizer Nano-ZS (Malvern, Malvern, UK). For the photothermal
experiments, samples were irradiated by using an 808 nm laser (Q-BAIHE, Shenzhen,
China) with power of 2 W/cm2. The temperature was measured and recorded by using an
infrared camera (FLIR E6). The power density of the solar simulator was calibrated by an
optical power meter (1919-R, Newport Corporation, Irvine, CA, USA). Nanoparticle size
was determined by transmission electron microscopy (CM-20 TEM). The absorption and
transmittance spectra were obtained by using a UV–VIS NIR spectrometer Lambda 900
(PerkinElmer Inc., Waltham, MA, USA). The X-ray diffraction analysis was acquired by
X-ray Diffractometer (X’Pert MPD).

2.6. Cell Lines and Culture Conditions

Three cancer cell lines were used in these studies: RD 769 Mouse Rhabdomyosarcoma,
A549 Human Lung Adenocarcinoma, and MDA-MB-231 Human Breast Carcinoma. The
non-malignant CCD-19Lu Human Lung Fibroblast Cell Line was used for comparison
with cancer cells. The A549 and CCD-19Lu cell lines were purchased from American
Type Culture Collection (ATCC). The RD 769 rhabdomyosarcoma cell line was a kind gift
from Dr. Timothy Cripe (Nationwide Children’s Hospital, OH). The MDA-MB-231 breast
cancer cell line was a kind gift from Dr. Jun-Lin Guan (University of Cincinnati, Cincinnati,
OH, USA). The RD 769 and MDA-MB-231 cell lines were cultured in Dulbecco’s modified
Eagle’s medium (DMEM). The A549 cell line was cultured in Kaighn’s Modification of
Ham’s F-12 Medium (F12K), and the CCD-19Lu cell line was cultured in Eagle’s Minimum
Essential Medium (EMEM). All mediums were supplemented with 10% fetal bovine
serum (FBS) and 1% antibiotic–antimycotic. Cells were maintained at 37 ◦C in 5% CO2
humidified atmosphere.

2.7. Calcein-AM/PI Assay

After photothermal treatment, a mixture of Calcein-AM (4 μM) and Propidium Iodide
(8 μM) in DPBS was added to the cells and incubated for 10 min for co-staining. The live
cells were labeled in green color by Calcein-AM and the dead cells were labeled in red color
by PI. The EVOS M7000 fluorescence microscope was used to examine the live/dead cells.

2.8. Confocal Microscopy Imaging

The cells were seeded in 8 chamber-slides 24 h before the experiments. Nanoparticles
labeled with Cy5 were incubated with the cells at 37 ◦C and the excess of NPs was removed
by washing with PBS. The cells were fixed using 4% PFA (Paraformaldehyde, Electron
Microscopy Sciences, Hatfield, PA, USA), and the cell nuclei were counterstained with DAPI
(4′,6-diamidino-2-phenylindole, blue). The cells and nanoparticles were prepared, imaged
and analyzed using a Nikon A1R GaAsP inverted confocal microscope as described [49,50].

2.9. Flow Cytometry Analysis

The cells were seeded in 24-well plates and incubated for 24 h before the flow cy-
tometry analysis. The nanoparticles were added to the cells and incubated at 37 ◦C for
5 min. The cells were subsequently rinsed with PBS, trypsinized, and transferred to tubes.
Cell-associated fluorescence was determined using a BD LSR II flow cytometer, and the
data were analyzed using the FlowJo software, as previously described [51,52].
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2.10. Real-Time Quantitative RT-PCR (qRT-PCR)

Total RNA was extracted from cultured cells using the RN easy micro-Kit (Qiagen,
Germantown, MD, USA) as described [53,54]. The cDNA was generated using iScript
cDNA Synthesis Kits (BIO-RAD, Hercules, CA, USA). Quantitative real-time RT-PCR
(qRT-PCR) was performed according to the TaqMan Gene Expression Assay protocols
(Invitrogen, Waltham, CA, USA) [55,56].

2.11. Photothermal Conversion Efficiency

The photothermal conversion efficiencies (η) of Fe3O4 and Fe3O4@Cu2–xS nanoparti-
cles were calculated using the equations developed by Roper et al. [19,57]. The photother-
mal conversion efficiency can be expressed by the following:

η =
hS(TMax–Tsur) –Qs

I(1 –10–A808)
(1)

where h is the heat transfer coefficient (W × m−2×◦C−1); S is the surface area of the con-
tainer (m2); TMax is the maximum temperature of the solution (◦C); TSur is the surrounding
temperature; Qs is the energy input by the sample cuvette and the solution (W), I is the
incident laser power (W), and A808 is the absorbance of the Fe3O4 and Fe3O4@Cu2–xS
nanoparticles in the standard rectangular glass cell with lid at the wavelength of 808 nm.

The value of hS is obtained by the following equation [16,19,57]:

hS =
mH2OCP, H2O

τS
(2)

where mH2O and CP, H2O are respectively the mass (g) and heat capacity (J/g×◦C) of the
sample. τs is the sample system time (s) which is given by [57]:

τS = –
t

ln θ
(3)

where θ is defined as the ratio of (T − TSur) to (TMax − TSur), and T is the solution tempera-
ture (◦C). In this research, the heat capacity of water is 4.18 J/g, the mass of the solution
is 0.1 g, the incident laser power is 0.5 W, A808 was determined to be 0.53071, and Qs is
0.005 W.

2.12. In Vitro Photothermal Cancer Killing Efficiency

The in vitro cancer cell killing efficiency was assessed by using the Cell Counting Kit
(CCK-8, Apexbio Technology LLC). The cells were seeded on 96-well plates 24 h prior to
the photothermal experiments. The nanoparticles were diluted to different concentrations
in the DPBS and incubated with the cells for 5 min at 37 ◦C. Excess NPs were removed
and replaced by PBS. The cells were irradiated with an 808 nm laser (2 W cm−2) for 5 min.
After that, 10 μL CCK-8 was added to the plate and incubated at 37 ◦C for 3 h. The assay
absorbance was measured at a wavelength of 450 nm in a Microplate Reader. The viability
of the cell was calculated by the equations below:

Cell viability (%) = [(As − Ab)/(Ac − Ab)] × 100

As = Absorbance of treated cell
Ac = Absorbance of untreated cell
Ab = Absorbance of blank background

3. Results and Discussion

Figure 2a shows the TEM images of the Fe3O4 and Fe3O4@Cu2–xS nanoparticles with-
out surface modification. The average sizes of the Fe3O4 and Fe3O4@Cu2–xS nanoparticles
were ~10 nm and ~15 nm, respectively. The X-ray powder diffraction patterns of both Fe3O4
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and Fe3O4@Cu2–xS are shown in Figure 2b. As can be seen in this figure, all diffraction
peaks can be assigned to Fe3O4 with the crystal planes identified. In addition, the peaks of
the (103) and (110) planes are identified for CuS respectively at 2θ = 31.8◦ and 48.1◦.

Figure 2. (a) TEM images of the Fe3O4 and Fe3O4@Cu2–xS nanoparticles; (b) powder X-ray diffraction patterns of the Fe3O4

and Fe3O4@Cu2–xS nanoparticles, and (c) UV−vis NIR absorption spectra for solutions of the Fe3O4 and Fe3O4@Cu2–xS
nanoparticles dispersed in toluene.

The UV−vis NIR absorption spectra of Fe3O4 and Fe3O4@Cu2–xS solutions are shown
in Figure 2c. As shown in this figure, Fe3O4 is characterized by a strong UV absorption,
but no peak is observed in the IR region. With a Cu2–xS shell on Fe3O4, however, there is a
pronounced IR absorption at 1160 nm in Fe3O4@Cu2–xS. The enhanced IR absorption can
be utilized for creating strong photothermal effects in PTT.

The amphiphilic polymer coating was designed to stabilize the nanoparticles in
aqueous solutions and control the surface functionalization, including surface charge
and targeting ligands. Vitamin E TPGS-Folic acid (FA-TPGS) (Figure S1a) and lauric
acid-Polyethylenimine (LA-PEI) (Figure S1b) were synthesized for nanoparticle surface
modifications. The cationic polymer PEI provides the positive surface charges for the
nanoparticles, combined with folic acid modification to enhance the nanoparticles’ in-
teractions with cancer cells efficiently. The structures of the amphiphilic polymers were
characterized with 1H-NMR (Figure S2). The 1H-NMR of FA shows a peak in the region
around 12 ppm corresponding to the proton signal of the carboxyl groups of FA (Figure S2a)
which is not seen in the 1H-NMR FA-TPGS (Figure S2c). Similarly, the proton signal of the
carboxyl groups of LA (Figure S2d) is also not shown in the reaction products (Figure S2f).
These results indicate that the carboxyl group on FA and LA was successfully coupled
to TPGS and PEI, respectively. Other characteristic peaks in the reactants are present in
the final products, indicating successful synthesis of FA-TPGS (Figure S2c) and LA-PEI
(Figure S2f).
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Thermogravimetric analysis (TGA) was used to quantify the polymer coating on
the Fe3O4@Cu2–xS nanoparticles. As shown in Figure 3a, the total weight loss of FA-PEI-
Fe3O4@Cu2–xS is 7.55%. With surface modification, the weight loss in temperatures ranging
from 200 ◦C to 450 ◦C increases to 42.76%. The increase in weight loss in this region is
due to the decomposition of the amphiphilic polymers coating. Further weight loss from
450 ◦C to 600 ◦C is from the char residue, which is 11.1%. The TGA data demonstrate the
mass ratio of the polymer coating to Fe3O4@Cu2–xS to be approximately 1:1.

Figure 3. (a) Thermogravimetric analysis (TGA) curves of uncoated Fe3O4@Cu2–xS and FA-PEI- Fe3O4@Cu2–xS; (b) magnetic
hysteresis loops of Fe3O4, Fe3O4@Cu2–xS, and FA-PEI- Fe3O4@Cu2–xS; (c) size distribution of FA-PEI- Fe3O4@Cu2–xS
nanoparticle, and (d) surface zeta potential of FA-PEI- Fe3O4@Cu2–xS.

The magnetic properties of the Fe3O4, Fe3O4@Cu2–xS, and coated Fe3O4@Cu2–xS
were characterized by vibrating-sample magnetometer (VSM). The magnetic hysteresis
curves are shown in Figure 3b. As shown in this figure, the saturation magnetization of
Fe3O4 is 59. 4 emu/g, considerably larger than that of Fe3O4@Cu2–xS (28.6 emu/g). The
reduction in magnetization in Fe3O4@Cu2–xS is attributed to the non-magnetic Cu2–xS
component on the surfaces of the Fe3O4 nanoparticles. The saturation magnetization is
reduced to 16.67 emu/g after coating Fe3O4@Cu2–xS nanoparticles with non-magnetic
polymers. However, all nanoparticles show superparamagnetic behavior reflected by the
highly reversible hysteresis curves regardless of the surface modifications by Cu2–xS or
polymer coating.
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The hydrodynamic size and the surface charge were determined using Dynamic
light scattering (DLS). The size distribution of the FA-PEI- Fe3O4@Cu2–xS nanoparticles
is majorly in the range of 37–50 nm (Figure 3c) with a surface charge of 27.33 ± 0.69 mV
(Figure 3d). Upon surface modification, the average hydrodynamic diameter extends to
192.37 ± 2.15 nm, which is in an appropriate average range (180–220 nm) for accumulating
readily in tumor vasculature as compared to those in the previously reported studies on
medical diagnosis and therapeutics [10,40,58–61]. For comparison, the negatively-charged
nanoparticles were used as control in the photothermal cancer cell killing experiments,
following the procedures reported previously [16,47,48]. The size and zeta potential distri-
butions of the negatively-charged nanoparticles are shown in Figure S3a,b. The average
hydrodynamic diameter and the surface charge of the negatively charged nanoparticles are
142.27 ± 2.71 nm and −31.5 ± 1.23 mV, respectively. The polymer weight percentage of
the negatively-charged nanoparticles (determined by TGA) is 55.33% (Figure S3c), which is
12.57% higher than that of the FA-PEI-Fe3O4@Cu2–xS nanoparticles.

Figure 4a,b show the photothermal properties of the FA-PEI functionalized Fe3O4 and
Fe3O4@Cu2–xS nanoparticles with varied concentrations under 808-nm laser irradiation
(2 W/cm2). The nanoparticles were dispersed in water and placed in a 96-well plate
(100 uL aqueous solution). After the solution was irradiated for five minutes, the light
source was turned off, and the temperatures were measured by infrared thermal camera.
Figure 4a,b show, respectively, the temperature increases as function of time for the surface-
functionalized Fe3O4 (Figure 4a) and Fe3O4@Cu2–xS (Figure 4b) nanoparticles of various
concentrations irradiated by 808 nm laser (2 W/cm2). As shown in these figures, the
temperature increases for both particle systems at the beginning are rather rapid due to
the photothermal effects of the nanoparticles, but leveling off after 1 min as a result of
heat loss through the environment. The light is turned off at 5 min and temperatures are
thereafter decreasing rapidly for all concentrations. As can also be seen in these figures, the
heating curves are consistent with the particle concentrations that the highest temperature
reaches 56 ◦C for FA-PEI- Fe3O4 at the concentration of 0.6 g/mL and 68 ◦C for FA-PEI-
Fe3O4@Cu2–xS at the same concentration. This significant increase in temperature in the
latter is due to the pronounced IR absorbance in the Fe3O4@Cu2–xS solution. Therefore, the
Fe3O4@Cu2–xS nanoparticles are expected to exert a much stronger photothermal effect
than that of the Fe3O4 counterpart.

The photostability of the functionalized Fe3O4 and Fe3O4@Cu2–xS nanoparticles were
characterized by three on/off cycles of laser irradiation (Figure 4c,d). By turning light off
and on every 10 min, the heating curves show consistent increases and decreases after
several cycles indicating good photostability of the nanoparticles. The negatively-charged
Fe3O4@Cu2–xS nanoparticles also show similar photothermal effects and photostabilities as
shown in Figure S3d,e. However, the negatively-charged nanoparticles show weaker pho-
tothermal effect due to its higher polymer to particle ratio in comparison to the positively-
charged FA-PEI- Fe3O4@Cu2–xS at the same concentration. The photothermal conversion
efficiency at 0.15 mg/mL is calculated by Equations (1)–(3) and the results are shown in
Table S1.
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Figure 4. Temperature vs. time curves of (a) FA-PEI- Fe3O4 and (b) FA-PEI- Fe3O4@Cu2–xS at different concentrations. The
temperature vs. time curves of (c) FA-PEI- Fe3O4 and (d) FA-PEI- Fe3O4@Cu2–xS for three on/off cycles.

The cancer cell binding efficiencies of different nanoparticles were assessed by incu-
bating the cells with the Cy5-fluorescent-dye-labeled nanoparticles for 5 min, and extra
nanoparticles were removed by washing with PBS. The Fe3O4@Cu2–xS nanoparticles with
the negative-charged polymer coating were used as comparison. Compared with the nega-
tive Fe3O4@Cu2–xS nanoparticle treated cancer cells (which hardly displays any Cy5 signal),
the positive PEI-Fe3O4@Cu2–xS treated cancer cells show visible Cy5 signals around the can-
cer cells (Figure 5a–c). With FA functionalization, the FA-PEI Fe3O4@Cu2–xS nanoparticles
show a significant fluorescence increase on the cancer cells (Figure 5a–c). The normal cell
line (CCD-19Lu) interacted with neither the negative, nor the positive or folate modified
positive nanoparticles due to their neutral surfaces. Therefore, the Cy5 signal from all
three nanoparticles is not observed on CCD-19Lu cells (Figure 5d). These experimental
results indicate strong electrostatic interactions between the charged nanoparticles and the
cancer cells.
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Figure 5. Cy5 labeled nanoparticle binding to the cancer cells. (a) RD 769, (b) MDA-MB-231, (c) A549, and (d) CCD-19Lu.
DAPI was used to stain the cell nucleus and Cy5 was labeled on the nanoparticles. Scale bar, 50 μm.

The quantification of the nanoparticle binding to the cancer cells was determined by
flow cytometry. As shown in Figure 6a–c, the positively-charged nanoparticles exhibit
higher Cy5 fluorescence compared to the negatively-charged Fe3O4@Cu2–xS nanoparticles
in all three cancer cell lines. Figure 6d shows the quantification of the median fluorescence
intensity (MFI). Compared to the negatively-charged Fe3O4@Cu2–xS nanoparticles, the
intensities of Cy5 fluorescence from the positively-charged Fe3O4@Cu2–xS nanoparticles
bound onto RD 769, MDA-MB-231 and A459 cells are 7.08-fold, 4.57-fold, and 13.18-fold,
respectively (Figure 5e). After FA modification, the Cy5 signals from all three cancer cell
lines are further increased to 2.26-fold, 2.97-fold, and 1.72-fold respectively, compared
to treatment with the positively-charged nanoparticles without folic acid modification
(Figure 5e). The binding efficiency of FA-modified nanoparticles is dependent on folate
receptor levels in cancer cell lines. The folate receptor (FOLR1) expression levels in the hu-
man cell lines were examined by RT-qPCR and shown in Figure S4. The FOLR1 expression
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levels in MDA-MB-231 and A549 are, respectively, 11.31-fold and 2.26-fold higher than
CCD-19Lu. The highest FOLR1 level of MDA-MB-231 significantly improved the binding
efficiency with FA-PEI-Fe3O4@Cu2–xS.

Figure 6. Flow cytometry histogram profiles of (a) RD 769 cell line; (b) MDA-MB-231 cell line; (c) A549 cell line; (d) CCD-
19Lu cell line with different nanoparticles: negatively charged Fe3O4@Cu2–xS (blue), PEI- Fe3O4@Cu2–xS (orange) and
FA-PEI- Fe3O4@Cu2–xS (green), and (e) median fluorescence intensities (MFI) of the RD 769, MDA-MB-231, and A549 cell
lines. (** p < 0.01, **** p < 0.0001).

In normal CCD-19Lu cells, the nanoparticles with the positively charged surfaces and
folic acid modification only increased the cell binding slightly. Cell binding efficiencies of
both PEI-Fe3O4@Cu2–xS and FA-PEI-Fe3O4@Cu2–xS were found to be insignificant when
compared with the negatively-charged Fe3O4@Cu2–xS (Figure 5e). The flow cytometry
results indicate that the mouse cancer cells have less nanoparticle binding than human
cell lines (Figure 5e). However, the positively-charged surfaces and folic acid modification
still increased the targeting efficiency. In human cancer cell lines, the positively-charged
nanoparticle binding efficiencies on cancer cell lines are 3.37-fold for MDA-MB-231 and
4.08-fold for A549, both are higher than that on the normal cell line (CCD-19Lu) (Figure 5e).
Upon folic acid modification, the nanoparticle binding efficiencies on cancer cell lines are
further increased to 7.15-fold (MDA-MB-231) and 5.02-fold (A549) compared with the
normal cell line (CCD-19Lu) (Figure 5e). Fluorescent microscopy and flow cytometry data
demonstrate that the FA-PEI-Fe3O4@Cu2–xS has high targeting efficiency to the cancer cell
lines, as shown in Figure 5e.

The Calcein-AM/PI live-dead staining is shown in Figure 7. Under the same con-
ditions (5 min incubation, 2 W cm−2 808 nm laser irradiation for 5 min), the negatively-
charged Fe3O4@Cu2–xS with laser irradiation did not cause significant cell death in all three
cancer cell lines. After treatment with positively-charged PEI-Fe3O4@Cu2–xS nanoparticles,
however, the cancer cells showed higher red fluorescence intensity, indicating effective
cancer cell killing by the photothermal effect. The folic acid modification further increased
the cancer cell killing efficiency due to higher nanoparticle-cancer cell binding efficiency.
Figure 7a shows the toxicities of different nanoparticles (0.32 mg/mL) incubated with RD
769 (Figure S5a), MDA-MB-231 (Figure S5b), A549 tumor cells (Figure S5c), and normal
CCD-19Lu cells (Figure S5d) without laser irradiation. As shown in Figure 7, with folic acid
modification, the nanoparticle toxicities to the cancer cells are higher than those without FA
modification (Figure 6a–c), due to the higher binding efficiency of FA-PEI-Fe3O4@Cu2–xS.
However, the cell death caused by the FA-PEI-Fe3O4@Cu2–xS nanoparticles without laser
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treatment is significantly lower than that with laser, indicating strong photothermal effect
of FA-PEI-Fe3O4@Cu2–xS. For normal CCD-19Lu cells, none of the nanoparticles exhibited
high toxicity, with or without laser (Figures 6d and S5d) due to insignificant particle bind-
ing on normal cells since they are practically neutral compared to the negatively charged
cancer cells. The 808-nm laser irradiation treatment without nanoparticles did not show
significant cytotoxicity for either cancer or normal cell lines (Figure S5e).

Figure 7. In vitro photothermal therapy effect of the negatively-charged Fe3O4@Cu2–xS, positively-charged PEI-
Fe3O4@Cu2–xS, and FA-PEI- Fe3O4@Cu2–xS at 0.32 mg/mL on (a) RD 769 cell line; (b) MDA-MB-231 cell line; (c) A549 cell
line, and (d) CCD-19Lu cell line with 5 min 2 W cm−2 808-nm laser irradiation. Calcein-AM/PI live-dead staining was used
to stain live (green) and dead (red) cells. Scale bar, 275 μm.

The cell viabilities at different nanoparticle concentrations are shown in Figure 8. As
shown in Figure 8a–c, with laser treatment, the FA-PEI-Fe3O4@Cu2–xS nanoparticles inflict
the strongest photothermal cancer cell killing in all three cancer cell lines due to the high-
est cell binding efficiency, followed by the PEI-Fe3O4@Cu2–xS nanoparticles. In contrast,
the cancer cell killing was negligible after photothermal treatment with the negatively-
charged Fe3O4@Cu2–xS nanoparticles, likely, due to weak nanoparticle binding on cancer
cell surfaces. The viabilities of cancer cells without laser treatment were significantly
higher than the laser-treated counterpart groups with the same nanoparticle concentra-
tions (Figure S6a–d). Compared with cancer cells, the normal cells show much higher cell
survival rate for all groups. These quantitative data show that the FA-PEI-Fe3O4@Cu2–xS
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nanoparticles have much greater cancer cell photothermal killing efficiency with negligible
influence on normal cells.

Figure 8. Cell viability vs. concentration of different nanoparticles for cancer cell lines (a) RD 769; (b) MDA-MB-231;
(c) A549 and a normal cell line, and (d) CCD-19Lu under photothermal treatments (2 W cm−2 808-nm laser irradiation for
5 min).

Based on the in vitro data in this study, we have shown that the nanoparticle surfaces
conjugated with both positive electrical charge and folic acid have significantly enhanced
cancer cell binding, leading to improved photothermal killing efficiency. The outcomes of
this study can be applied to other nano-carrier systems for more effective photothermal
therapy. The dual-targeting concept will require future in vivo experiments to demonstrate
its validity in preclinical settings.

4. Conclusions

We have synthesized both Fe3O4 and Fe3O4@Cu2–xS nanoparticles and compared their
characteristics in optical absorption and photothermal effect for enhanced photothermal
cancer therapy. By modifying the particle surfaces of Fe3O4 with CuS, we have developed
the Fe3O4@Cu2–xS nanoparticles that exhibit pronounced IR abortions that contribute to
much stronger photothermal effect in cancer cell killing compared to the Fe3O4 counterparts.
As a result, the photothermal conversion efficiency of Fe3O4@Cu2–xS has increased by
29.18%, while that of Fe3O4 is only 22.99%. Both Fe3O4 and Fe3O4@Cu2–xS are surface-
modified with polymer coatings for dual targeting with cell surface electrical charge
and folic acid. As all cancer cell surfaces are negatively charged due to high glycolysis
rates, rendering the positively-charged nanoparticles enables efficient binding onto cancer
cells for enhanced photothermal cancer cell killing. The cationic polymer coating on the
nanoparticles has been found to facilitate the nanoparticle binding to cancer cells rapidly
due to charge difference between the nanoparticles (positive) and the cancer cells (negative).
The folic acid modification on the charged nanoparticle surfaces has further enhanced
the nanoparticle targeting efficiency via folate receptor, which is overexpressed in cancer
cells (active targeting). With the unique dual targeting strategy, the FA-PEI-Fe3O4@Cu2–xS
nanoparticles show much higher cancer cell binding and subsequent photothermal cancer
cell killing without noticeable toxicity to normal cells under the same conditions. In contrast,
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the negatively-charged Fe3O4@Cu2–xS nanoparticles show insignificant cell binding and
photothermal toxicity due to repulsive force between the nanoparticles and cancer cells,
since both have the same electrical charge. The experimental results from this study
show a promise in photothermal cancer therapy by dual targeting of cancer cells via
conjugating both the positive surface charge and the tumor-specific biomarkers on the
nanoparticle surfaces.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cancers13215275/s1, Figure S1: The chemical structures and synthesis procedures of (a)
FA-TPGS and (b) LA-PEI. Figure S2: 1H-NMR characterization of the coating polymers (a) Folic acid,
(b) TPGS, (c) FA-TPGS in DMSO-d6, (d) Lauric acid, and (e) PEI, and (f) LA-PEI in Chloroform-d.
Figure S3: (a) Size distribution of the negative Fe3O4@Cu2–xS nanoparticle, (b) surface zeta potential
of negative Fe3O4@Cu2–xS, (c) thermogravimetric analysis (TGA) curves of uncoated Fe3O4@Cu2–xS
and negative Fe3O4@Cu2–xS, (d) temperature vs. time curves for negative Fe3O4@Cu2–xS, and (e)
temperature vs. time curves of negative Fe3O4@Cu2–xS for three on/off cycles. Figure S4: FOLR1
expression levels in different cell lines. Human FOLR1 mRNA levels in tumor cells were measured
by qRT-PCR and normalized to Beta-Actin mRNA. Figure S5: In vitro toxicity of negatively-charged
Fe3O4@Cu2–xS, positively-charged PEI- Fe3O4@Cu2–xS, and FA-PEI- Fe3O4@Cu2–xS at 0.32 mg/mL
on (a) RD 769 cell line, (b) MDA-MB-231 cell line, (c) A549 cell line, (d) CCD-19Lu cell line with-
out laser, and (e) 5 min 2 W cm−2 808 nm laser irradiation treatment for different cells without
nanoparticle. Scale bar: 275 μm. Figure S6: Cell viability vs. concentration of different nanoparti-
cles for cancer cells (a) RD 769, (b) MDA-MB-231, (c) A549 and (d) non-malignant CCD-19Lu cells
without laser treatment. Table S1: Photothermal conversion efficiencies of negative Fe3O4@Cu2–xS,
PEI-Fe3O4@Cu2–xS, and FA-PEI-Fe3O4@Cu2–xS at concentration of 0.15 mg/mL.
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Simple Summary: In this multicenter feasibility study, non-palpable breast lesions in 89 patients
were localized using a handheld cordless magnetic probe (TAKUMI) and a magnetic marker (Guiding-
Marker System®). Additionally, a dye was injected subcutaneously under ultrasound guidance to
indicate the extent of the tumor. Consequently, a magnetic marker was detected in all resected
specimens, and the initial surgical margin was positive only in five (6.1%) of 82 patients. Thus,
the magnetic guiding localization system with ultrasound guidance is useful for the detection and
excision of non-palpable breast lesions.

Abstract: Accurate pre-operative localization of nonpalpable lesions plays a pivotal role in guiding
breast-conserving surgery (BCS). In this multicenter feasibility study, nonpalpable breast lesions
were localized using a handheld magnetic probe (TAKUMI) and a magnetic marker (Guiding-
Marker System®). The magnetic marker was preoperatively placed within the target lesion under
ultrasound or stereo-guidance. Additionally, a dye was injected subcutaneously to indicate the
extent of the tumor excision. Surgeons checked for the marker within the lesion using a magnetic
probe. The magnetic probe could detect the guiding marker and accurately localize the target lesion
intraoperatively. All patients with breast cancer underwent wide excision with a safety margin of
≥5 mm. The presence of the guiding-marker within the resected specimen was the primary outcome
and the pathological margin status and re-excision rate were the secondary outcomes. Eighty-seven
patients with nonpalpable lesions who underwent BCS, from January to March of 2019 and from
January to July of 2020, were recruited. The magnetic marker was detected in all resected specimens.
The surgical margin was positive only in 5/82 (6.1%) patients; these patients underwent re-excision.
This feasibility study demonstrated that the magnetic guiding localization system is useful for the
detection and excision of nonpalpable breast lesions.
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1. Introduction

The introduction of mammographic screening programs has led to the identification
of an increased number of nonpalpable breast lesions. Currently, in developed countries,
approximately 20% to 30% of detected breast cancer cases are nonpalpable [1,2]. Moreover,
due to the development of neoadjuvant chemotherapy, there has been an increase in the
number of patients in whom a complete response was obtained [3]. These lesions are
often difficult to identify preoperatively and intraoperatively. Several techniques have
been developed for the localization of nonpalpable breast cancers [1,4–7]. The two most
established techniques for pre-operative localization of nonpalpable breast lesions are
wire-guided localization (WGL) and radioactive seed localization (RSL). WGL involves the
percutaneous implantation of a hooked wire under image guidance to mark the center or
outer edges of target lesions. Although WGL is the most commonly used method [8], it has
several disadvantages, including mechanical stimulation of wire plucking, kinking, and
patient discomfort. On the other hand, RSL involves implanting a small radioactive seed
to identify the lesion and/or its borders. RSL overcomes many of the disadvantages of
WGL, but it requires a strict nuclear regimen, which is its main limitation for applicability
at hospitals.

Recently, a non-wire, non-radioactive localization technique, known as the magnet-
ically guided localization (MGL) method, has been developed as an alternative to WGL
and RSL. The MGL method uses a handheld magnetic probe with a cord (Sentimag, En-
domagnetics Ltd., Cambridge, England and Wales) and a magnetic marker (Magseed,
Endomagnetics Ltd., Cambridge, England and Wales) for localization of nonpalpable le-
sions [5,9–13]. Currently, the MGL method appears to be a feasible and safe method of
breast lesion localization. However, they are commercially not available in Japan. On the
other hand, in Japan, a handheld cordless magnetic probe (TAKUMI, Matrix cell Research
Institute Inc., Tokyo, Japan) has been developed to detect sentinel lymph nodes (SLNs)
in breast cancer patients [14,15]. In the identification rates of SLNs, the MGL method is
not inferior to the gamma probe and dye-guided method [15–17]. In this study, we evalu-
ated the feasibility of an occult lesion localization technique using the handheld cordless
magnetic probe (TAKUMI) and the magnetic marker (Guiding-Marker System®, Hakko
Co., Ltd., Nagano, Japan). The primary outcome was the successful identification of the
guiding marker in the excised specimen. Surgical margin status and re-excision rates were
evaluated as the secondary outcomes.

2. Materials and Methods

2.1. Patients

Patients with nonpalpable breast cancer, who were histologically diagnosed using
core needle biopsy (CNB) or vacuum assisted biopsy (VAB), at three hospitals (Nip-
pon Medical School Hospital, Showa University Hospital, and Showa University Fuji-
gaoka Hospital) were enrolled. In this study, two types of magnetic probes (TAKUMI)
were used; the first type of magnetic probe was used from January 2019 to March 2019
(Figure 1a: generation 1 (Gen.1)), and the second type of magnetic probe from January 2020
to July 2020 (Figure 1b: generation 2 (Gen.2)).
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Magnetic objects

Hall-effect Sensor
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Figure 1. The magnetic probe TAKUMI (Matrix cell Research Institute Inc., Tokyo, Japan): (a) First type: Gen.1; (b) Second
type: Gen.2; (c) The detection mechanism of TAKUMI. 1© The objects are magnetized by the magnetic fields from the
permanent magnet. 2© The newly generated magnetic field from the magnetized objects is detected by the Hall effect sensor.

The female patients, aged ≥20 years, who met the following criteria were included: un-
derwent breast-conserving surgery (BCS) for breast cancer; received neoadjuvant chemother-
apy; and underwent tumor excision for indeterminate or suspicious on CNB or VAB. The
patients who were pregnant, had inflammatory breast cancer, underwent breast implant
insertion, and/or had a metal allergy were excluded. The breast lesion, which could not be
palpated during pre-operative examination by the surgeons, was defined as a nonpalpable
breast lesion. Written informed consent was obtained from all participants.

2.2. Materials

The TAKUMI is a handheld cordless magnetic probe equipped with a permanent
magnet and a Hall effect sensor for detecting magnetic objects. The objects are magnetized
by the magnetic fields from the permanent magnet, and the newly generated magnetic
field from the magnetized objects is detected by the sensor. The value of the detected
signal is visible on a small display, and sounds are produced according to the detected
values (Figure 1a–c). It was developed at the University of Tokyo under a grant from
the Japan Agency for Medical Research and Development. The second type of TAKUMI
(Gen.2) is commercially available for sentinel lymph node biopsy and mammary occult
lesion localization, which has regulatory approval in Europe for medical device safety
(CE marking of conformity, NB:0344, EC certificate No.: 4201663CE01). The second type
of TAKUMI (Gen.2) has been improved with the addition of a push-button and easy
battery replacement.

The Guiding-Marker System® was used as a magnetic marker. It consists of a stainless-
steel hook connected to a 30-cm long 5-0 nylon monofilament suture (Figure 2a). The
tip of the marker is bent, and the size of the marker is ϕ 0.28 mm × 10 mm in length
(Figure 2b). The Guiding-Marker System® has been used for thoracoscopic resection of
pulmonary nodules [18,19] and for MRI-guided breast lesion mapping [20]. The guiding
marker was inserted into the center of the target lesions under ultrasound guidance, using
a 21-gauge 10 cm long steel needle. It is similar as the insertion of a conventional breast
maker. The flexible nylon suture is not associated with mechanical stimulation of wire
plucking, kinking, and patient discomfort seen with WGL.

Figure 2. The Guiding-Marker System® (Hakko, Nagano, JAPAN). (a) It consists of a stainless-steel
hook connected to a nylon thread and a 21-gauge 10 cm long steel needle. (b) The tip of the marker is
bent, and the size of the marker is ϕ 0.28 mm × 10 mm.
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2.3. Surgical Procedures

A 21-gauge 10-cm long steel needle was used to insert the Guiding-Marker System®

into the center of the target lesions under ultrasound guidance before surgery (Figure 3a).
Only in cases with microcalcification, stereotaxic mammography was used for guidance.
The markers were placed the day before surgery, or before surgery under anesthesia. An
ultrasound and TAKUMI were used to confirm whether the marker was located within
the lesion, and to mark on the skin by ink before incision. The visibility of the puncture
needle and the marker was ensured under ultrasound during the procedure (Figure 3a–c).
The procedure of the Guiding-Marker System® insertion was performed by experienced
breast surgeons.

Figure 3. (a–c) The procedure of the Guiding-Marker System® insertion: (a) A needle was inserted using the ultrasound
guidance; (b,c) A needle and a guiding marker have clear visibility under the ultrasound. The white arrowheads in b and c

indicate guiding markers. The red arrowhead in b indicates a puncture needle.

After sentinel lymph node (SLN) biopsy, a small amount of sterile gentian violet or
indigocarmine with gel was injected subcutaneously at several points, at least 5 mm from
the edge of the tumor under sonographic guidance, to indicate the ductal spread of the
tumor to be excised (Figure 4b).

Figure 4. The surgical procedures: (a) A marker was inserted into the center of the target lesions
using ultrasound guidance; (b) A small amount of sterile gentian violet with gel was injected subcu-
taneously, at least 5 mm from the edge of the tumor under sonographic guidance; (c) TAKUMI was
used to detect the magnetic marker in the area to be excised; (d) The tumor was resected cylindrically.
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Then, a skin incision was made over/outside the lesion or areolar line, and TAKUMI
in a sterile bag was used to confirm the magnetic marker within the dye-marked area
(Figure 4c). Since a magnetic probe reacts to materials containing iron, titanium muscle
retractors and surgical equipment were used while checking the position of the lesion
intraoperatively. The tumor was resected cylindrically (Figure 4d). Once the specimen was
excised, the magnetic probe was used to confirm the presence of a magnetic marker in the
resected breast tissue. A radiograph of the specimen was taken to confirm the presence of
the lesion and the magnetic marker within the resected specimen (Figure 5). All surgical
procedures were performed by experienced breast surgeons.

 
Figure 5. The specimen mammogram showing the calcified lesion and a magnetic marker within the
resected specimen.

2.4. Pathological Examination

The surgical margin of the resected breast tissue, depending on the physicians’ dis-
cretion, was histologically examined on frozen section during the surgery. If the surgical
margin was positive for cancer cells on the frozen section, additional breast tissue, cor-
responding to the positive surgical margin, was resected. On the other hand, a second
surgery was performed when the surgical margin was positive for invasive carcinoma on
the ink margin on the formalin-fixed paraffin-embedded section. Therefore, the margin
status, in most cases, was determined on initially resected breast tissue. Margins were
classified based on consensus guidelines [21,22]. For invasive cancer, the margin was
considered positive if the tumor was found on the ink margin. For ductal carcinoma in situ
(DCIS), the margin was positive if DCIS was present on the ink margin and it was close if
DCIS was found within <2 mm.

3. Results

Eighty-seven patients were recruited in the study, including 39 patients from January
2019 to March 2019 and 48 patients from January 2020 to July 2020. Eighty-two patients
(94.3%) underwent partial mastectomy for breast cancer treatment, five (5.7%) underwent
tumor excision for diagnostic purposes. Patient demographics and tumor characteristics are
shown in Table 1. The mean age was 54.4 years (range, 33–88 years). Localization markers
were placed for masses (71 patients) under sonographic guidance and for calcification
(16 patients) under mammographic guidance. Histologically, 64 patients had invasive
carcinoma, and 23 had DCIS.
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Table 1. Patients and tumor characteristics.

Gen.1 Gen.2 Total

No. of patients n = 39 n = 48 n = 87
Ages, y/o (mean) 40–76 (54.4) 33–88 (54.4) 33–88 (54.4)
Menopausal status (Pre/Post/unknown) 14/25/0 22/23/3 36/48/3
Tumor status

Tumor/low echoic lesion 34 (87.2%) 37 (77.1%) 71 (81.6%)
Microcalcification 5 (12.8%) 11(22.9%) 16 (18.4%)

The size of the lesion
Clinical tumor size,

exclude microcalcification, mm (mean) 0–23 (10.2) 5–30 (11.8) 0–33 (11.1)

Pathological size of lesion, mm (mean) 0–60 (18.4) 0–40 (14.6) 0–60 (16.8)
Histological type of lesion

Carcinoma in situ 6/39 (15.4%) 17/48 (35.4%) 23/87 (26.4%)
IDC 31/39 (79.5%) 27/48 58/87 (66.6%)
ILC 0/39 (0%) 3/48 (6.3%) 3/87 (3.5%)
Other invasive carcinoma 2/39 (5.1%) 1/48 (2.1%) 3/87 (3.5%)

Histological subtype of breast cancer
Luminal A 29/39 (74.4%) 41/48 (85.4%) 70/87 (80.5%)
Luminal B 3/39 (7.7%) 4/48 (8.3%) 7/87 (8.0%)
HER2 enriched 3/39 (7.7%) 2/48(4.2%) 5/87 (5.7%)
Triple negative 4/39 (10.2%) 1/48 (2.1%) 5/87(5.7%)

Neoadjuvant chemotherapy 6/39 (15.4%) 3/48 (6.3%) 9/87 (10.3%)
Pathological complete response 3/39 (7.7%) 0/48 (0%) 3/87 (3.5%)

IDC: invasive ductal carcinoma; ILC: invasive lobular carcinoma.

The study outcomes are reported in Table 2. Technical success was defined as the
presence of the magnetic marker in the excised specimen on the postoperative specimen
radiograph. In 85 out of 87 patients (97.7%), the magnetic markers were detectable on
magnetic probing, both during and after the surgical resection of the target lesion. However,
in two cases, the magnetic marker, which could not be detected before surgery, was
detected intraoperatively. In all cases, guiding markers were removed during the initial
surgical operation. The mean size of the lesion was 11.1 mm along the longest dimension,
ranging from 0 mm to 33 mm, including non-invasive carcinoma. The size of lesions with
pathological complete response after chemotherapy were measured as 0 mm. The mean
weight of all excised specimens was 39.9 g, ranging from 2 g to 184 g, depending on the
extent of the lesion. Five cases of tumor excision for diagnostic purposes are excluded from
the analysis on margins status.

Table 2. The results of final pathology and the clinical outcome.

Gen.1 Gen.2 Total

Surgery Partial mastectomy 37/39 (94.9%) 43/45 (93.8%) 82/87 (94.3%)
Tumor excision 2/39 (5.1%) 3/45 (6.2%) 5/87 (5.7%)

Specimen weight, g (mean) 2–131 (38.7) 5–184 (41.9) 2–184 (39.9)

Detectable rate of
the Guiding-Marker System®

Transcutaneous 38/39 (97.4%) 47/48 (97.9%) 85/87 (97.7%)
Intramammary 39/39 (100%) 48/48 (100%) 87/87 (100%)

Removal rate of the marker in the specimen 39/39 (100%) 48/48 (100%) 87/87 (100%)

Histological examination of
surgical margin

Intraoperative frozen section 7 /37 (18.9%) 9/45 (20.0%) 16 /82 (19.5%)
Postoperative permanent section 30/37 (82.1%) 36/45 (80.0%) 66/82 (80.4%)

Positive margin status on
initial resection

Intraoperative re-excision 3/37 (8.1%) 2 /45(4.4%) 5/82 (6.1%)
Re-excision on second operation 1/37 (2.7%) 0 /45(0%) 1/82 (1.2%)

Radiation
Whole breast radiation 39/39 (100%) 48/48 (100%) 87/87 (100%)
Boost radiation 1/37 (2.7%) 5/45 (11.1%) 6/82 (7.5%)
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Five (6.1%) of 82 patients, diagnosed with breast cancer on histopathology, were
histologically diagnosed with positive surgical margins; four (4.9%) underwent re-excision
due to positive surgical margin on the frozen section and one (1.2%) underwent a second
surgery due to positive margin on the permanent section. Postoperatively, all patients
received breast radiation. Six patients (7.5%) underwent boost radiation therapy because
of close margin. There is no difference between the first type (Gen.1) and second type
(Gen.2) of TAKUMI in the results of the clinical outcomes. No complications, including
allergies and pathological responses to the marker, were observed in marker placement,
both preoperatively, intraoperatively, and postoperatively. There are no complaints from
patients about discomfort with mechanical stimulation of wire plucking, kinking.

4. Discussion

The localization of nonpalpable breast lesions has increasingly become an important
component of BCS. The two most established techniques for pre-operative localization
of nonpalpable breast lesions are WGL and RSL. However, WGL and RSL, requiring a
wire and radioisotope, respectively, have several disadvantages. Hence, the ideal method
would be a non-wire, non-radioactive localization method that does not require an energy
source. MGL appeared as an effective alternative to WGL and RSL that overcomes the
disadvantages of these techniques.

A feasibility study of the MGL technique was performed in the UK [9]. They used
Sentimag as a magnetic probe and Magseed as a magnetic tracer. Consequently, all 20 pa-
tients with nonpalpable breast cancer underwent successful surgical excision guided by a
magnetic probe; however, a surgical re-excision was required in two (10%) patients with
positive surgical margins. In a review and pooled analysis of 1559 surgical excisions, Gera
et al. [23] reported a successful localization and retrieval rate of 99.9% and a relatively low
re-excision rate of 11.3%. Micha et al. [24] reported that the Magseed group obtained the
better satisfaction for clinicians in terms of the technical aspects, and also decreased the
anxiety of patients between localization and surgery, with comparison to the WGL group.
Thus, several studies have demonstrated that MGL using Magseed is an easy, sensitive,
and effective localization method [5,10,23,25]. The use of Magseed technology for lesion
localization gained US Food and Drug Administration approval in 2016. MGL has been a
beneficial addition to the rapidly developing breast localization technologies.

In Japan, neither the magnetic probe (Sentimag) nor the magnetic marker (Magseed)
is commercially available. However, a novel handheld cordless magnetic probe (TAKUMI)
has been developed to detect the SLNs in breast cancer patients [14,15]. Compared to
Sentimag, there is an important difference in operation principle to be realized in the
compact shape of TAKUMI. Sentimag utilizes an alternating current (AC) magnetic field
generated by an AC power supply. In contrast, TAKUMI utilizes direct current (DC)
magnetic fields generated by a permanent magnet without any AC power supply. TAKUMI
could be operated with a small battery, therefore, that would make it possible to realize the
compact shape and the cordless device.

In BCS, there is a conflict between obtaining an adequate excision margin around
the tumor and not removing too much tissue, which may result in breast deformity [26].
Although the MGL technique could detect the guiding marker and give us an accurate
localization of the target lesions during the surgery, it could not indicate the extent of the
lesion. In several studies evaluating MSL using Magseed, the rate of positive surgical
margins ranged from 10% to 16% [11–13,25]. These results are not so different from those
with WGL (20–70%) [27] and RSL (7–27%) [1,28]. On the other hand, ultrasound guided
BCS can overcome the problem of positive surgical margins, although it may miss the
location of a small tumor during surgery [29]. Therefore, we verified the MGL method for
nonpalpable breast lesions by using a handheld cordless magnetic probe (TAKUMI) and
magnetic marker (Guiding-Marker System®).

In this study, a dye was injected subcutaneously under ultrasound guidance to indicate
the extent of the tumor excision. Consequently, the surgical margin was positive only in
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5 (6.1%) of 82 patients, and 6 (7.5%) of 82 patients underwent boost radiation therapy
because of close margin. No complication, including allergies and pathological response
to the marker, were observed in marker placement preoperatively, intraoperatively, or
postoperatively. Thus, the MGL with ultrasound guidance is useful for the detection
and excision of nonpalpable breast lesions. However, the present study is a single-arm
feasibility study. To further evaluate the usefulness of the magnetic marker and probe
method, we would like to conduct a double-blind study, comparing it with conventional
methods with a greater sample size and more surgeons.

There are several limitations associated with the use of MGL, including limited use of
metal instruments during surgery and limited depth of detection. Because of the magnetic
property of the probe, metal instruments containing iron should be kept away from the tip
of the detection probe [9]. In this study, titanium muscle retractors and surgical equipment
were used while checking the position of the lesion intraoperatively. Recently, a new non-
radioactive wireless localization system, called the Magnetic Occult Lesion Localization
Instrument (MOLLI), has been developed in the Sunnybrook Odette Cancer Center. The
effect of surgical instruments on MOLLI function is minimal, and does not impact its
accuracy or reliability [30]. On the other hand, Magseed, which is made of stainless-steel
(approximately ϕ 1 mm × 5 mm in length), can only detect up to a depth of 4 cm, whereas
the MOLLI system, which has a custom-made MOLLI marker (ϕ 1.6 mm × 3.8 mm in
length), can detect up to a depth of 53 mm [5]. The Guiding-Marker System® in this study
consists of a stainless-steel hook (ϕ 0.28 mm × 10 mm in length) connected to a 30-cm
long 5-0 nylon monofilament suture. In preclinical studies (not published) the Guiding-
Marker System® was detectable up to depths of 31 mm when the marker was oriented
parallel to the longitudinal axis of the probe. The detectable depth was 21 mm when the
marker was oriented perpendicularly. In this study, the magnetic marker could not be
detected transcutaneously in 2 cases due to the detectable depth limit, however, these
were detected intramammary intraoperatively. The nylon suture helps to avoid losing the
marker, so that all the markers were removed during the initial surgical operation. The
nylon suture resolved the patient’s discomfort compare to the wire on WGL method. The
Guiding-Marker System® was originally developed for the preoperative localization of
pulmonary tumors [18], but it may be too shallow to detect a deeply located breast lesion.
Technological development of the magnetic marker could resolve this limitation.

5. Conclusions

We evaluated the feasibility of an occult lesion localization technique using a handheld
cordless magnetic probe (TAKUMI) and a magnetic marker (Guiding-Marker System®).
The high rate of successful localization and low rate of re-excision support the effectiveness
of MGL. The MGL method is a reliable, accurate, and convenient system for localizing
nonpalpable breast lesions. This technique does not have disadvantages that are commonly
associated with WGL and RGL. However, MGL also has several limitations, such as a
limited ability to use surgical metal instruments and limited depth of detection during
surgery. Therefore, we need to develop more effective technologies that can, besides
localization, determine the extent of the tumor excision.
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Simple Summary: In this study, the following injection characteristics were evaluated to optimize
magnetic tracer uptake in the sentinel lymph nodes (SLN) in a rat hindleg model: (a) iron dose,
(b) effect of dilution, (c) effect of injecting at different time courses and (d) effect of massaging the
injection site. In conclusion, injection dose and time were primary factors for the SLN iron uptake.
The result from this study will provide a background for magnetic procedures.

Abstract: The magnetic technique, consisting of a magnetic tracer and a handheld magnetometer,
is a promising alternative technique for sentinel lymph node dissection (SLND) and was shown
to be non-inferior to the standard technique in terms of identification rates. In this study, injection
characteristics (iron dose, dilution, time course and massaging) were evaluated to optimize magnetic
tracer uptake in the sentinel lymph nodes (SLN) in a rat hindleg model. 202 successful SLNDs were
performed. Iron uptake in the SLN is proportional (10% utilization rate) to the injection dose between
20 and 200 μg, showing a plateau uptake of 80 μg in the SLN around 1000 μg injection. Linear
regression showed that time had a higher impact than dilution, on the SLN iron uptake. Massaging
showed no significant change in iron uptake. The amount of residual iron at the injection site was also
proportional to the injection dose without any plateau. Time was a significant factor for wash-out of
residual iron. From these results, preoperative injection may be advantageous for SLN detection as
well as reduction in residual iron at the injection site by potential decrease in required injection dose.

Keywords: sentinel lymph node dissection; sentinel lymph node; super paramagnetic iron-oxide
particles; rat model; magnetic technique; magnetic tracer

1. Introduction

Sentinel lymph node dissection (SLND), also referred to as sentinel lymph node biopsy,
is the standard of care for clinically and radiologically node-negative breast cancer patients
to stage the axilla and determine if cancer has spread to regional lymph nodes [1,2]. The
current standard technique consists of a radioisotope and blue dye which are injected
subcutaneously in the breast on the day of surgery [3]. However, this technique has some
drawbacks including strict regulations regarding the use of radioisotopes and complica-
tions related to the use of blue dye [4]. The magnetic technique consisting of magnetic
nanoparticles and a handheld magnetometer is a promising alternative technique for SLND.
This magnetic technique was shown to be non-inferior to the standard technique in several
trials and meta-analyses [4–17]. There are different magnetic nanoparticles on the market
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but the most commonly used are Sienna+ (Endomag Ltd., Cambridge, UK), Magtrace
(former SiennaXP, Endomag Ltd., Cambridge, UK) and Resovist (Schering AG, Berlin,
Germany) with iron concentrations of 28.0, 28.0 and 27.9 mg/mL, respectively [18,19].

Recently, it was discovered that residual magnetic nanoparticles at the injection site
can lead to susceptibility artifacts on breast MRI [20]. This could be an issue in patients
who need post-operative MRI such as BRCA carriers, patients who have SLND prior to
primary treatment or patients whose tumors are not visible on mammography. There-
fore, it is important to reduce the volume of magnetic nanoparticles injected to optimize
this technique.

Most clinical trials used a magnetic nanoparticle volume of 2.0 mL diluted with
saline to 5.0 mL, injected on the morning of or just prior to surgery followed by a five-
minute massage of the injection site [4–10]. Hersi et al. [16] performed a study comparing
injections at lower iron doses and different injecting timings, and Rubio et al. [19] compared
Magtrace injections of 1.0, 1.5 and 2.0 mL. Recently, studies have successfully employed
injection days or even weeks prior to surgery, revealing that preoperative injection is also
feasible [21–23]. Knowledge from the previous studies indicates that iron dose, time course
of injection, dilution, and massaging could affect iron uptake by the sentinel lymph nodes
(SLN). Optimization of these factors is important in order to reduce the residual magnetic
nanoparticles left at the injection site.

In this study, injection characteristics were evaluated to optimize magnetic tracer
uptake in the SLN in a rat model. We performed multiple experiments to determine (a) the
optimum iron dose, (b) the effect of dilution, (c) the effect of injecting at different time
courses and (d) the effect of massaging the injection site.

2. Materials and Methods

Animal studies were approved by the local Ethics Board (Accession Number P15–124)
and the experiments were performed between December 2015 and March 2016 at the
University of Tokyo according to the guidelines of the institution and ensured humane
care of animals. Authors adhered to the ARRIVE guidelines [24] (Data S1). No sample
size calculation was performed and the number of animals in each group (n = 4–5) was
determined according to the previous publication [25]. Female Sprague Dawley rats of ten
weeks old (Nihon SLC, Shizuoka, Japan) (approximately 200 g) were randomly allocated
to experiments. A flow diagram of the entire study can be found in Figure S1.

2.1. Dose Increase Experiment

A set volume of 100 μL was injected bilaterally in the subcutis between the second
and third digits of the hind legs (Figure 1a). Resovist was injected manually on the right
side and saline (control) on the left side. The magnetic tracer was diluted with saline to
set the iron dose at 2, 10, 20, 40, 100, 200, 1000, 2000, 2790 and 4000 μg per 100 μL. In
order to obtain the 4000 μg of iron per 100 μL of solution, two 0.8 mL vials of Resovist
were centrifuged at 20 degrees Celsius for twelve hours with a relative centrifugal field of
20,000 G. After centrifugation, 0.4 mL of aqueous supernatant was carefully and aseptically
discarded, and residual liquid and sediment were mixed thoroughly using a vortex mixer.
A small sample (2 μL) was evaluated using a superconducting quantum interference
device (SQUID) and an iron concentration of 1.4 times the standard Resovist concentration,
40.0 mg/mL, was found. All samples were evaluated for aggregation of nanoparticles using
the fiber-optics particle analyzer with autosampler (FPAR-1000AS, Otsuka Electronics Co.
Ltd., Osaka, Japan).
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Figure 1. Schematic illustration of an animal study and iron dose increase experiment. (a) Schematic
illustration of an animal study. (b) Iron accumulation measured by a superconducting quantum
interference device (SQUID) in the SLNs (red) and at the injection sites (blue) 24 h after Resovist
injection. Both axes are logarithmic scales. n = 5 each group, except for n = 10 of the 2000 μg group.
(c) The SLN uptake rate in the dose increase experiment. Each measurement was overlaid on a box
plot. (d) Iron accumulation in the secondary nodes in the 1000 μg (n = 2), 2790 μg (n = 4), and 4000 μg
(n = 5) groups. Corresponding results from the SLN measurements are redisplayed on the left for
comparison. SLN: sentinel lymph node.

Prior to injection, all rats were marked, shaved and anesthetized using a mixture of
2–3% Isoflurane (Wako Pure Chemical Industries, Osaka, Japan) and 300 mL/min air via
an automatic delivery system (Isoflurane Vaporizer SN-487, Shinano Seisakusho, Tokyo
Japan), first using an induction chamber and, after the rats were anesthetized properly,
through a mouthpiece during the procedure. Each iron dose was injected in five rats except
for 2000 μg, which was injected in two groups of five rats by two researchers (M. Peek
and K. Saeki). This was done to confirm reproducibility of the results between researchers,
making the total number of rats used for this experiment 55. After injection, the rats were
placed back in their cages for recovery.

After 24 h, the rats were anesthetized and euthanized by cervical dislocation. In
rats, the popliteal lymph nodes are the primary and dominant SLNs draining the distal
hindleg including the injection site. Following euthanasia, SLND of the popliteal nodes
was performed bilaterally in a prone position. The caudal skin of the stifle joint was incised,
and the popliteal lymph nodes were anatomically located within the thigh muscles and
dissected (Figure 1a). Collected lymph nodes were placed in formalin.

In selected animals from the 1000 (n = 2), 2000 (n = 4) and 4000 (n = 5) μg iron injection
groups, abdominal lymph nodes were also harvested as secondary lymph nodes: Briefly,
the animals were placed in dorsal recumbency, and celiotomy was performed. At the
caudal furcation of the descending aorta, iliac lymph nodes were identified and resected.

For all animals, the hindlegs were amputated bilaterally at the tarsal joints, weighed,
and placed in a drying oven for 48 h at 80 degrees Celsius. The dry weight of the distal legs
was determined prior to powdering them using TissueLyser (20 Hz, 2 min; Qiagen, Hilden,
Germany), for further analysis. The excised sentinel lymph nodes (SLN) and the powdered
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rat legs were analyzed by SQUID to determine the amount of iron within the samples. The
SLN uptake rate was subsequently calculated as (Iron accumulation in SLN)/(Injected iron
dose) × 100.

2.2. Dilution and Time-Course Experiment

Resovist equivalent to 200 μg iron (7.17 μL) was diluted with saline two-, five-, and
ten-fold, which resulted in final volumes of 14.34 μL, 35.84 μL, and 71.68 μL, respectively.
All samples were evaluated for aggregation of nanoparticles using the FPAR-1000AS. A set
iron dose of 200 μg was chosen, as any higher iron dose would already reach the plateau
level uptake, thereby enabling the evaluation of dilution and time on the iron uptake.

All rats were marked, shaved and anesthetized using the same method as described
above. Indicated Resovist solutions were injected bilaterally in the subcutis between the
second and third digits of the hind legs, using an automated injection pump (MCIP-Jr,
Minato Concept, Tokyo, Japan). The injection duration was set at 15 s independent of
differences in injection volumes. During injection, the minimum and maximum pressures
were recorded. SLND was performed after 10 and 30 min and 1, 6 and 24 h. Each sampling
was performed bilaterally on two rats, giving four datasets per harvesting time point per
dilution, a total of 80 datasets in 40 rats.

After injection, rats were placed back in their cages for recovery and SLND was
performed after the indicated time frames. All rats were anesthetized and euthanized by
cervical dislocation and bilateral SLND of the popliteal nodes was performed, as described
for the dose increasing experiments.

As for the animals euthanized at 24 h after injection, abdominal nodes were excised
in addition to the popliteal SLNs. The excised lymph nodes were placed in formalin and
analyzed with SQUID. The distal hindlegs of the rats were processed as described above
and analyzed with SQUID.

2.3. Massage Experiment

The rats were anesthetized as described above. Resovist was diluted 10 times with
saline, and 71.7 μL of the solution (equivalent to 200 μg iron) was manually injected
bilaterally in five rats; on the right side, this was followed by a five-minute massage of
the injection site. The massage was manually performed with a one-second hold and one-
second release cycle on the subcutaneous dome initiated by the injection. Rats were placed
back in their cages for recovery. After 30 min, the rats were anesthetized and euthanized
by cervical dislocation and SLND of the popliteal nodes was performed, as described for
the dose increasing experiments. Distal hindlegs were processed and both injection sites
and SLNs were analyzed with SQUID, as described above.

2.4. MRI Experiments

Imaging was performed using a 7.0 T BioSpec high-field small animal MRI system
(Bruker Biospin, Germany). T1-weighted (T1W) MRI images with FLASH sequence were
acquired in axial orientation without fat suppression and with the following parameters:
TR/TE = 892.3/5.4 ms; FOV = 60 × 60 mm; matrix = 256 × 256; slice thickness = 1.0 mm;
inter-slice distance = 1.0 mm; FA = 40 degrees; isotropic in-plane resolution = 0.14 mm.
The maximum diameter of the artifacts at the SLNs caused by magnetic nanoparticles
was recorded.

MRI was performed in rats who were injected with 2, 20, 40, 100, 200 and 2000 μg of
iron (five rats per group) during the iron increasing experiments, and two age-matched
untreated rats (control). MRI was performed to evaluate the size of the artifacts at the
SLNs caused by magnetic nanoparticles. The animals were euthanized 24 h after injection,
immediately followed by MRI scanning and harvesting of the SLNs.

For a single rat, continuous MRI scans were performed to visualize the uptake of
magnetic nanoparticles within the SLNs. The rat was anesthetized using an intravenous
injection of alpha-chloralose (approximately 50 mg/kg/h, to effect), placed in a prone
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position and breathing was monitored whilst scanning. A bilateral injection was performed
with neat (7.17 μL; left) and 10 times diluted (71.7 μL; right) Resovist, both equivalent
to 200 μg iron. MRI was performed every three minutes for the first hour and every ten
minutes for the subsequent four hours. After five hours, the rat was euthanized, and SLND
was performed on the popliteal, groin and abdominal nodes. The nodes were placed in
formalin, and the distal hindlegs were processed with SQUID, as described above.

2.5. SQUID Measurements

The magnetic moment of the magnetic tracer contained in the extracted SLNs and
powdered distal hindlegs were measured using SQUID (MPMS-5S, Quantum Design Inc.,
San Diego, CA, USA). Each node was placed in a capsule in the middle of a plastic cylinder
and placed in the machine. The SQUID consisted of a uniform measurement magnetic field
with a range between −300 to +300 mT (−3000 to +3000 Oe) and a magnetic field detection
coil to measure the change of interlinked magnetic flux.

The measurement region showed linear curves for living tissue due to the diamagnetic
effect, and non-linear curves for living tissue containing the magnetic tracer due to the
mixed diamagnetic and super-paramagnetic effects. To determine the magnetic moment
of the magnetic tracer contained in the SLNs, the mixed signal was separated using the
least squares method (Mathematica, Wolfram Research Inc., Champaign, IL, USA) and the
non-linear curve was extracted.

2.6. Statistical Analysis

Nonparametric (two-sided) tests were used wherever possible. The correlation be-
tween iron accumulation in the SLNs and the injection sites, and the injected dose was
calculated using the Spearman (rank-based) correlation. Statistical differences in iron
uptake between massage and no-massage groups were assessed using the Mann–Whitney
U-test. The Spearman correlation was also used to examine associations between MRI
artifact size and iron uptake, dilution or time of injection. A parametric analysis had to be
used to simultaneously regress iron accumulation in the SLNs on dilution, time, and the
amount of iron at the injection site. This multiple regression is described later.

All statistical analysis and visualization were performed using IBM SPSS Statistics
Version 23 (SPSS Inc., Chicago, IL, USA) and results were reported according to the SAMPL
guideline [26]. No criteria for exclusion was set and all the collected data were included.

3. Results

SLND was performed in 202 procedures (101 rats) except for two control animals in
MRI experiments, and at least one popliteal lymph node (hereafter, SLN) was obtained
with each procedure (Figure 1a). The higher dose injection of Resovist resulted in apparent
brown discoloration of the SLNs (Figure 1a). Abdominal nodes (hereafter, the secondary
nodes) were harvested in eleven rats from the dose increase experiment and eight rats
from the 24 h harvesting time point group of the dilution and time-course experiments.
Furthermore, a total of 202 hindlegs were amputated at the tarsal joint, dried and powdered
for SQUID analysis.

In the dose increase experiments, the fiber-optics particle analyzer showed no aggre-
gation for samples of 1000 μg or higher. Aggregation was found for samples with an iron
dose of 200 μg and 100 μg (98.9 ± 1.4 and 127.0 ± 15.9, respectively, a particle size higher
than neat Resovist 2790 μg: 73.1 ± 4.09 nm). In the dilution and time course experiments,
no aggregation was found for the two-times diluted sample. Aggregation was detected in
the five- and 10-times diluted samples (80.0 ± 5.7 and 86.8 ± 0.71, respectively, a particle
size higher than neat Resovist: 73.1 ± 4.09 nm).
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3.1. Dose Increase Experiment
3.1.1. Iron Uptake in the SLNs

SQUID analysis of the SLNs demonstrated a plateau uptake of iron in the SLNs of
approximately 80 μg (Figure 1b, Table S1). This plateau was reached by injecting an iron
volume of 1000 μg or higher. Prior to this plateau, the amount of iron taken up by the
SLNs increased with increasing amounts of iron injected, which resulted in an overall
significant strong correlation between the injected iron dose and the amount of iron in
the SLNs (Spearman’s rs (56) = 0.92, p < 0.001) (Figure 1b, Table S1). By calculation, it
was evident that the utilization rate (i.e., iron in node/iron injected) between injected
iron volumes of 10–200 μg was approximately 10%, with the highest utilization rates at
an injected iron volume of 20 μg (11.0%), compared to 100 μg (10.0%) and 200 μg (9.7%)
(Figure 1c). The utilization rate dropped significantly to 6% upon injection of 1000 μg iron,
compared to 20-μg injection (Figure 1c). For the 4000 μg injection, this ratio dropped to
2%. The secondary nodes contained similar amounts of iron to in the SLNs under the
investigated conditions (1000-, 2790- and 4000-μg injections) (Figure 1d).

3.1.2. Iron at the Injection Site

The amount of residual iron after 24 h at the injection site increased as the injected iron
dose increased, with a statistically strong correlation (Spearman’s rs (56) = 0.96, p < 0.001,
Figure 1b, Table S1). Iron at the injection site did not show any plateau accumulation as
observed with SLNs, which indicates that an excessive injection of iron only results in an
increased residue of iron at the injection site (Figure 1b,c).

3.1.3. Difference between Researchers Performing Experiments

Experiments with the 2000 μg iron group were repeated in two settings by differ-
ent researchers (M. Peek and K. Saeki) to determine the inter-researcher variability. The
median iron amounts in the SLNs were 87.5 μg (range, 57.9–106.0 μg; K.S.) and 73.6 μg
(range, 61.7–139.0 μg; M.P.). The median iron amounts at the injection site were 1192.5 μg
(range, 1101.5–1243.1 μg; K.S.) and 1316.4 μg (range 1170.8–1594.4 μg; M.P.). No sta-
tistical difference was found between the researchers about iron amounts in the SLNs
(Mann–Whitney U = 12.0, p = 1.00) and iron amounts at the injection site (Mann–Whitney
U = 6.0, p = 0.22), supporting experimental consistency. In the other experiments, the two
researchers performed procedures interchangeably and were not distinguished.

3.2. Dilution and Time-Course Experiment
3.2.1. Iron Uptake in the SLNs

SQUID analysis showed an increase in iron uptake in the SLNs over time (Figure 2a–c,
Table S2). An increase in iron uptake was seen six hours after injection (Figure 2c). The
first hour showed no large difference in iron uptake. Although the effect of dilution was
not apparent at most time points, the five- and ten-fold dilution group demonstrated an
increased iron uptake after six hours, with little difference in iron uptake at 24 h (Figure 2b).
Neat Resovist showed barely any uptake within the first hour after injection whilst all
diluted volumes were actively taken up by the SLNs. The highest iron uptake was seen
with the ten-fold diluted tracer after 10 min, 30 min, and 6 h and the lowest overall uptake
was seen with neat Resovist. The uptake at 24 h was, however, very similar with all
dilution volumes.

3.2.2. Iron at the Injection Site

At the injection site, the amount of iron per dilution group showed no difference,
however over time, the iron amount slowly tended to decrease in all dilution groups
(Figure 2d–f, Table S2).
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Figure 2. Dilution and time-course experiment. (a–c) Iron accumulation in the SLNs. (d–f) Iron accumulation at the injection
sites. (a,d) All the measurements by SQUID were plotted along the time course. The solid lines represent regression curves
in a LOESS model and the surrounding grey areas represent the confidence intervals. The time points between 0 and 60 min
were magnified on the left. n = 4, each group. (b,e) Iron accumulation was compared between different dilutions at each
time point. Each measurement (points) was overlaid on a box plot. (c,f) Iron accumulation was compared between different
time points at each dilution. Each measurement (points) was overlaid on a box plot. (g) Iron accumulation in the secondary
nodes 24 h after Resovist injection with varying dilution (n = 2). Corresponding results from SLN measurements can be
found in e (1440 min). SLN: sentinel lymph node.

3.2.3. Statistical Analysis

To find the best single predictors of iron volume in the SLNs and at the injection
site, Spearman correlations were calculated. Correlation coefficients of iron volume in
the SLNs with dilution, time, and iron volume at the injection sites are 0.201 (p = 0.07),
0.810 (p < 0.001) and −0.624 (p < 0.001), respectively. This result showed that time is a
strong predictor for iron volume in the SLNs with statistical significance. To study the
uptake of iron in the SLNs, it was necessary to regress SLN iron accumulation on time,
dilution, and iron concentration at the injection site. For this purpose, linear and squared
terms of the predictors were used. In addition, the SLN iron concentration needed to be
transformed. The Box–Cox transformation y = (xα − 1)/α was used, which reduces to a
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log transformation as α→0. For the SLN regression, α had a 95% confidence interval of (0.3,
0.59). Hence, for simplicity, the square root of SLN iron volume was used in the regression.
Detailed results are given in Table S3 and confirmed that dilution was not a significant
predictor. Time was, however, and also time squared, with a negative coefficient, showing
that iron accumulation increases sublinearly, i.e., it slows down with time. Turning to iron
volume at the injection site, the correlation coefficients with dilution and time are 0.0108
(p = 0.92) and −0.554 (p < 0.001), respectively. Again, time is the best predictor, and dilution
has no significant effect. For multiple regression, the iron volume at the injection site was
fitted with α = 1. As a result, dilution was not significant, whereas again the decrease
with time was significant, and also slowed down significantly with time. Full results are
given in Table S4. Consequently, time after injection is the most significant factor for both
increasing iron accumulation in the SLNs and facilitating iron clearance at the injection site.
Dilution does not have a significant effect on either.

Iron accumulation in the secondary nodes showed no difference between the different
dilutions, 24 h after injection (Figure 2g). There was no apparent trend in injection pres-
sure when compared between the different dilution groups, despite the varying injection
volumes. In addition, no animal showed extremely high or low injection pressure, which
would indicate inadequate injection (intradermal or intravenous injection) of SPIO. Av-
eraged minimal pressure was 22.95 ± 5.78 mmHg and averaged maximal pressure was
97.34 ± 27.91 mmHg.

3.3. Massaging Experiment

Massaging of the injection site had no significant increasing effect on the amount of
iron taken up by the SLNs (Mann–Whitney U = 5.0, p = 0.15) if the SLND was performed
30 min after injection of the magnetic tracer (Figure 3). The SLNs on the massage side
contained a slightly higher amount of iron (median 3.25 μg, range 2.90–4.62 μg) compared
to the untreated side (median 1.67 μg, range 1.30–4.28 μg). No statistical significance in
iron at the injection site was found between the massage and no massage groups (Mann–
Whitney U = 11.0, p = 0.84). The injected site on the massage side contained a median iron
amount of 173.65 μg (range 108.95–338.96 μg), and that of the untreated side had a median
amount of 174.14 μg (range 135.55–251.22 μg).

Figure 3. Results from massage experiment. n = 4, Mann–Whitney U test. SLN: sentinel lymph node.

3.4. MRI Experiment

The SLNs of 30 rats from the dose increase experiment and two controls were suc-
cessfully scanned with MRI immediately after euthanasia. On T1-weighed images, SPIO
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accumulation in the SLNs was observed as a signal reduction of the entire lymph node
in the 2-μg group and as a spherical artifact in the other five groups (Figure 4a). Control
groups showed no signal reduction on MRI.

Figure 4. MRI experiment. (a) Representative transverse images of the rat hindlimbs at the popliteal
lymph node level from magnetic resonance imaging (MRI). Yellow arrows indicate locations of the
SLNs (popliteal lymph nodes) of control rats. (b) Relationship between the amount of Resovist
injection and the size of artifacts measured on MRI. Both axes are on logarithmic scales, n = 5 for
each group. (c) Relationship between iron accumulation measured by SQUID in SLNs and the
size of artifact measured on MRI. Both axes are logarithmic scales. (d) Representative images from
time-course MRI in a rat. (e) Time-course measurement of the size of artifact on MRI in a rat. MRI:
magnetic resonance imaging.
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The size of the artifact at the SLNs increased with the injected dose of iron (Spearman’s
rs (30) = 0.94, p < 0.001, Figure 4b, Table S1). In addition, a statistically significant correlation
was found between the amount of iron in the SLNs determined by the SQUID and the
artifact size (Spearman’s rs (30) = 0.97, p < 0.001, Figure 4c, Table S1).

In the time-course MRI experiment, iron uptake in the SLNs was seen immediately
after injection and a reduction in signal was immediately visible at both sides (Figure 4d).
The artifact located at the SLN was on average 4.64 mm on the left (×1) and 4.84 mm on
the right (×10) in maximum diameter, showing no major difference in artifact size between
neat and 10-times diluted Resovist. No increase in artifact size over time was seen on both
sides after reaching plateaus around 30–60 min (Figure 4e). The absolute amounts of iron
in the left and the right SLNs were 5.48 and 8.70 μg after resection, respectively.

4. Discussion

The amount of iron in the SLN was proportional to the injection dose up to 200 μg.
However, excessive injection of iron only causes an increase in residual iron at the injection
site, as there was a plateau uptake of 80 μg in the SLNs. The total amount of iron at the
injection site increased (with increasing injection dose) without any plateau. This suggests
that each lymph node has a maximum capacity to accommodate magnetic particles. The
maximum accommodation of iron in lymph nodes may depend on size of lymph node.
Therefore, it may differ not only between different animal species, but also between
individuals of the same species and the locations of the nodes in the body. Size of SPIO
particles may matter as well. Injecting excessive iron would therefore not be of any
additional benefit and would most likely cause larger MRI artifacts at the injection site.
This indicates that it is important to determine the precise plateau point to optimize the
injection volume and reduce the possibility of a susceptibility artifact. This study, by
investigating wide range of SPIO injection volumes, revealed both a gradual increase in
iron in the SLNs along with an increase in iron injection dose and the existence of a plateau
in uptake. Proportional increase in iron in the SLNs was observed between 20 (0.1 mg
Iron/BW in a 200 g rat) and 200 μg (1 mg Iron/kg BW) iron injection. For a person who
weighs 60 kg, 2 mL of neat SPIO (either of Sienna+, Magtrace, or Resovist) injection is
equal to 1 mg Iron/kg BW, approximately. Utilization rates were also low with injection of
small iron volumes less than 10 μg. This could be caused by injected iron being trapped
at the injection site such as phagocytosis by tissue macrophages, but further evaluation
is required. Alternatively, this could be due to aggregation of the SPIO at lower iron
concentrations, preventing uptake into the SLNs. This phenomenon, aggregation of the
SPIO particles at low concentration, has not been identified so far. In most human clinical
trials, SPIO agents were traditionally diluted at 2.5 times to facilitate SLN uptake. However,
excessive dilution of SPIO may decrease iron uptake by the lymphatic system in human
medicine as well.

During dilution experiments, longer time from injection increased iron uptake in
the SLNs to a greater extent than increasing the dilution factor. This indicates that the
lymphatic system may be able to take up more magnetic tracer if the injection is performed
a day prior to surgery rather than injection just prior to surgery, as has already been shown
in some studies [16,21–23]. For iron at the injection site, time is also a significant factor
for washout. Dilution did not have a significant effect on either iron in the SLNs or at the
injection site. Massaging may facilitate iron uptake by the SLNs, but the effect was small
and not statistically significant in this study.

Although no human model was used for this study, it may be possible to suggest
critical factors and conditions to optimize SPIO injection for breast cancer patients, together
with the previous studies. The use of a magnetic tracer for SLND was first evaluated in a
porcine model [18,25,27]. Anninga et al. [27] showed a significant correlation between mag-
netometer counts and iron in SLNs (r = 0.86, p < 0.01). Grading with both H&E and Perl’s
staining showed a correlation with iron content (p = 0.001, p = 0.003) and magnetometer
counts (p < 0.001, p = 0.004). Pouw et al. [18] evaluated three different magnetic tracers
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and showed that Sienna+ had the highest number of detected transcutaneous hotspots
and showed the highest ex-vivo magnetometer counts. Furthermore, ferumoxytol had the
highest lymph node retrieval rate. The effect of concentration, volume and time of har-
vesting was initially evaluated in the same porcine model by Ahmed et al. [25]. This study
showed a significant positive correlation between magnetometer counts and iron content
of excised SLNs (r = 0.82; p < 0.001) and increasing time of injection (p < 0.001), plateauing
at 60 min. The total number of excised SLNs showed a significant positive correlation
with increasing magnetic nanoparticle volumes (p < 0.001), and iron content in SLNs with
increasing concentration (p = 0.006). In addition, Ahmed et al. [28] evaluated the impact
of site and timing of magnetic nanoparticle injection in a murine model, showing a rapid
uptake on MRI, smaller “void artifacts” (p < 0.001) and a significant increase in iron content
with time in the group receiving subcutaneous injection (r = 0.94; p < 0.001). Previous
clinical studies also evaluated different protocols of the SPIO injection. Hersi et al. [16],
performed a study comparing patients from the Nordic SentiMag trial (2.0 mL Sienna+
injected on the morning of surgery) with two new patient groups: one group that received
an injection of 1.0 mL Magtrace 1–7 days prior to surgery and a second group that received
1.5 mL Magtrace on the day of surgery. This study showed as well that a lower dose is
also non-inferior to the standard technique with similar detection rates between the three
doses (97.5% versus 100% and 97.6%, p = 0.11) and more SLNs excised than higher doses
(2.18, versus 1.85 and 1.83, p = 0.003). Rubio et al. [19] compared the injection of 1.0, 1.5
and 2.0 mL Magtrace diluted with saline on the morning of surgery and found each group
of 45 patients to be non-inferior to the standard technique (p = 0.654). Our study further
evaluated the magnetic nanoparticle injection based on these experiments, focusing on
evaluation of the effect of iron dose, dilution, time, and massaging the injection site. Time
was an important factor, and longer waiting time ended up in more iron accumulation in
the SLN within the timeframe investigated. With injection a day prior to surgery, people
could reduce required amount of SPIO injection, which would reduce MRI artifact and
coloration at the injection site. The results also indicated that iron accumulation in the SLN
is proportional to the amount of iron injection between 20 ug (0.1 mg Iron/kg) and 200 ug
(1 mg/kg) in this model. Although there must be interspecies differences, researchers may
be able to explore injection of the current SPIO agents ranging between 0.2 and 2 mL with
expectation of proportional accumulation in the SLN.

Recently, the first randomized trial [21] was published evaluating the magnetic tech-
nique for SLND on its own. The use of the magnetic tracer in one hospital was compared
to the use of the radioisotope in a second hospital. A total of 338 patients (343 SLNDs)
were included and identification rates of 95.6% for the magnetic technique and 96.9% for
the radioisotope were found. The lymph node retrieval rate was 1.35 nodes per patient
for the magnetic technique and 1.89 nodes per patient for the radioisotope technique. This
study also looked at the timing of the injection and found that SPIO injections performed
at a median of 16 days prior to SLND obtained a better identification rate (p = 0.031) and
higher lymph node retrieval rate (p < 0.001) compared to injections on the morning of
surgery. Other studies also suggested feasibility of preoperative injection up to weeks or
months prior to surgery [22,23,29]. Although this study had been designed before these
publications and examined preoperative injection up to 24 h, a longer waiting period might
further reduce required injection volume of magnetic particles. This speculation should be
investigated in future studies.

The current drawback of the magnetic technique using liquid tracers are the residual
MRI artifacts seen in patients at the injection site post-operatively, even for years [30–32].
Within the SentiMAG and MagSNOLL trials [4,33] all patients who underwent an MRI
after their SLND were asked to participate in a sub-study. The MRIs of these patients were
evaluated, and it was seen that no artifact was visible in patients who participated in the
MagSNOLL trial, but an artifact was visible in patients of the SentiMAG trial. This is most
likely due to the resection of the injected area in the MagSNOLL trial. Our results indicated
that the amount of residual iron at the injection site is proportional to injection dose, and
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accumulation of very small amount of iron can cause a void artifact on MRI. Although
reduction in the injection dose would lead to a less severe artifact, it might be advisable
that the injection site should be included in resection to avoid any ambiguity on future
diagnostic imaging.

A major limitation of this study is that we used a rat model to optimize SPIO injection.
Although it enabled us to address the factors associated with the injection, the SLNs
of rats are small, and ex vivo counts by a magnetometer were not taken in this study.
Therefore, the theoretical basis provided in this study should be further evaluated in more
relevant animal models, which may include dog and pig, or in clinical studies. Preoperative
injection more than one day, up to months, prior to surgery needs to be investigated in
the future as well, to see if a longer waiting period facilitates more accumulation of iron
in the SLNs and/or leads to complicating accumulation in secondary and tertiary nodes.
In a recent study, patients were injected with SPIO prior to neoadjuvant chemotherapy,
and MRI lymphography was compared before and after chemotherapy with a median of
130 days interval [29]. As a result, SPIO accumulation was observed in the same lymph
nodes. Therefore, it was suggested that SPIO does not migrate in higher nodes for months,
which would support SPIO injection more than 1 day prior to surgery. Also, subsequent
studies can include visual images and MRI scanning of the injection site to address artifact
and coloration around the area. Another limitation is that this study lacks sample size
calculation. Again, the findings may need to be validated with the appropriate statistical
power considering the pilot results from this study.

Tumor microenvironments evolve dynamically and continuously, shaping a niche in
favor of tumor cell proliferation and dissemination [34,35]. A tissue structure is edited
and distorted compared to its normal counterpart, and the lymphatic system is not an
exception. Vigorous lymphangiogenesis and expansion of tumor cell nests are reported to
lead to enlarged peritumor lymphatic vessels as well as collapsed intratumoral vessels [35].
As such, peritumorally injected SPIO would be put in different lymphatic dynamics com-
pared to subcutaneous injection into the normal tissue performed in this study. Different
lymphatic system, such as the axillary versus neck networks, may have different draining
machineries. A more relevant tumor-bearing animal model and clinical studies will reveal
these points in the future.

5. Conclusions

Iron accumulation in the SLNs was proportional to injection doses within a certain
range. Time was also a primary factor for SLN uptake of SPIO. Dilution and massaging
did not have significant effects. From these results, preoperative injection may be advan-
tageous for SLN detection, as has been shown in the pioneering clinical studies, as well
as for reduction in residual iron at the injection site by the expected decrease in required
injection dose. The result from this study provides a theoretical background that helps our
understanding of the magnetic SLND.
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Simple Summary: This review focuses on the advantages achieved by incorporating magnetic forces
into culture platforms used to study cancer progression in the laboratory. Due to the complex
interactions that occur between cancer cells and their environment throughout primary tumor
growth and metastatic spread, benchtop techniques are essential for decoupling these factors at
several stages of disease progression where traditional animal models would fail. Breakthroughs
in our understanding of cancer biology and mechanics through these benchtop techniques can
ultimately lead to better-designed precision medicine platforms and clinical therapeutics for patients.

Abstract: Worldwide, there are currently around 18.1 million new cancer cases and 9.6 million cancer
deaths yearly. Although cancer diagnosis and treatment has improved greatly in the past several
decades, a complete understanding of the complex interactions between cancer cells and the tumor
microenvironment during primary tumor growth and metastatic expansion is still lacking. Several
aspects of the metastatic cascade require in vitro investigation. This is because in vitro work allows
for a reduced number of variables and an ability to gather real-time data of cell responses to precise
stimuli, decoupling the complex environment surrounding in vivo experimentation. Breakthroughs
in our understanding of cancer biology and mechanics through in vitro assays can lead to better-
designed ex vivo precision medicine platforms and clinical therapeutics. Multiple techniques have
been developed to imitate cancer cells in their primary or metastatic environments, such as spheroids
in suspension, microfluidic systems, 3D bioprinting, and hydrogel embedding. Recently, magnetic-
based in vitro platforms have been developed to improve the reproducibility of the cell geometries
created, precisely move magnetized cell aggregates or fabricated scaffolding, and incorporate static
or dynamic loading into the cell or its culture environment. Here, we will review the latest magnetic
techniques utilized in these in vitro environments to improve our understanding of cancer cell
interactions throughout the various stages of the metastatic cascade.

Keywords: magnetism; cancer; tumor; in vitro; metastatic cascade; review

1. Introduction

In 2021, there will be almost 1.9 million newly diagnosed cancer cases and over
600,000 cancer deaths in the United States [1]. Worldwide, there are currently around
18.1 million new cases and 9.6 million cancer deaths yearly [2]. It is clear that advances
in the diagnosis and treatment of cancer remain a high priority in biological, healthcare,
and engineering research disciplines. Several advances for both cancer treatment and basic
research are achieved through the incorporation of magnetic technologies. For example, the
untethered transmission of force attainable through magnetic force allows for remote access,
facilitates targeted delivery and precise movement in vivo and in vitro, and enables the easy
sorting of specific cell types. In this review, we will first give an overview of primary tumor
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growth and metastatic progression (Section 2) and the principles of magnetic transduction
(Section 3). We will then briefly discuss recent advances using magnetic techniques for
in vivo and ex vivo patient care (Section 4) before focusing on in vitro magnetic platforms
as an invaluable supplement to in vivo animal models in improving our understanding of
the complex interactions that occur in cancer biology (Sections 5 and 6).

2. Primary Tumor Growth and Metastatic Progression

In order for a solid carcinoma to grow and eventually metastasize, cells of a particular
tissue must first acquire features that enable aberrant survival and rapid division and then
must acquire additional hallmark features that enable local movement and systemic spread
throughout the body. The growth of the primary tumor and the metastatic cascade can be
broken into four main categories: primary tumor growth, invasion, survival in circulation,
and overt metastasis [3]. In the first step, cancer cells evade antiproliferative and apoptotic
signals typical of a tissue in homeostasis [4]. A permissive tumor microenvironment is
orchestrated by the recruitment and reprogramming of cancer-associated fibroblasts and
other stromal cells which foster angiogenesis and alter the extracellular matrix (ECM)
content and architecture [5,6]. As the primary tumor develops, premetastatic niches also
develop throughout the body, fueled by extracellular vesicle communication from the
cancer cells. Changes to the ECM, suppression of the immune system, and an increase
in vascularization to increase nutrient transport prime distant areas of the body to be
amenable to the cancer cells upon arrival [7–12].

As epithelial cancer cells continue to lose their apical-basal polarity, weaken cell-cell
junctions, and rearrange their cytoskeleton, invasive capacities are acquired in a subset of
the population. This is referred to as the epithelial to mesenchymal transition (EMT). EMT
is a common process utilized in embryonic development and tissue regeneration. This
developmental pathway is reactivated, although typically incompletely, in many cancer
types [13,14]. EMT is initialized by both internal transcription factors (e.g., the Snail, Twist,
and Zeb families) and external microenvironmental cues, such as increased fibrosis and
inflammation. EMT in cancer is characterized by the induction of these EMT-transcription
factors, the loss of epithelial gene products and the gain of mesenchymal gene products
(e.g., loss of E-cadherin and gain of vimentin), and the acquisition of a mesenchymal cell
phenotype (i.e., spindle-shaped, migratory, loss of cell–cell cluster packing) [13]. Tumor
cells with this mesenchymal phenotype migrate through the basement membrane and
invade the stroma toward blood and lymphatic vessels by utilizing rearranged bundles of
collagen and fibronectin that lead radially outward from the tumor edge [15].

After intravasation, cancer cells must withstand the shear forces of the vasculature.
It is estimated that <0.02% of circulating tumor cells (CTCs) complete metastasis [16,17].
Tumor cells may circulate individually or they may form circulating emboli when small
clusters of cells maintain intracellular junctions and intravasate together [15,18]. Clusters
can provide a survival advantage by shielding internal CTCs from fluid shear stress and
immune assault [19]. Additionally, heterotypic clusters, which include CTCs and additional
cell types, such as neutrophils and/or cancer-associated fibroblasts, appear to be rare in
peripheral circulation but seem to possess a significant metastatic advantage over other
common CTC arrangements [19,20].

CTCs must eventually extravasate into new surrounding tissue. To do so, CTCs
arrested in small capillaries adhere to the endothelium, transmigrate, and invade the
stromal matrix [21]. Disseminated cells from various cancers preferentially reside in
different organs, a feature known as organotropism. This non-random distribution is not
accounted for by simple circulation patterns, and instead seems dictated by numerous
additional factors including tumor-intrinsic factors and organ-specific niches [22–24]. Once
at secondary sites, disseminated cancer cells may lay dormant until external stimuli are
presented. Some stimuli found in recent research include further adjustments to the niche
matrix, neutrophil extracellular traps induced by inflammation, and manipulation of tumor
cell metabolic pathways [7,22,23,25] These mechanical and biochemical signals allow the
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cancer cells to undergo mesenchymal to epithelial transition, at which point a secondary
tumor, fueled by rapidly proliferating epithelial cancer cells, develops in a similar manner
to the primary tumor [25]. Although originally believed to be a linear process, wherein
metastasis was the final product of a primary tumor outgrowing its original tissue, recent
evidence has established that the dissemination of cancer cells occurs early in primary
tumor growth and that cancer cells are shed continuously into the body for eventual
colonization of secondary tumors [26,27]. This phenomenon has radical implications for
the heterogeneity of CTCs and metastatic cells which must be carefully considered when
designing techniques to analyze patient samples and suggest treatment regimens [27].

3. Magnetic Transduction

In magnetism, there are typically two poles, positive and negative. Although there is
active research in observing a magnetic monopole in nature, the quest to find the particle
continues to elude researchers [28]. In two-pole systems, like poles create a repellent force
toward one another while opposite poles generate an attractive force. This force follows
Coulomb’s law where the magnitude of the force is dictated by how strong the poles
themselves are and the distance between them.

→
F = ke

q1q2

r2 r̂ (1)

Coulomb’s law is shown in Equation (1), where
→
F is the force vector, ke is Coulomb’s

constant, q1 and q2 are the signed magnitudes of the two charges, r is the distance between
the magnetic sources, and r̂ is the unit vector directed along r [29].

3.1. Forces on Particles

The magnetic properties of a material are dictated primarily by the electrons which
compose the atoms of the material. Most materials have atoms arranged in a random
manner, where their respective electrons’ magnetic states cancel each other. The force
acting on a magnetic dipole when exposed to an external magnetic field is defined as

→
F m =

(→
m·∇

)→
B (2)

where
→
F m is the magnetic force,

→
m is the magnetic dipole, and

→
B is the magnetic flux

density [29]. The magnetic dipole is defined by
→
m = Vm

→
M, where Vm is the volume of

the particle and
→
M is the magnetization of the material. The magnetic force is related to

the differential of the magnetostatic field energy density. This can be further illustrated
by defining

→
M = Δχ

→
H (3)

→
B = μ0

→
H

where Δχ is the effective susceptibility of the magnetic nanoparticle relative to the envi-

ronment it is placed in,
→
H is the applied magnetic field, and μ0 is the permeability constant

of free space. When considering that there are no time-varying electric fields or currents in
the medium, the equation for magnetic force transforms to

→
F m = VmΔχ∇

(
1
2

→
B · →H

)
(4)

where the magnetostatic field energy density, 1
2

→
B · →H, dictates that the resultant force for

a particle in a magnetic field is proportional to the strength of the magnetic field, and to the
field gradient that the particle experiences. The magnetic flux density gradient can apply
a translational force at a distance whereas a uniform field can only apply a torque [30].
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3.2. Magnetic Torque

A material is classified as ferromagnetic when it has a large number of unpaired
electrons throughout its compositional atoms which, when aligned, create a strong uni-
directional magnetic field. Because electrons can behave like magnets, a large number of
electrons with the same pole orientation creates magnetic domains inside a material. If
a ferromagnetic material is applied to the end of a beam fixed by a mechanical flexure on
only one side, said cantilever will deflect out-of-plane when exposed to a uniform magnetic
field [31]. Magnetic actuators can produce large out-of-plane deflections with high force
without the need for onboard power or wiring. This force is generated as the magnetic
element torques out-of-plane in the direction of the applied magnetic field. This force is
defined as

Tf ield = v
→
H

→
M sin(γ − φ) (5)

where v is the volume of the magnetic structure,
→
M is the magnetization of the material,

→
H is the applied magnetic field, and γ − φ is the angle between the magnetic field and
the magnet.

As such, the deflection achieved is dependent on the strength of the magnetic compo-
nents, as well as the length, width, thickness, moduli, and angular stiffness of the beam
and mechanical flexure [31,32]. The flexure will remain suspended out-of-plane until
the magnetic field is removed. Similarly, if the flexure is exposed to a magnetic field of
cyclically changing strength, the magnitude of deflection will dynamically adjust as well.
This is typically achieved by exposing the actuator device to an electromagnet powered by
an alternating current or a rotating/translating permanent magnet.

A fast-moving cyclic magnetic actuator in a fluid will generate a shear force which
can disrupt biological masses, such as thrombi [33,34]. However, if an elastic material is
attached between the end of the cantilever and the adjacent outer frame of the device, this
material will undergo uniaxial stretching as the distance from the cantilever edge and the
device’s outer frame changes due to the out-of-plane deflection. For example, Enríquez et al.
recently used cantilever magnetic actuators to cyclically stretch fibronectin, a glycoprotein
with elastic properties, in an effort to mimic the breathing cycle of the lungs as a platform
to study changes in disseminated breast cancer cells upon arrival to the common metastatic
location. The material experienced uniaxial stretching as the distance from the cantilever
edge and the device’s outer frame changed due to the out-of-plane deflection [35].

Permanent magnets will remain magnetized (remain aligned) after the external field
is removed, while other ferromagnetic or ferrimagnetic materials do not have the ability
to stay magnetized permanently. Common ferromagnetic materials include iron, cobalt,
and nickel. Because the magnetic force is related to the number of electrons which can
move, a magnetic field may also be produced by a current of electricity rather than by a
magnet [29,36,37].

3.3. Thermal Energy

Based on their composition, iron oxide particles are ferromagnetic or ferrimagnetic
by nature. In fact, most, but not all, iron oxide nanoparticles are magnetite (Fe3O4) or
maghemite (γFe2O3), which are ferrimagnetic materials at room temperature [38]. Ferri-
magnetic materials below a certain temperature threshold possess the same spontaneous
magnetization as ferromagnetic materials. However, a non-uniform arrangement of atomic
dipoles is created. Therefore, a lattice often forms of magnetic moments, with a strong
magnetic moment directed parallel and a weaker magnetic moment directed antiparallel,
leading to a magnetic field still being generated for the bulk material [39]. These materials
can achieve magnetically induced heating due to their hysteretic properties when exposed
to a time-varying magnetic field. Nevertheless, their heating efficiency is limited due to
multiple magnetic domains present in these larger-sized particles.

However, if the diameter of the fabricated iron oxide particle is less than 200 nm, it will
exhibit superparamagnetic properties instead. These particles are called superparamagnetic
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iron oxide particles (SPIOs/SPIONs), with particles under 50 nm being further classified as
ultra-small SPIONs [40]. Paramagnetic materials have the same underlying principles as
discussed above with ferromagnetic materials, but the coupling of the atomic magnetic
moments is small. They do not exhibit a net magnetic moment without an external field
and generate only a small magnetic moment when placed within a magnetic field [29].
Therefore, these materials have no magnetic remanence, meaning their magnetization
relaxes to zero in a certain amount of time after the removal of the applied magnetic
field. The relaxation time relates to either the Brownian relaxation time, the physical
rotation of the particle dependent on the surrounding fluid, or the Néel relaxation time, the
rotation of the atomic magnetic moments within each particle. The heating mechanisms
in magnetic nanoparticles to induce hyperthermia include Neel and Brownian relaxation
as well as hysteretic loss. SPION hyperthermia depends strongly on the particle size
(<15 nm diameter), where Brownian relaxation exerts thermal energy as the particle rotates
and applies shear force against the surrounding fluid, and Neel relaxation dissipates energy
as the magnetic moment of the particle rotates before the physical particle [41]. Lastly,
superparamagnetic nanoparticles are distinguished as such because they can generate
larger field gradients than traditional paramagnetic materials, owning to the field being
concentrated on a small particle area [42].

3.4. Benefits and Disadvantages of Using Magnetic Forces

A large appeal of generating forces through magnetism is the ability to apply an exter-
nal magnetic field to direct the movement of a magnetized sample without direct contact
or tethering [30,43–46]. In clinical settings, this has potential for less invasive, targeted
therapeutic delivery, although attenuation of the field strength at deep tissue distances
must still be overcome, as is similar with penetration of sound, light, and other external
stimuli often proposed for non-invasive therapies. In vitro, the contactless, but precise,
movement attainable with magnetic force can better preserve the sterility of biological
samples and simplifies fabrication within the confines of traditional culturing equipment,
such as commercial cell culture well plates, Petri dishes, and incubators, as compared to
other force-generating apparatuses (e.g., pneumatics, electrostatic, piezoelectric, etc.) [35].

The equipment used to produce these wireless forces are simple and relatively inex-
pensive. Permanent magnets are commercially available and electromagnets consisting of
wound wire around a high-permeability core can easily be made in the lab. Additionally,
the size of the magnetic element is easily scalable, ranging from the size of a gene (single
nanometer width) up to the macro-scale. Lastly, due to the diamagnetic nature of most
biological materials, there is little interaction or sensitivity of the inorganic magnetic force
component with existing cultures, as long as the researcher is mindful of the strength and
frequency of the field that is required for a given application [47].

Conversely, the main disadvantage of using magnetic materials in culture is a pro-
nounced cytotoxic effect. Permanent magnets and superparamagnetic particles typically
must be coated in a biocompatible material before they can be utilized as a culture platform
or a material for cellular uptake. For example, permanent magnets, such as neodymium
(NdFeB), may be cytotoxic due to their corrosiveness [48]. Many common coatings are
detailed below (see Sections 4 and 5 and Table 1). However, this is not always sufficient.
Ketebo et al. and Shin et al. showed that silica-coated nanoparticles could damage a cell’s
cytoskeleton, impairing cell adhesion properties and reducing matrix rigidity/moduli
sensing, due to the reactive oxygen species generated [49,50]. Beyond explicit cytotoxicity,
all new magnetic particle formulations should undergo verification studies to ensure that
they do not alter typical cell metabolism and function once taken up, as this could lead to
untranslatable or misleading results [51].
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Table 1. Magnetic-based 3D cell aggregation.

Magnetic Agent Used with
Cells

Magnet Type
Type of Aggregation

Assembly
Notes Source

Cadolinium(III) chelates

Magnetized media

Dual magnet levitation
Multiple spheroids
share media within

a capillary tube
[52]

Gx [53]
Paramagnetic metal halides [54]

Gadopentatic acid (Gd-DTPA) 3D magnetic patterning [55]

Magnetite nanoparticles isolated
from magnetic bacteria

Internalized iron oxide
nanoparticles

Single magnet
levitation

[56]

Magnetite (Fe3O4), gold and
bacteriophage nanoparticles

(NanoShuttle)
Ring magnet [57,58] [57,59]

NanoShuttle-PL
[58]

n3D magnetic
drive system

Cell lumen formed
[60,61] [60–66]

Magnetite nanoparticles with
bovine serum albumin coating

3D magnetic patterning

[67]

Magnetite nanoparticles

Spheroids formed by
hanging drop.

Spheroids then
patterned into lumens

using magnetic
patterning

[68]

Magnetite nanoparticles
in liposomes

Internalized iron oxide
cationic liposomes

Cells cultured in media
and in collagen I

[69–71]Multiple spheroids
share media

Each published system uses a combination of permanent magnets outside the culture area and a magnetic agent incubated with cells to
improve the tunability, reproducibility, and precise patterning/movement of spheroids. Spheroids were composed of a variety of cell types,
including non-transformed cells (e.g., fibroblasts and endothelial cells), various cancer cell lines (e.g., MCF7 (breast), MDA-MB-231 (breast),
HCC827 (lung), DT66066) (pancreatic)), and co-cultured spheroids consisting of multiple cell types. These systems have been categorized
based on the type of magnetic agent used and the type of levitation/patterning that the device achieves, with notes specifying if the system
deviates from the standard practice of forcing cell aggregation into a single spheroid in a media bath.

4. Introduction to Magnetic Techniques in Cancer Treatment

Numerous magnetic techniques have been developed that show promise for in vivo
and ex vivo clinical use. Generally, these techniques allow clinicians to sort, analyze,
and/or treat primary and circulating tumor cells by functionalizing SPIONs, which then
accumulate at the tumor site (in vivo) or isolate cancerous cells from bulk patient fluid
samples (ex vivo). These SPIONs form the basis of many proposed targeted drug delivery
treatments, which reduce a patient’s chemotherapeutic burden as the nanoparticles accu-
mulate at the tumor site, enabling a lower systemic dose and a higher local dose [72,73].
SPIONs also encompass a large proportion of proposed hyperthermia treatments, as de-
scribed in Section 3, where heat is generated from the particles at the tumor site, causing
apoptosis when tissue temperatures reach 42 ◦C and necrosis when temperatures exceed
46 ◦C up to 48 ◦C. [74–76].

For both treatments, the SPIONs must aggregate to the primary tumor. This is occa-
sionally achieved through a direct local injection, but is more often achieved by external
manipulation, where researchers guide the particles using an exterior magnetic field,
or through self-aggregation using a tumor-specific antibody-coating on the nanoparti-
cle [74,75,77]. This latter coating also forms the basis of ex vivo magnetic-associated sorting
of circulating tumor cells or, occasionally, metastatic cells from patient fluid (e.g., blood,
pleural effusions), which can then be analyzed based on cancer cell number isolated, marker
expression, genetic profiling, or drug screening assays under the umbrella of precision
medicine. Some common antibodies that are conjugated to SPIONs include anti-EpCAM
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(epithelial-cell-adhesion molecule), anti-HER2 (human epidermal growth factor receptor 2)
for HER2+ cancers (which may include breast, bladder, pancreatic, ovarian, gastric, and
other cancers), and anti-CD63 (blocks phagocytosis and is commonly used to help identify
extracellular vesicles). Antibodies may be conjugated for negative magnetophoresis as well,
such as anti-CD45 to remove leukocytes from bulk patient samples [78–85]. Additional
common SPION coatings include non-specific proteins or polysaccharides (e.g., serum albu-
min, dextran, chitosan) or hydrophilic inert polymers (e.g., polyethylene glycol, polyvinyl
alcohol). These coatings improve biocompatibility and aqueous colloidal stability, while
decreasing opsonization in the bloodstream and uptake of the particles by off-target cells,
such as macrophages [73,77].

Some SPION formulations have already gained FDA approval or are currently in
clinical trials [86–89]. For example, magnetic hyperthermia for cancer was introduced
to clinical practice in 2011 when it was approved for the treatment of glioblastoma
(as a combination treatment) [77]. Due to the breadth of research in this area and the ad-
vanced stage of clinical translation, these magnetic nanoparticles have been well-reviewed
in the literature. It is important to note, however, that there may still be significant chal-
lenges to overcome for many of these SPION techniques as clinical data becomes available.
For example, although several SPION-based platforms have been approved as contrast
agents for magnetic resonance imaging (MRI), multiple have since been withdrawn from
the market due to insufficient clinical trial results and/or major safety concerns that
emerged [90]. We direct the reader to several modern and excellent reviews on SPION
use for cancer treatment for further information [75,77,90]. Here, we will instead focus on
recent magnetic techniques used primarily in vitro that enable researchers to probe ques-
tions on cancer cell behavior through the metastatic cascade that cannot be appropriately
ascertained from in vivo experiments.

Why Use In Vitro Magnetic Techniques to Study Disease Progression?

Studying certain aspects of the metastatic cascade requires in vitro investigation,
which allows for a reduced number of variables and an ability to gather real-time data
of cell responses to precise stimuli. For example, in vitro experimentation is crucial for
mechanotransduction analyses of cancer cells, because cell response can be systemically
observed against changing substrate topographies, moduli, and mechanical (i.e., tensile and
contractile) movements in a decoupled way that in vivo studies of metastatic progression
cannot resolve. In this way, building in vitro biomimetic devices can also enable researchers
to more easily study the behavior of small populations of disseminated cancer cells upon
arrival to each premetastatic niche, before the cells would reach a mass sizable enough
to be traditionally detected in vivo. Beyond the detectable size limitation, evaluating
disseminated cells within an expanding and contracting tissue, such as within the lungs
of the animal, would be an extreme technical challenge in vivo and, if possible, would
likely cause a great deal of animal suffering due to the invasive constraints that would
be required. Lastly, in vitro models can provide benefits to researchers by reducing the
time and cost of most experiments [91,92]. Because of these benefits, multiple in vitro
techniques have been developed, including scaffold-free spheroids in suspension as well
as scaffold-based hydrogel embedding and matrix stretching.

For many of these culture platforms, magnetic techniques have been proposed to
improve the reproducibility of the in vitro and ex vivo experiments. By incorporating cells
with magnetic tags (e.g., magnetic beads, magnetized media), greater sample homogeneity
is suggested, for example, in more precise patterning of cells onto a substrate or more
reproducible geometries of cells than traditional clustering methods [93]. We will examine
each of these proposed magnetic-based techniques that can be used to resolve behaviors of
cancer cells related to these hard-to-observe aspects of disease progression.
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5. Magnetic-Directed In Vitro Cell Aggregation

Multiple studies have established that cells cultured in 2D do not exhibit the same
response to stimuli, such as chemotherapeutics, as what is observed in vivo. For example,
cancer stem cells do not appear to survive extended 2D culturing, while 3D culturing
preserves the stem-like phenotype associated with self-renewal and asymmetric division
of the tumor sample. Because these cancer stem cells are thought to be a leading cause
of treatment resistivity and eventual relapse, their preservation is crucial for translatable
results, such as high-throughput drug screening [94]. Three-dimensional culturing is now
commonly used to more accurately observe cell behavior during in vitro experimentation.
3D culture techniques are broadly categorized as scaffold-based or scaffold-free, where
the scaffold is defined as a supporting matrix or substrate that the cells can attach to and
which facilitates the multi-layered depth of the culture [95,96].

The aggregation of cells into spheroids is a particularly common scaffold-free tech-
nique in cancer research. ‘Spheroids’ generally refer to cells taken from a 2D monoculture,
where they were initially expanded, and cultured in suspended media. This suspension
drives the aggregation of the free-floating cells into sphere-like clusters dominated by
cell-cell attachments, such as N-cadherin and E-cadherin interactions [96,97]. Traditional
techniques for spheroid formation include the hanging drop and liquid overlay methods,
as well as the use of spinner flasks. However, there are several challenges to culturing
spheroids with these techniques that have greatly limited the use of spheroids for accurate,
translatable research in cancer. Namely, spheroids formed with these methods tend to
lack uniformity and reproducibility with respect to aggregate geometry and packing den-
sity [94,97]. This is especially concerning for applications such as high-throughput drug
screening, where the mass transport rates of the chemotherapeutics may vary between
wells such that an accurate comparison of drug sensitivity is not achievable [98]. Addition-
ally, traditional spheroid formation techniques present extra challenges whenever reagents
have to be replaced during culturing, such as for media changes or immunostaining, due
to the free-floating nature of the aggregate. Incorporating magnetic forces into spheroid
culture platforms address many of these obstacles, as described below. Magnetic forces
are added to the spheroid culture either with a set of permanent magnets sandwiching the
culture plate or with a single magnet either above or below the culture dish. These setups
are described in Sections 5.1 and 5.2 and summarized in Table 1 below.

5.1. Magnetic Levitation (Dual Magnet)

In magnetic levitation, cells with internalized paramagnetic beads are suspended in
media due to a magnetic field created by two permanent magnets placed on the top and
bottom of the culture plate (Figure 1a). In this way, the aggregates levitate to a certain equi-
librium height based on the balance of magnetic, gravitational, and buoyancy forces [52].
Magnetic levitation may occur with magnets sandwiching individual wells, where each
well will form one spheroid, or sandwiching the length of a capillary channel, where
multiple spheroids will form along the tube, sharing culture media [52,53]. Additionally,
a paramagnetic media (media containing a known concentration of paramagnetic agent)
can be used to suspend the cells rather than incorporating paramagnetic beads [53,54].

Although magnetic levitation is promising, the technique must still overcome several
limitations. One issue involves light and fluorescent microscopy. In principle, magnetic
levitation improves kinetic imaging abilities because the spheroids can be spatially ma-
nipulated without direct contact and these spheroids should not undergo translational
movement after reaching equilibrium. Successful traditional imaging has been demon-
strated in a few studies [52,53,57]. However, for many magnetic levitation platforms, only
side-view images are accessible due to the sandwiched magnets around the dish, which are
not compatible with standard microscope objective positioning. A second limitation may
be the increased cost associated with magnetic levitation over traditional spheroid-forming
techniques, due to the additional paramagnetic beads or soluble paramagnetic agents that
must be manufactured and incorporated into each sample [94].
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Figure 1. (a) Magnetic levitation with dual magnet configuration for cell patterning. Left: Dual magnet using a capillary
tube to create a row of spheroids. Right: Dual magnet using a Petri dish to levitate cells. (b) Single magnet bottom patterning.
Left: Ring magnet in the bottom for cell patterning leaving a void in the middle. Right: Single magnet bottom arranging the
cells flat in the bottom of the Petri dish. (c) Single magnet top patterning.

5.2. Magnetic Patterning and Single Magnet Levitation

Aggregation patterning, often called magnetic bioprinting or magnetic micropattern-
ing, typically refers to a magnetic force concentrated underneath the culture area which
can force the cells into an aggregate as in 5.1, or into additional, distinct 3D geometries
(Figure 1b). Occasionally, though, these techniques are used to spatially pattern 2D cultures.
For example, Paun et al. fabricated a checkerboard pattern where the squares were com-
posed of a photopolymer with or without SPIONs. When the substrate was not exposed to
a magnetic field, seeded fibroblasts spread throughout both areas in a traditional mono-
layer. However, when a static magnetic field was produced using permanent magnets
underneath the device, the fibroblasts were only observed on the squares with magnetic
nanoparticles, demonstrating a proof-of-concept patterning of cells into specific culture
areas [99]. Fu et al. similarly magnetized polyethylene glycol-diacrylate and used it as a re-
movable block to pattern cells into specific shapes. This technique was also used to pattern
multiple cell types sequentially, by first allowing cells to attach in the areas surrounding
the hydrogel, and then allowing a new cell type to flood the geometry of the hole created
once the hydrogel was removed [100].

Concerning the creation of cell aggregates using a single magnetic source, a few setups
have been developed. Similar to dual-magnet magnetic levitation, these can rely on the
use of a paramagnetic media or, more popularly, paramagnetic nanoparticles taken up
by cells before aggregation [55,62,67,69]. Additionally, aggregates can still be assembled
in individual wells using a permanent magnet underneath each well bottom, or multiple
aggregates can be assembled into an array in a large Petri dish such that they share
media [55,63]. In the latter, the magnetic force is generated by an equivalent array of
magnets, such as the pin-holder device developed by Dr. Hiroyuki Honda’s laboratory.
The pin-holder device is a block of magnetic soft iron in which material was removed from
the top surface to create more than 6000 free-standing rectangular prism pillars [69,101,102].
Because the spheroids share media, this technique cannot be used to study the effect of
different conditions, such as how different concentrations of chemotherapeutics affect cell
viability in a high-throughput drug screen. However, the spheroid interaction does allow
for other investigations, such as tracking the migration/invasion of cells from one aggregate
to another and the formation of vascular networks when spheroids are embedded into
a collagen type I hydrogel [70,71].
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Aggregate assembly using a magnetic source only underneath the culture area pro-
vides several advantages. It is the simplest when considering longer culture times or more
complex experimental designs. This is because the device is not reliant on a magnet above
the culture plate, so the forces at equilibrium in the culture are not disturbed when the lid
is removed for media changes or reagent additions. In addition, because the aggregates
are only forced downward, they are more susceptible to the shape of the magnet used.
Researchers have taken advantage of this by using ring magnets instead of solid mag-
nets, to create lumens (Figure 1b). These constructs are primarily associated with tissue
engineering applications but may prove useful for cancer research. For example, Timm
et al. proposed the use of the 3D ring structure to quantify 3D cell toxicity against varying
concentrations of a drug. Once the ring structure was formed and the drug was added, the
permanent magnet was removed, and the rate of ring closure was quantified as a function
of the concentration of the drug added. Although this particular study did not utilize
cancer cells and a chemotherapeutic drug, the technique could easily be adapted for such
a purpose [58,60,61,68].

The main disadvantage of using a single magnet below the culture dish is the geometry
of the aggregate formed. Because the aggregate is not suspended (except in cases where the
cells are embedded in a hydrogel), a complete spheroid is often not created. Instead, most
aggregates resemble half-spheroids (or less discernible shapes) which have a flat bottom
against the culture plate, although this is a function of the magnetic field strength used
(Figure 1b). Additionally, most microscopes used in biological experiments are inverted.
Therefore, having the magnet below the dish makes this platform incompatible with
the microscopes that most cell culture labs will have readily available, requiring upright
microscopes instead. To mitigate these two issues, some researchers have developed
single-magnet levitation platforms, where one magnet is placed above the culturing area
(Figure 1c). Kim et al. developed a system consisting of a magnet on the culture plate lid
with a magnetized iron pin protruding underneath that focuses the magnetic field. This
focused magnetic field, coupled with magnetic nanoparticles in the cells of interest, results
in a uniform and reproducible spheroid geometry [56].

In 2010, Dr. Glauco R. Souza et al. used gold and magnetic iron oxide particles
in a bioinorganic hydrogel composed of bacteriophage to develop a magnetic levitation
platform that utilized one permanent magnet above the culture dish [57]. The colleagues
founded the company, Nano3D Biosciences (n3D), for the magnetic drive system (with
the technology now under Greiner Bio-One) that features various arrays of neodymium
magnets for high-throughput culturing [103,104]. The particle manufacturing was also
patented and marketed as NanoShuttles (and today includes the product NanoShuttle-PL
for their gold, iron oxide, and poly-L-lysine particles as well). These products have been
used by many research groups over the past decade for numerous applications, including
multi-cell cancer spheroid generation, drug screening, tissue engineering, and primary ex
vivo cultures of cancerous cells [59,64–66]. Due to its widespread use and industry support,
an inclusive culture experience has been developed, with established protocols to first
bioprint the magnetized cells with the magnetic drive underneath the culture area, then to
position the magnetic drive on top of the platform to levitate the cells into spheroids. The
magnetic drive also moves underneath the plate to facilitate media changes and accessory
products have been developed to further simplify spheroid-based assays. These include the
magnetic pen, which enables easy handling of the spheroid if it needs to be moved between
wells [65]. This system, in addition to the previously described techniques, demonstrates
the clear advantages in the precise creation and movement of in vitro 3D cell aggregates
that can be achieved by the simple addition of magnetic force.

6. Magnetic Techniques to Probe the Cell and Its Microenvironment

A subset of common in vitro magnetic techniques involves the use of antibody-
functionalized magnetic beads to sort a desired population out of a bulk culture. These
include using magnetic associated cell sorting (MACS), isolating extracellular vesicles
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released by cancerous cells, and pulling down DNA, RNA, or specific proteins from lysed
cells for quantification [105–111]. Magnetic particles have even been proposed as a method
to improve transduction efficiency in conjunction with standard lentiviral particle use or
instead of it [112–114]. These techniques often follow the particle principles outlined in Sec-
tions 3 and 4. In this section, we will instead focus on magnetic techniques that resolve the
mechanical properties of cells and their environment or illustrate cells’ biological response
to dynamic mechanical stimulation.

6.1. Extracellular Matrix (ECM) Patterning and Detection of Remodeling

In contrast to the scaffold-free spheroid formation discussed in Section 5, scaffold-
based 3D cell cultures are composed of cells seeded onto a supporting matrix. This matrix
may be a gellable polymer, such as collagen, Matrigel (naturally derived), or polyethylene
glycol (synthetic) [115]. The gelation process is typically simple and enables cells to be
cultured on top of or throughout the gel. However, researchers may choose to undergo
additional processing steps with their matrix of interest in order to create alternative
scaffolding. One common process is called electrospinning. In this technique, a viscous
liquid is drawn into a fiber which continuously builds on a collection plate until a complete
mesh is fabricated [116]. In standard electrospinning, the fibers of the mesh are aligned
and layered in a random orientation. However, using different mechanical, electrostatic,
or magnetic interventions, the alignment of the electrospun fibers can be more precisely
controlled. In magnetic-assisted electrospinning, an external magnetic field is generated
through two parallel permanent magnets (Figure 2a). The fibers, drawn out of solution by
standard electrospinning, will be driven to align parallel to the magnetic field lines as they
travel toward the collection plate. This technique requires that the material being spun
responds to the magnetic field generated. This can be achieved by incorporating one of
the numerous nanoparticles into the matrix, such as silver nanorods, carbon nanotubes, or
superparamagnetic nanoparticles [116–118].

Figure 2. (a) Schematic depicting magnetically assisted electrospinning to create aligned matrix fibers [119]. (b) Schematic
depicting how magnetic tweezers interact with the magnetic nanoparticles inside a cell [120]. (c) Fabrication process of
fibronectin-coated polydimethylsiloxane (PDMS) cantilever with embedded permanent magnet. The cantilever deflects once
exposed to a magnetic field enabling cyclic actuation [35]. (d) Uniaxial stretching platform using magnetic posts to stretch
a cell scaffold [121]. (e) Magnetically active microposts to induce forces on cultured cells [46]. (f) Magnetic nanoparticle
embedded cells for remote mechanical control. Magnetic microtips can aggregate the cells to create a tissue [45].
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In addition to magnetic-assisted electrospinning, Kim et al. recently demonstrated that
ECM proteins could be chemically crosslinked onto magnetic particles and self-assembled
into numerous topographical patterns in a surrogate hydrogel by adjusting the external
magnetic field applied [122]. Martin et al. incorporated iron oxide nanoparticles into
nonmagnetic materials, such as silica and calcium phosphate, and developed an SLA-based
3D magnetic printing protocol. To demonstrate the technique, the researchers aligned an
external magnetic field with respect to different axes and observed changing bulk mechani-
cal properties of the printed device based on the orientation of the reinforcing elements
of the discontinuous fiber composite [123,124]. Margolis et al. similarly demonstrated
that the mechanical properties of alginate could be altered by loading the hydrogel with
magnetic nanoparticles of various sizes and concentrations and exposing the system to an
external magnetic field. The resulting gel formed an aligned microporous structure with
anisotropic topical features and stiffnesses related to the direction of the magnetic field,
which ultimately dictated the morphology of mouse myoblasts cultured within [125].

Lastly, a magnetic technique was developed to selectively identify ECM remodeled
by cancerous cells in an in vitro tumor-like coculture environment [126]. Magnetic helical
nanorobots were fabricated such that contactless forward or backward movement could be
achieved when the devices were subjected to a rotating magnetic field. The nanorobots
were made from silica with embedded iron particles. The robots were injected into
a hydrogel of basement membrane protein with breast cancer cells and non-cancerous
breast epithelial cells cocultured together. The robots were injected on one side of the
hydrogel and driven across its length for approximately 30 min using an external magnetic
field. The microrobots preferentially attached to ECM surrounding the cancer cells, with
comparatively few microrobots found around the healthy cell type. This phenomenon
seems driven by the difference in charge surrounding cancerous and healthy cells, where
microrobots became irreversible stuck when passing up to 35 μm away from a cancer cell,
but only up to 15 μm away from a healthy cell. This charge difference is driven by a sialic
acid linkage aberrantly expressed in the cancer cells, which imparts a large negative charge
on the surrounding ECM. At present, the experiment was only performed with different
breast cancer cell lines in the reconstituted basement membrane protein [126]. Although
sialylation changes have been reported in a number of different cancer types, it remains to
be seen if the designed microrobots will retain the same preferential attachment for other
cancer lines and/or in other matrices based on their unique ECM remodeling [126,127]. It is
also of interest if the results would be replicated in environments with more cell complexity,
as fibroblasts, not breast cancer cells, seem to be the main source of ECM remodeling in the
tumor microenvironment [128].

6.2. Resolving Dynamic Mechanotransduction Behavior

Mechanotransduction is the process by which cells convert mechanical stimuli into
biochemical signals [129]. This mechanical stimulation can include all aspects of the sur-
rounding physical environment, including its moduli and topography, as well as dynamic
compressive, tensile, or shear forces acting on the cells [120]. Cells have several mech-
anisms through which they detect mechanical stimulation. The surface of the cell itself
has mechanical sensitive protein complexes, mechanosensitive ion channels, and trans-
membrane integrins which connect the intracellular cytoskeleton to the ECM [129,130].
Mechanoresponsive proteins also exist within the cell, typically as a downstream effect of
a membrane mechanosensitive signal being triggered (e.g., integrin signal). The conforma-
tion of these protein complexes will transition in a mechanically stimulated environment
(e.g., when the cell is under tension) which will alter the resulting binding properties or
enzymatic function [129].

Using magnetic techniques to deliver mechanical stimulation to cells is very attractive
due to its potential to be contactless, simple to fabricate, and easily integrated within current
culturing equipment, as mentioned in Section 3.4. In addition, magnetic nanoparticles
can be effectively utilized to deliver targeted, non-destructive mechanical stimulation
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to cells, or even directly to the surface mechanoreceptors of cells. In this way, some
magnetic techniques offer the unique ability to mechanically load cells on soft or fragile
biomaterials since no extracellular scaffold deformation is required [129]. In this section, we
will highlight different magnetic devices that can provide dynamic mechanical stimulation
either directly to cellular components or to the outside of the cell (i.e., scaffold deformation)
and how these stimuli affect cell function.

6.2.1. Applying Mechanical Force Intracellularly

Magnetic pulling cytometry and magnetic twisting cytometry using magnetic tweezers
are the main magnetic techniques available to measure intrinsic mechanical properties of
cells [131] (Figure 2b). For these techniques, magnetic beads are typically incubated with
cells in culture to allow for cellular uptake. In magnetic pulling cytometry, a magnetic
needle is then positioned close to the magnetic bead in an isolated cell, such that the bead
is pulled in-plane toward the needle with a known force. In magnetic twisting cytometry,
a strong external magnetic field is first pulsed (usually ≥1000 G for <0.5 milliseconds) which
magnetizes the bead in the direction of the magnetic field. Then, a weak twisting field is
applied in the orthogonal direction to the magnetic moment of the bead, causing the bead to
attempt to deflect out of plane, similar to the principles of magnetic actuation [120,132–134].
Magnetic manipulation of the internalized beads has revealed several intrinsic mechanical
properties of cells, such as cytoplasm viscoelasticity [131,135]. However, this technique has
also been used to generate intracellular force long-term (≥hours) and observe the resulting
cellular changes. For example, Qiu et al. demonstrated that prolonged intracellular force
generated by internalized magnetic beads would result in the alignment of F-actin fibers in
the direction of the magnetic force in endothelial cells [136].

Additionally, these techniques can also be used to measure the force of or dynam-
ically manipulate specific cell receptors. For example, Boulter et al. used fibronectin-
coated nanobeads and magnetic tweezers to uncover crosstalk between integrin rigidity
mechanosensing and cellular metabolism. They found that the integrin coreceptor, CD98hs,
indirectly regulated sphingolipid synthesis after mechanical integrin disturbance through
the prevention of several upstream regulators of RhoA, such as Src kinases [137]. Others
have used numerous coatings, including for the RGD domain (to target integrin αvβ3),
anti-β1 integrin, anti-PDGFRα, E-cadherin extracellular domains, and the extracellular
loop of TREK-1 [133,135,138–144].

The main disadvantage to these techniques is that they are often extremely costly and
technically challenging. These challenges are not unique to magnetic-based approaches
(e.g., optical tweezers), but are a common issue associated with being able to stimulate
and then observe minute intracellular forces [145]. Specifically for magnetic-based ap-
proaches, both finely calibrated magnetic field control equipment and extremely uniform
magnetic beads are essential for accurate measurements [120]. Additionally, an overar-
ching obstacle for the field of intracellular mechanotransduction is a lack of consensus
between experimental techniques. Specifically, Wu et al. measured the MCF-7 breast cancer
cell line using six techniques (atomic force microscopy, parallel-plate rheology, optical
stretching, cell monolayer rheology, magnetic twisting cytometry, and particle tracking
microrheology) and demonstrated that the obtained elastic and viscous moduli of the
cells varied up to 1000- and 100-fold, respectively [135]. This inconsistency must be care-
fully considered as mechanosensitive cellular pathways become increasingly investigated
by various techniques and research groups, such that our collective understanding of
mechanotransduction throughout the metastatic cascade can continue to grow.

6.2.2. Extracellular Movement

Although static cultures have provided invaluable insights into metastatic progression,
they fail to capture the response of cancer cells to dynamic extracellular forces, such as
forces that are native to a distant organ on early disseminated cancer cells. Here, will
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we discuss magnetic techniques used to apply dynamic and static forces extracellularly,
encompassing compressive, traction, and tensile forces.

The growth of a carcinoma is associated with tremendous compressive forces within
the bulk of the tumor as cells, ECM, and fluid accumulate. Compressive forces also
increase within the surrounding microenvironment as the growing tumor pushes against
the boundaries of healthy tissue. In an unusual technique, Fernández-Sánchez et al.
developed a method to generate compressive forces in vivo. Magnetic liposomes or ultra-
magnetic liposomes (i.e., liposomes loaded with a magnetic aqueous fluid or loaded
with superparamagnetic iron oxide nanocrystals, respectively) were fabricated in vitro
and then intravenously injected in mice. Then a permanent disc magnet was inserted
subcutaneously in front of the colon. After one week, the ultra-magnetic liposomes were
concentrated in the stromal cells surrounding the distal colon crypts and remained with a
stable concentration of iron per gram of tissue over a one-month span. The compressive
force, and subsequent pathophysiological stress on the mesenchymal cells, was consistent
with the mechanical pressure exerted by early tumor growth in adjacent crypts as measured
in previous cancerous mouse models. Their subsequent biological investigation indicated
that tumorigenic pathways may be activated in the non-cancerous stroma surrounding a
carcinoma due to the compressive mechanical stimulation, which could contribute to an
unstable positive feedback loop between oncogene expression and tumor induction [146].

In vitro, several devices have been built which can provide dynamic compressive
and tensile forces onto cells on polymer substrates. In one system, magnetic actuators
transmitted linear uniaxial compressive or tensile forces through positioning pins to a cell
culture area, consisting of cell-seeded polyethylene glycol constructs. Although the entire
device was sealed for sterility, it was built around one culture area, such that it cannot be
easily upscaled for high-throughput assays [147,148]. In another system, a magnetic force
was created between an external electromagnet and a permanent magnet embedded into a
polydimethylsiloxane (PDMS) frame. The PDMS frame was fixed on one side and allowed
to freely move toward the electromagnet on the other. In the middle of the PDMS frame was
a mesh where a thin layer of Matrigel was deposited and cells were subsequently seeded
to undergo cyclic stretching [149]. Enríquez et al. developed a magnetically actuating
device along a similar principle (Figure 2c). Here, the matrix protein, fibronectin, was
suspended between the cantilever and adjacent frame edge of a PDMS magnetic actuator,
resulting in cyclic stretching of the matrix (and cells within) as described in Section 3.
A main advantage of this recent design is the suspended matrix, which does not utilize any
polymeric support mesh in the culture region of interest (Figure 2d). It also benefits from
a high-throughput design, consisting of an array of permanent magnets in a linearly
moving actuating platform that sits beneath a standard multi-well culture plate [35].

Lastly, similar devices have been developed to those described above, but which
solely use PDMS gel as the culture substrate [150]. A unique subsection of this category is
magnetic micropillars (Figure 2e). Cells are cultured on top of magnetized PDMS pillars,
such that the bottom of the cell will undergo tractile forces as the pillars bend toward an
external magnetic source. The pillars are typically magnetized by iron-coating over the
PDMS or by embedding magnetic nanoparticles into the polymeric pillars [151–153]. Like
magnetic tweezer techniques, these distinct pillars can be used to isolate and quantify
forces at individual cell-matrix contact sites due to their free motion from one another.
Additionally, this magnetic method is one of few that can detect traction forces that cells
impose onto the substrate during migration [154]. However, the translation of these
results to in situ cell response is likely to suffer due to the lack of ECM proteins used
in the culture platform as well as the often unrealistic stiffness of the PDMS compared
to the native tissue of the cell type. In contrast, Du et al. developed a magnetic tissue
stretcher that utilizes no matrix or substrate at all. This technique begins identically to
aggregation micropatterning, where magnetic nanoparticles are taken up by cells which
are then forced to aggregate due to a magnet underneath the culture area (a glass slide)
(Figure 2f). However, a second magnetic microtip-glass slide apparatus is then placed in
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contact with the top of the aggregate, and these cells are allowed to attach. The confluent
band of tissue can then undergo cyclic tensile strain driven by the movement of one of
the magnetic microtips. In this way, although the cells at the very edges are influenced
by the topography and modulus of the glass slides, the bulk tissue sample is free of any
substrate [45]. Because no in vitro system can replicate all aspects of the in situ tissue
environment (nor is it meant to), we will likely find that it is a combination of scaffold
and scaffold-free mechanotransduction techniques which together allow us to decouple
different aspects of the metastatic cascade and eventually understand the complete and
complex process.

7. Conclusions

The use of magnetic forces can greatly improve our ability to diagnose, treat, and
fundamentally understand cancer. Magnetic nanoparticles are being widely explored for
in vivo applications, including as MRI contrast agents, hyperthermic treatment agents, and
targeted drug delivery vehicles [38,73]. They also form the basis of most ex vivo cell isola-
tion techniques, such as for isolating circulating tumor cells, wherein antibody-conjugated
SPIONs are used for negative or positive magnetophoresis. Here, we focused on in vitro
culture platforms that utilize magnetic force to broadly (1) improve the reproducibility
and ease of handling of spheroids and (2) impose mechanical force intracellularly and
extracellularly. The latter allows researchers to understand the mechanotransduction of
cancer cells throughout several unique steps of the metastatic cascade, such as during
primary tumor growth or early dissemination. Although using magnets comes with sev-
eral advantages, such as the untethered transmission of force, the potential effect of large
magnetic fields on cells cannot be overlooked in these culture platforms. Both a prolonged
strong magnetic field without nanobeads and the unstimulated magnetic nanobeads have
been shown to affect proliferation rates, cell metabolism, ion channel activity, and the
cytoskeletal organization in a small subset of experiments [49,50,155,156]. The inherent
biological effect of using external magnetic forces must be especially accounted for when
analyzing certain types of cancers, such as when using cancerous neural cells [157]. With
the proper consideration and controls, magnetic force can be an invaluable addition to
in vitro culture platforms for reliable probing of cancer cells throughout primary tumor
growth and metastatic progression.
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Simple Summary: With 30% of clinically negative early-stage oral cancer patients harboring occult
metastasis, an accurate staging of metastatic lymph nodes (LN) is of utmost importance for treatment
planning. A magnetic sentinel lymph node biopsy (SLNB) procedure is offered as an alternative
to conventional SLNB in oral oncology, however, a grading system is missing. A proper grading
system is preferred to connect the different components of the magnetic SLNB: preoperative imaging,
intraoperative detection, and histopathological examination of sentinel lymph nodes (SLNs). This
study aims to provide a first grading system based on the distribution of a magnetic tracer, by means
of preoperative magnetic resonance imaging (MRI), intraoperative estimation of iron content, and
histopathological assessment of resected nodes. Pre- and post-operative MRI and harvested SLNs of
eight tongue cancer patients with successful magnetic SLNB procedure were used for analyses.

Abstract: A magnetic sentinel lymph node biopsy ((SLN)B) procedure has recently been shown
feasible in oral cancer patients. However, a grading system is absent for proper identification and
classification, and thus for clinical reporting. Based on data from eight complete magnetic SLNB
procedures, we propose a provisional grading system. This grading system includes: (1) a qualitative
five-point grading scale for MRI evaluation to describe iron uptake by LNs; (2) an ex vivo count
of resected SLN with a magnetic probe to quantify iron amount; and (3) a qualitative five-point
grading scale for histopathologic examination of excised magnetic SLNs. Most SLNs with iron uptake
were identified and detected in level II. In this level, most variance in grading was seen for MRI
and histopathology; MRI and medullar sinus were especially highly graded, and cortical sinus was
mainly low graded. On average 82 ± 58 μg iron accumulated in harvested SLNs, and there were no
significant differences in injected tracer dose (22.4 mg or 11.2 mg iron). In conclusion, a first step was
taken in defining a comprehensive grading system to gain more insight into the lymphatic draining
system during a magnetic SLNB procedure.

Keywords: oral cancer; sentinel lymph node; magnetic tracer; superparamagnetic iron oxide (SPIO);
tracer distribution; MRI; lymphography; histopathology; grading system
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1. Introduction

In oral cancer, the presence of cervical lymph node (LN) metastases is one of the
most important factors for prognosis [1]. Therefore, the detection of metastatic LN is
important for treatment planning [2,3]. However, in 30% of early oral cancer (cT1/T2)
patients, metastases are not identified during clinical examination or by diagnostic imag-
ing modalities [4–6]. To identify these occult metastases, a sentinel lymph node biopsy
(SLNB) procedure can be performed [7,8]. The sentinel lymph node (SLN), which is the
first draining lymph node, represents the lymphatic status of regional LNs; if the SLN
is found to be tumor negative then regional lymph nodes are considered negative too.
The conventional SLNB procedure utilizes peritumorally administered radioisotopes for
preoperative localization of SLNs by lymphoscintigraphy and for intraoperative detection
of SLNs by a gamma probe. After SLNs are harvested, the nodal status is assessed by
histopathological examination. The conventional procedure requires strict regulation con-
cerning radioisotope production, transport, and usage [9]. It would therefore be beneficial
to have a non-ionizing alternative.

A magnetic SLNB is proposed as an alternative for a radioactive SLNB in, e.g., breast
cancer [10,11], prostate cancer [12], and, more recently, for thyroid carcinoma [13] and oral
cancer [14,15]. The magnetic SLNB utilizes a magnetic tracer (superparamagnetic iron oxide
(SPIO) nanoparticles) and a magnetometer. Similar to the conventional SLNB procedure, a
magnetic tracer is peritumorally administered and drains via lymphatic vessels, freely or
by macrophages, to the SLNs. In contrast to a radioactive tracer, a magnetic tracer does
not have a short half-life time which is advantageous for an SLNB as it provides great
freedom in surgical planning. Injected tracer can be used for preoperative SPIO-enhanced
magnetic resonance imaging (MRI) to visualize and identify the location of LNs with iron
uptake [16,17]. Simultaneously, SPIOs are also used for intraoperative detection of SLNs by
a magnetometer [10–15]. What should be considered is the difference in SPIO-sensitivity
between MRI and the magnetometer [18]. Consequently, the dose of the injected magnetic
tracer should lead to a sufficient signal to be detected by a magnetometer without large
signal voids on MRI affecting their examination [19].

Since a magnetic SLNB procedure in oral oncology was recently shown to be fea-
sible [14,15], it raises the question of whether it is possible to develop a comprehensive
grading system. This grading system could be based on a combination of preoperative MRI,
intraoperative LN detection and post-operative histopathology. In the complex anatomy of
the head and neck area, a grading system should be of help in discriminating SLNs from
higher echelon nodes and determining the effect of signal voids in SPIO-enhanced MRI [15].
Furthermore, determination of the amount of iron within excised magnetic SLNs gives
insight into what is still detectable and how much of the injected dose drains to SLN(s).
Lastly, the iron content in SLNs, based on counts of the magnetometer, can be related to
visual histopathology grading of the iron content.

With the abovementioned components of a magnetic SLNB procedure, we propose a
first step towards a comprehensive grading system. Therefore, this study reports the iron
distribution to (S)LNs and grading based on preoperative SPIO-enhanced MRI, intraop-
erative detection by a magnetometer, and histopathology of resected LNs in oral cancer
patients who successfully underwent a magnetic SLNB procedure.

2. Materials and Methods

Our grading system is based on a selection of patients (n = 8/10) with oral squa-
mous cell carcinoma (OSCC), recruited for a feasibility study on a magnetic SLNB proce-
dure (NL6656, Netherlands Trial Register) in the period February 2018–December 2019
at Medisch Spectrum Twente [15]. To assess iron distribution in SLNs, based on SPIO-
enhanced MRI, magnetometer counts and histopathological analysis, only patients with a
successful magnetic SLNB procedure were selected. All patients were clinically diagnosed
with T1-T2N0M0 and scheduled for resection of the primary tumor (border of the tongue)
and consecutive elective neck dissection (END) level I-III. Patients were three females and
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five males, with a mean age of 67 years (range 43–77 years). The SPIO nanoparticle tracer
used was Sienna+® [28 mg iron/mL] (Endomagnetics Ltd., Cambridge, UK), which was
submucosally injected around the tumor within 24 h prior to surgery. A total volume
of 0.4 mL in three patients and 0.8 mL in five patients (corresponding to an iron dose of
11.2 mg and 22.4 mg, respectively) was administered in 4 aliquots. Prior to entering the
feasibility study, all patients provided oral and written informed consent. Ethical approval
was given by the local medical ethics committee, METC Twente.

2.1. Magnetic Resonance Imaging Grading

To identify iron-containing LNs, a preoperative SPIO-enhanced MRI (1.5T, Ingenia,
Philips Medical Systems, Best, the Netherlands) was acquired shortly after tracer injection,
as described above (range: 22–101 min). Additionally, a postoperative SPIO-enhanced MRI
was performed (range 23–49 days post injection) to observe the influence and distribution of
SPIOs on MRI during follow-up. The following MRI sequences were acquired in transversal
plane of the entire neck using a 16-channel dedicated head and neck coil:

• T1-weighted (T1w) 3D fast field echo (TR/TE = 25/4.6 ms, flip angle 30◦, voxel size
0.75 mm × 0.75 mm × 1.6 mm, FOV = 251–269);

• T2*-weighted (T2*w) fast field echo (TR/TE = 1700/18.41 ms, flip angle 18◦, voxel size
0.62 mm × 0.62 mm × 3 mm, FOV = 247–267).

To evaluate the effect of SPIOs in LNs on SPIO-enhanced MRI, a qualitative five-point
grading scale was developed based upon T1w MRI. T2*-weighted MRI was used to confirm
the presence of iron scored at T1w sequence. This scale is defined below and illustrated
in Figure 1:

• 1: Internal spots of signal void
• 2: Confluence of internal spots of signal void, <25%
• 3: Partial (peripheral) signal void of the node, 25–75%
• 4: Complete signal void of the node, >75%
• 5: Blooming beyond border of the gland

 

Figure 1. Qualitative five-point grading scale to assess effect of iron uptake in lymph nodes (LNs).
Scale: 1—Internal spots of signal void; 2—Confluence of internal spots of signal void, <25%; 3—Partial
(peripheral) signal void of the node, 25–75%; 4—Complete signal void of the node >75%; 5—Blooming
beyond border of the gland. Column T1 shows examples of LNs with iron uptake. The yellow circle
shows corresponding areas in T1 and T2* of the LN with iron uptake. In column T1 with marked LN
border, blue line represents LN border.
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All LNs with iron uptake in level I–III were graded following application of the
five-point grading scale by a radiologist experienced in head and neck oncology (J.J.H.).

2.2. Amount of Iron in Sentinel Lymph Nodes

Before the SLNB procedure the Sentimag® system was checked for correct operation
using a reference sample. SLNs were intraoperatively detected using a Sentimag (Endo-
magnetics Ltd., Cambridge, UK) magnetometer, within 24 h post injection (range 04 h
06 min–21 h 14 min). One or more magnetically detected SLNs per patient were resected
and the amount of iron present in SLNs was determined by ex vivo magnetic readout of, in
total, 24 SLNs and the use of a predefined look-up table (LUT). Ex vivo measurements of
SLNs were performed, with a handheld probe vertically aligned and the probe tip in an
upward position. The Sentimag system was balanced in the air without metal materials in
the direct surroundings. When balanced, the SLN was placed at the middle of the probe tip.
The following data was recorded per SLN: sensitivity setting of Sentimag, ex vivo Sentimag
counts, neck level at which SLN was harvested.

The LUT was generated by evaluating the magnetic readout of ten Sienna+® samples.
For each sample, a glass tube with an outer diameter of 8 mm and an inner diameter of
6.5 mm was filled with a Sienna+® dilution up to a volume of 35 μL. Sienna+® was diluted
using 0.9% saline and samples contained the following iron doses: 1, 5, 10, 28, 50, 101, 140,
280, 420 and 504 μg. Correct operation of the handheld probe was checked by measuring a
reference sample before Sienna+® samples were measured. Prior to each Sienna+® sample
measurement, the handheld probe was balanced without metallic materials in the direct
surrounding. Measurements were acquired six times per sample, with the sample placed
in the middle of and directly next to the probe tip. The handheld probe was held in the
same orientation as for the ex vivo SLN measurements. A Styrofoam cubic guaranteed a
similar position of each sample to the probe tip. A relation between the amount of iron
and corresponding counts was experimentally established and modeled as a first order
polynomial by in-house developed software (Matlab environment, R2020a, Mathworks,
Inc., Natick, MA, USA), using the six measurements per sample for each sensitivity setting
as input. The created LUT is available through 4TU.ResearchData [20]. The first column
shows the iron content from 1 μg–500 μg in steps of 0.01 μg. Consecutive columns show
corresponding counts for sensitivity settings 1, 2 and 3 of the magnetometer, respectively.
For analysis, the iron dose corresponding to magnetic readout per SLN was noted to one
decimal place.

2.3. Histopathology Grading

SLNs were paraffin embedded in slices of 2 mm, which were histopathologically
analyzed using step serial sectioning (five levels with 200 μm interval) and hematoxylin
and eosin (H&E) staining. Cytokeratin AE1/3 staining was used to detect metastasis [15].
Iron content in cortical and medullar sinuses was assessed based on H&E stained coupes,
using a qualitative five-point grading scale in cortical and medullar sinuses: no iron
(grade 0), 1–25% iron (grade 1), 25–50% (grade 2), 50–75% (grade 3), and 75–100% (grade 4)
was estimated in the region of interest; an example is given in Figure 2. Each harvested
SLN was graded following the five-point grading scale, for one slide, by an experienced
pathologist (J.v.B.).
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Figure 2. Hematoxylin and eosin-stained coupe of magnetic sentinel lymph node (a) 50× and
(b) 200× magnification, (b) is the squared blue box in (a). The cortical sinus is shown at the right
side (thin blue line) in (a,b). The iron content was graded as 1 (0–25%), see yellow arrow for focally
located iron in cortical sinus. The medullar sinus was scored with grade 4 (75–100%), see blue arrows
pointing at iron uptake.

2.4. Data Analysis

Grading of SPIO-enhanced MRI and histopathology of LNs was represented as the
median (range) for each neck level. The calculated iron content in SLNs based upon LUT
was represented as mean ± standard deviation. To compare groups of 22.4 mg and 11.2 mg
iron dose injected, a Mann-Whitney U test was performed with confidence interval of 95%
(IBM SPSS statistics, version 27). The correlation coefficient (Spearman’s rho SPSS) was
determined for iron content and histopathology grading.

3. Results

3.1. Magnetic Resonance Imaging Grading

For preoperative MRI the total number of identified SPIO-enhanced LNs in level I-III
was 71 (90% at ipsilateral site). Eleven of these were identified as most likely SLNs, based
on location relative to the tumor and iron susceptibility extent [15]. The highest number of
SPIO-enhanced LNs was observed in level II at the ipsilateral side: 54% (38/71), 2(a). These
LNs were mainly graded with a higher value compared to LNs in levels I and III, Figure 3b.
Level I, II and III were graded (median (range)), respectively: 3.5 (1–5), 4 (1–5) and 3.5
(1–5) at the ipsilateral side and 1 (1–5), 5 (4–5) and 1 (1–1) at the contralateral side. Within
preoperative MRI, no significant difference was found at the ipsilateral side, comparing
groups with iron doses 11.2 mg and 22.4mg (p = 0.24). No LNs with iron uptake were seen
at the contralateral side when a dose of 11.2mg iron was administered.

As a result of SLNB and END procedures, most of the identified SPIO-enhanced
LNs were removed, however, postoperative SPIO-enhanced MRI still showed areas of
susceptibility as a result of iron. These remaining iron deposits were minimally visible on
MRI sequences used in daily clinical practice; an example is shown in Figure 4.

When possible, correlation of excised SLNs and preoperative MRI grades of SLNs in
most cases showed an MRI-grade 4 or higher. Two of the three identified magnetic SLNs
containing metastasis were given an MRI-grade 5 and were assigned as most likely SLNs
on MRI. The remaining one was graded 4 or 5, but since three SPIO-enhanced LNs were
seen in this level, it was not certain to which the SLN was related.
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Figure 3. (a) Schematic overview of ipsilateral neck. Per neck level the amount of identified SPIO-
enhanced LNs and grading on preoperative MRI, median (range) is given. Figure adapted with
permission of original authors from [15]; (b) Overview of graded LNs at ipsilateral side of SPIO-
enhanced preoperative MRI. Per neck level (I = grey, II = blue and III = yellow), the total number
of LNs is given based upon their MRI grading score. Fully colored part of the bar represents the
identified number of LNs when an iron dose of 22.4 mg was administered; diagonally striped part
of the bar includes the LNs graded for patients who received an iron dose of 11.2 mg; (c) Overview
of graded LNs distributed at contralateral site of SPIO-enhanced preoperative MRI. Description as
for (b).

Figure 4. This figure shows an example of an iron containing lymph node (LN) at postoperative
MRI for two superparamagnetic iron oxide nanoparticle (SPIO-) enhanced sequences (a,b) and
two sequences for daily clinical practice (c) and (d). The big white arrow in each subfigure points
to a LN (level IIa, left side) with SPIO uptake; the small white arrow in (a) points at part of LN
with SPIO accumulation; (a) T1w 3D FFE (T1-weighted 3-dimensional fast field echo); (b) T2*w FFE
(T2*-weighted fast field echo); (c) T2w SE (T2-weighted spin echo); (d) T2w Dixon–in-phase.
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3.2. Amount of Iron in Sentinel Lymph Nodes

The LUT demonstrated, for all three sensitivity settings of Sentimag, a linear relation-
ship between the magnetic readout and the iron content of Sienna+® samples [20]. Of 24
harvested SLNs, 18 were harvested after an injection dose of 22.4 mg iron and six SLNs as
a result of an administered dose of 11.2 mg iron. On average, an SLN contained 82 ± 58 μg
iron. Based upon iron content, no significant difference was found between the groups with
22.4 mg (81 ± 58 μg) and 11.2 mg (86 ± 64 μg) injected iron dose (p = 0.87) (see Figure 5a).
On average, SLNs contained 0.36% (22.4 mg) and 0.77% (11.2 mg) iron of the total in-
jected dose. Figure 5b shows, per patient, the number of nodes identified on preoperative
SPIO-enhanced MRI, and detected by magnetic detector over time.

Figure 5. (a) Boxplot representing iron content of all detected SLNs for 11.2 mg (n = 6) and 22.4 mg
(n = 18) iron dose injected, no significant difference; (b) Per patient the number of lymph nodes
showing iron uptake on preoperative magnetic nanoparticle enhanced (triangles) and detected
during sentinel lymph node biopsy (SLNB, circles); post magnetic tracer injection is shown in
hours:minutes (uu:mm). Orange and blue, respectively, represent patients with 11.2 mg and 22.4 mg
iron dose injected.

In level I, seven (30%) and one (4%) SLN(s) were harvested from the ipsilateral and
contralateral sides, respectively. For level II and III, SLNs originated from the ipsilateral
side only; these levels contained, respectively, 13 (54%) and three (13%) SLNs. The average
iron content of SLNs per level found was: level I: 57 ± 42 μg, level II: 91 ± 61 μg and
level III: 114 ± 73 μg. Table A1 illustrates patient characteristics including LN number(s),
neck level and iron content.

3.3. Histopathology Grading

Of 24 SLNs, three contained metastasis (Appendix A). Regarding iron content grading:
level I cortical and medullar sinus were graded as (median) 1.5 (range 0–3) and 3 (0–4),
respectively; level II: 2 (1–4) and 4 (2–4); and level III: 4 (2–4) and 4 (3–4). The number of
LNs per grade are shown in Figure 6. The three positive SLNs were graded as 2–4, 1–4 and
2–2 for cortical and medullar sinus, respectively. For individual SLNs, the medullar sinus
was graded higher in 17 cases, equal in 6 cases and lower in 1 case compared to grading
of the cortical sinus (Appendix A). The correlation coefficient of medullar grade and iron
content was 0.50 (p = 0.013). No significant correlation was found for cortical grade and
iron content (0.374, p = 0.072).
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Figure 6. The total number of SLNs per histological iron content grade for each level (I: grey, II: blue
and III: yellow), (a) cortical sinus and (b) medullar sinus. The columns represent the total group,
whereas subgroups are identified by diagonally striped part (11.2 mg iron dose injected) and full
colored part (22.4 mg iron dose injected).

4. Discussion

A comprehensive grading system was proposed in this study, based on iron distri-
bution of (S)LNs in the head and neck area, as a result of magnetic tracer injection for
an SLNB procedure. It included analysis of iron-containing LNs on SPIO-enhanced MRI,
with SLNs detected by magnetometer and histopathology. Of eight clinically T1-T2N0M0
tongue cancer patients, most draining LNs were located in level II on preoperative MRI and
detected by magnetometer. This is in accordance with the preferred draining level of tongue
cancers and thus of their potential metastasis [21,22]. Mainly high grades were scored in
this level for SPIO-enhanced MRI and medullar sinus on histopathology coupes. A high
grade refers to a high iron uptake, which is expected for SLN as the first draining node.

On average 82 ± 58 μg iron was detected by a handheld magnetic probe in SLNs,
regardless of the injected iron dose. This makes the percentage accumulated iron in the
SLNs, 0.36% for a 22.4 mg injected iron dose and 0.77% for a dose of 11.2 mg. A study
comparing two radioisotopes in oral oncology reported 1.95% and 3.16% as radioactive
uptake in SLNs based on lymphoscintigraphy [23]. For breast cancer, tracer drainage
to SLN was reported for a magnetic tracer to be 0.3% of the injected iron dose [24], and
for radioisotopes this was 0.96% (0.0038–5.14%) of the injected dose [25]. Information on
the tracer uptake in SLNs can be used for dose optimization. No significant difference
was seen for the different iron doses injected, suggesting that an injected iron dose of
11.2 mg should be enough for the detection of SLNs with potential for less disturbing MRI
artefacts [26]. Moreover, no additional clinical benefit is achieved when magnetic tracer
deposits are sufficient. It is therefore recommended to not overload SLNs with increased
tracer volume [27]. When we take the iron amount of SLNs containing metastasis into
account (all found in level II and, in total, only three [15]), the iron amount of these SLNs
was, in each case, not the highest among excised SLNs of individual patients. It is known
that iron does not locate at sites of tumor cells and fat. In the case of a significant metastasis,
this will lead to a reduction in iron capacity or even not show iron at all. However, in
the case of clinically node negative, it has been shown that the uptake of SPIO is not
influenced by occult metastases [28]. Although the three nodes harboring metastasis did
not contain the highest iron content, they met the 10% rule (i.e., at least 10% of the hottest
node excised) [7] and belonged to the top three hottest nodes, which is considered clinically
sufficient for an SLNB procedure using radioisotopes [29]. One should be aware that this
was determined ex vivo, while in vivo magnetic SLNs were searched and might be more
difficult to determine if an SLN belongs to the top three hottest nodes. The magnetic
readout of the handheld magentic probe is not only determined by the iron content, but
by the distance of the source to the probe tip as well. Therefore, preoperative imaging, to
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indicate the amount of iron, or which LN is most likely to be an SLN, would be beneficial
to the surgeon during a magnetic SLNB.

Regarding the SPIO-enhanced preoperative MRI, it was intended to identify LNs
with iron uptake. The sequence and timing of MRI and the dose of SPIO are open for
optimization, but with available data a grading system was initiated in this study, since a
high number of LNs were seen with iron uptake on preoperative MRI [15]. It is expected
that not all these LNs showing iron uptake are SLNs, especially since one third of the
number was detected by a magnetometer and assigned as SLN. For lymphoscintigraphy,
discrimination of SLNs and higher echelons is clear; the number of SLNs is half of the
LNs seen with radiotracer uptake [23]. Differentiating SLNs from higher echelon LNs is
of utmost importance in a complex anatomy, such as the head and neck [3]. Therefore,
a grading system for SPIO-enhanced MRI should evaluate the amount of iron and help
in identifying most likely SLNs, so SLNs can be distinguished from other LNs taking up
iron. A one-on-one comparison of SPIO-enhanced MRI grading to iron content based
on magnetometer readout was not completely possible due to the difference in time and
following an END. The influence of time on tracer drainage can be limited by having the
SLNB planned directly after SPIO-enhanced MRI. From another perspective, as long as the
maximum capacity of iron content in SLN is not reached, the SLN is expected to contain
the higher amount of accumulated iron, since the hydrodynamic diameter of SPIO is found
to be optimal for an SLNB procedure [30,31]. In cases where a one-on-one comparison of
most likely SLNs (including corresponding grade) and SLNs detected by magnetometer
(including corresponding iron content) is preferred, it is advised to perform an MRI before
and after SLNB (without performing an END). Furthermore, the T2*w sequence can be
optimized to support the T1w sequence to identify most likely SLNs. The parameters
for T2* were chosen to maximize visualization of the effect of SPIOs. Adjustment of the
parameters (including shorter repetition time) may reduce this effect; ideally at T2* only
iron uptake in SLNs would be visualized. Postoperative SPIO-enhanced MRI showed iron
remainders in LNs resulting from either the time between injection and resection, or from
iron remaining at the injection site after tumor resection. Sequences used in daily clinical
practice seem to be less influenced by these iron remainders in LNs, due to the use of spin
echo sequences which correct field inhomogeneities. Regarding the injected iron dose, a
melanoma study showed a significant correlation (r = 0.71, p = 0.009) between the injected
iron dose and graded MRI artefacts [26]. It also showed that a low tracer dose (0.02 mL
Magtrace®, 0.6 mg iron) produced intraoperatively detectable SLNs [26].

Histopathology grading of the medullar sinus showed comparable distribution over
levels of iron grading when compared to SPIO-enhanced MRI; most LNs in level II were
graded high, in contrast to the cortical sinus grading in this same level, which included
mainly low grades. This means that more iron accumulated within the medullar sinus,
confirming descriptions of iron uptake in SLNs of breast cancer patients and in a porcine
model study [27,32]. This suggests that the detectability of SLNs (i.e., iron quantity) is
primarily determined by the presence of iron in the medullary sinus. Approaching an LN
in vivo or the orientation of an LN during ex vivo measurements on the probe tip should
then matter to a lesser degree. This is supportive in detecting SLNs, by determination of
the top three LNs with highest iron content. It should be noted, however, that surrounding
tissue can influence the magnetic readout, due to its diamagnetism.

The main limitations of this study are the small cohort, the differences in time between
procedural steps, and the differences in injected magnetic tracer amount. Consequently, a
larger (multi-center) cohort is recommended. This would also enable evaluation of (1) iron
dose injected, and (2) time between tracer injection and intraoperative SLN detection on
the number of nodes detected and graded. Based on information from this study, an
administered iron dose of 11.2 mg found fewer identified (S)LNs per patient and (S)LNs
were limited to the ipsilateral side on MRI and for SLNB; however, the iron content and iron
grading distribution did not appear different. Furthermore, it was difficult in retrospect to
directly link LNs visualized by SPIO-enhanced MRI to harvested and histopathologically
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examined SLNs. It would therefore be recommended to limit the time between preoperative
MRI and an SLNB procedure for research purposes.

5. Conclusions

In conclusion, a first step was taken in defining a comprehensive grading system,
where data for SPIO-enhanced MRI, ex vivo magnetometer readouts of harvested SLNs,
and histopathologic assessment were used to gain more insight into the lymphatic draining
system during magnetic SLNB. A direct link between harvested SLNs to preoperative
visualized LNs on MRI was difficult to make. SLNs contained, on average, 82 ± 58 μg
iron based upon ex vivo magnetometer readouts. No significant differences were found
between injection groups (11.2 mg and 22.4 mg iron dose) regarding grading of LN on
preoperative SPIO-enhanced MRI, iron content and histopathologic grading.
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Simple Summary: Pelvic lymph node dissection is recommended in prostate cancer according to the
patients’ individual risk for nodal metastases. Targeted removal of sentinel lymph nodes increases
the number of detected lymph node metastases in patients with prostate cancer. We previously
established magnetometer-guided sentinel lymph node dissection in patients with prostate cancer to
overcome logistical and technical disadvantages associated with the standard radioisotope-guided
technique. This retrospective study compared the magnetometer-guided and standard techniques in
terms of their ability to detect lymph node metastases. Using the magnetometer-guided technique,
more sentinel lymph nodes were detected per patient. The detected rates of lymph node involvement
matched the predictions in both techniques equally well. Our findings confirm the reliability of
magnetometer-guided sentinel lymph node dissection and highlight the importance of the sentinel
technique for detecting lymph node metastases in prostate cancer.

Abstract: Sentinel pelvic lymph node dissection (sPLND) enables the targeted removal of lymph
nodes (LNs) bearing the highest metastasis risk. In prostate cancer (PCa), sPLND alone or combined
with extended PLND (ePLND) reveals more LN metastases along with detecting sentinel LNs (SLNs)
outside the conventional ePLND template. To overcome the disadvantages of radioisotope-guided
sPLND in PCa treatment, magnetometer-guided sPLND applying superparamagnetic iron oxide
nanoparticles as a tracer was established. This retrospective study compared the nodal staging
ability between magnetometer- and radioisotope-guided sPLNDs. We analyzed data of PCa patients
undergoing radical prostatectomy and magnetometer- (848 patients, 2015–2021) or radioisotope-
guided (2092 patients, 2006–2015) sPLND. To reduce heterogeneity among cohorts, we performed
propensity score matching and compared data considering sentinel nomogram-based probabilities
for LN involvement (LNI). Magnetometer- and radioisotope-guided sPLNDs had SLN detection
rates of 98.12% and 98.09%, respectively; the former detected more SLNs per patient. The LNI
rates matched nomogram-based predictions in both techniques equally well. Approximately 7% of
LN metastases were detected outside the conventional ePLND template. Thus, we confirmed the
reliability of magnetometer-guided sPLND in nodal staging, with results comparable with or better
than radioisotope-guided sPLND. Our findings highlight the importance of the sentinel technique
for detecting LN metastases in PCa.

Keywords: prostate cancer; sentinel lymph node; lymphadenectomy; metastases; superparamagnetic
iron oxide nanoparticles; radioisotopes
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1. Introduction

Pelvic lymph node dissection (PLND) is the most reliable technique for lymph node
(LN) staging in clinically localized prostate cancer (PCa) [1]. LN status is a therapeutically
crucial prognostic factor in PCa because the presence and extent of LN involvement
(LNI) are related to an increased risk of systemic dissemination and progression of the
disease [2–4]. Moreover, PLND or resection of LN metastases has been indicated to have
therapeutic benefits, particularly in patients with minimal LNI [1,5–8].

The detection of LNI directly correlates with the number of dissected LNs as well as
with the anatomical limits of PLND [9,10]. The European Association of Urology (EAU)
guidelines, therefore, recommend an extended PLND (ePLND) for LN staging in patients
with >5% risk of LNI as diagnosed by systematic random biopsy [11,12] or in those with
>7% risk of LNI as diagnosed by multiparametric magnetic resonance imaging (MRI) and
MRI-targeted biopsy [12,13].

The complication rate, however, also increases alongside the increase in the number
of LNs removed [14–16]. Therefore, Wawroschek et al. [17] adopted the techniques and
concepts of radioisotope-guided sentinel LN (SLN) identification from other tumor enti-
ties for use in PCa, and this has subsequently been independently confirmed in several
studies [18,19]. Sentinel PLND (sPLND) enables the targeted removal of clinically negative
LNs, which bear a high probability of containing metastases [20] because SLNs are the
first lymphatic drainage stations of their primary organs or the respective tumor [21]. In
PCa, sPLND alone or in combination with ePLND increases the number of detected LN
metastases [19,22,23]. Moreover, during sPLND, SLNs occurring outside the conventional
ePLND template can be removed [22–24]. Thus, sPLND provides additional diagnostic
value by adjusting the degree and anatomical extent of PLND to the patient’s individual
lymphatic drainage situation [19,22,23,25].

Unfortunately, the use of radioisotope tracers for SLN marking is associated with
several technical and logistical disadvantages [26,27]. For example, the practicality of
the radioisotope-guided sPLND technique depends on the accessibility to radioisotope
tracers and nuclear medicine facilities. Thus, this technique is used only in more developed
countries or hospitals with access to such technology. Furthermore, this technique exposes
patients and surgical staff to radiation, an aspect that is strongly controlled by legislation.
In patients with breast cancer, superparamagnetic iron oxide nanoparticles (SPIONs) have
been successfully developed as an equivalent, easy-to-use, and radiation-free alternative for
SLN marking and intraoperative detection [26,28]. Our group subsequently adopted this
technique of intraoperative magnetic detection of SLNs for use in patients with PCa; we
use a system that comprises a magnetic tracer and a handheld magnetometer [23,24,27,29].

This retrospective study primarily aimed to compare magnetometer- and radioisotope-
guided sPLND techniques in terms of their ability to detect LN metastases in patients with
PCa. The secondary aim was to evaluate the anatomical distribution of dissected SLNs
and detected LN metastases. We analyzed two large data sets from patients with PCa who
underwent radical prostatectomy in combination with either of the two sPLND techniques
at a tertiary referral hospital and performed a matched-pair analysis. The rates of LNI
were compared between the two techniques while considering the patients’ individual
probabilities for LNI as inferred from our sentinel nomogram [30].

2. Materials and Methods

2.1. Patient Populations

This retrospective study considered two cohorts of patients with PCa consecutively
documented in the database of the University Hospital for Urology Oldenburg. We initially
enrolled 2186 patients with PCa who underwent open retropubic radical prostatectomy
combined with radioisotope-guided sPLND between January 2006 and February 2015.
Then, we excluded the data of 11 patients who received only one-sided sPLND and of one
patient in whom the time between tracer injection and surgery extended the manufacturer-
guaranteed tracer detectability period. Furthermore, 45 patients who underwent hormonal
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treatment and 34 who underwent transurethral prostate surgeries before prostatectomy
were also excluded. LN dissection data were incomplete in three additional patients. The
final sample for the analysis of radioisotope-guided sPLND included 2092 patients.

Initially, we included 881 patients with PCa who underwent open retropubic radi-
cal prostatectomy combined with magnetometer-guided sPLND between February 2015
and May 2021. Then, we excluded the data of seven patients who received only one-
sided sPLND, three patients with limited tracer detectability because of metal implants,
and two patients in whom the time between tracer injection and surgery extended the
manufacturer-guaranteed detectability period. Furthermore, we also excluded 16 patients
who underwent hormonal treatment and 4 who underwent transurethral prostate surgeries
prior to prostatectomy. The LN dissection data were incomplete in one additional patient.
The final sample for the analysis of magnetometer-guided sPLND included 848 patients.

All patients were informed verbally and in writing about the open retropubic radical
prostatectomy and sPLND; all signed a consent form before surgery.

2.2. sPLND Technique and Histopathological Examination

All patients were administered with transrectal tracer injection, either 99mTechnetium
nanocolloid (160 MBq Nanocoll®, Nycomed Amersham Sorin, Milan, Italy) or superpara-
magnetic iron oxide nanoparticles (02/2015–01/2019 Sienna+®, Sysmex Europe GmbH,
Norderstedt, Germany; 01/2019–05/2021 Magtrace®, Sysmex Europe GmbH, Norderstedt,
Germany, into the prostate under ultrasonic guidance a day before surgery. SPLND was
performed as described by Wawroschek et al. [31] and Winter et al. [32] for radioisotope-
guided surgery and as described by Winter et al. [23] for magnetometer-guided surgery.
All SLNs detected by a gamma probe (C-Trak System, Care Wise, Morgan Hill, CA, USA,
or Crystal Probe SG04, Crystal Photonics GmbH, Berlin, Germany) or a magnetometer
(Sentimag®, Sysmex Europe GmbH, Norderstedt, Germany) together with lymphatic fatty
tissue directly adjoining or adhering to the identified SLNs were removed surgically. After
sentinel-guided surgery, risk-adapted or if no SLN was detected at all, PLND was com-
pleted by ePLND using the anatomic template as described by Weingärtner et al. [33],
which included all lymphatic fatty tissue along the external and internal iliac vessels and
the obturator fossa as well as within the area dorsal to the obturator nerve, from the bifur-
cation of the common iliac artery (proximal limit) to the femoral canal (distal limit) and
from the pelvic sidewall (lateral limit) to the perivesical fatty tissue (medial limit).

After surgery, LNs were cut into 3 mm transverse sections, routinely processed,
and embedded into paraffin. Then, 4–5 μm sections were stained with hematoxylin-
eosin (HE; Figure 1). In rare cases of inconclusive conventional histology, samples were
immunohistochemically stained with AE1/AE3 pancytokeratin antibodies to check for
(micro-)metastases.

2.3. Data Analyses

All data analyses were performed using R 4.1.0 [34]. For each sPLND technique,
we calculated the median numbers of SLNs detected per patient, SLN detection rate
(proportion of patients with detected SLNs), rate of LNI (proportion of patients with
pathologic nodal stage 1; pN1), and the false-negative rate (proportion of LN-positive
but SLN-negative cases). Numbers and proportions were compared statistically using the
Wilcoxon rank-sum test and χ2 proportions test, respectively. Tests were repeated after 1:1
optimal pair matching according to clinical information (i.e., age, prostate-specific antigen,
clinical tumor stage, Gleason score, and percentage of positive biopsy cores) based on the
results of a propensity score analysis. A summary of the propensity score-adjusted data
is presented in Table A1 of Appendix A. We estimated the probability of LNI for each
patient according to our nomogram [30]. This nomogram predicts a patient’s individual
probability for the presence of lymphogenic metastases based on clinical information such
as prostate-specific antigen (PSA) value, clinical tumor stage, biopsy Gleason score, and
percentage of positive biopsy cores [30]. In our data set, clinical tumor stage and/or biopsy
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data (biopsy Gleason score and/or the percentage of tumor-positive biopsy cores) were
unavailable for 24 patients. To evaluate the diagnostic accuracy of each sPLND technique,
we plotted the observed LNI rates against the nomogram-predicted probabilities of LNI
in steps of approximately 3.33% (30 bins). Curves were smoothed, and 95% confidence
intervals were calculated using the Loess method (local polynomial regression fitting).
A χ2 goodness-of-fit test was computed for each technique to estimate the deviation of
the curves from the ideal curve wherein observed, and predicted rates of LNI match
perfectly. Moreover, the numbers of dissected SLNs and LN metastases were counted for
each anatomical region of sPLND. The region data were unavailable for 22 SLNs detected
during magnetometer-guided sPLND.

3. Results

In total, we dissected 12,331 LNs in 848 patients who underwent magnetometer-guided
sPLND and 22,565 LNs in 2092 patients who underwent radioisotope-guided sPLND. Among
these dissected LNs, 6478 and 12,981 were SLNs. Table 1 summarizes clinical and histopatholog-
ical tumor characteristics as well as LN dissection data of the two patient cohorts. A summary
of these data after propensity score matching can be found in Table A1. The SLN detection
rates did not differ between the magnetometer- and radioisotope-guided sPLND techniques
(98.11%, n = 832 patients vs. 98.18%, n = 2054 patients, respectively; Table 2). However, we
detected significantly more SLNs per patient using magnetometer-guided sPLND (median = 7,
IQR: 4–10) than that using radioisotope-guided sPLND (median = 6, IQR: 4–8; Table 2).

Table 1. Patient characteristics.

Method
Magnetometer-Guided sPLND Radioisotope-Guided sPLND

Overall pN0 pN1 Overall pN0 pN1

n (%) 848 655 (77.24) 193 (22.76) 2092 1696 (81.07) 396 (18.93)

Age (IQR) 67 (62–71) 67 (61–71) 68 (64–73) 67 (62–71) 67 (61–71) 68 (63–71)

Total PSA ng/mL (IQR) 8.7 (6.1–13.5) 8 (5.8–11.8) 12.8 (8.6–27.7) 7.8 (5.5–12.5) 7.2 (5.3–10.9) 12.0 (7.9–20.6)

Dissected LNs (IQR) 14 (10–18) 13 (10–17) 16 (12–21) 10 (7–14) 10 (7–13) 12 (9–15)

Positive LNs (IQR) 0 (-) 0 (-) 2 (1–4) 0 (-) 0 (-) 2 (1-3)

Dissected SLNs (IQR) 7 (4–10) 7 (5–10) 6 (4–10) 6 (4–8) 6 (4–8) 6 (3–8)

Positive SLNs (IQR) 0 (-) 0 (-) 1 (1-2) 0 (-) 0 (-) 1 (1-2)

Clinical tumor stage (%) * * ** ** **
cT1 436 (51.42) 397 (60.61) 39 (20.21) 1129 (53.97) 1027 (60.55) 102 (25.76)
cT2 368 (43.40) 244 (37.25) 124 (64.25) 919 (43.93) 658 (38.80) 261 (65.91)
cT3 41 (4.83) 14 (2.14) 27 (13.99) 36 (1.72) 6 (0.35) 30 (7.58)
cT4 2 (0.24) 0 2 (1.04) 2 (0.10) 0 2 (0.51)

Biopsy Gleason sum (%) *** ***
≤6 162 (19.10) 150 (22.90) 12 (6.22) 998 (47.71) 938 (55.31) 60 (15.15)

=7 (3 + 4) 402 (47.41) 354 (54.05) 48 (24.87) 724 (34.61) 570 (33.61) 154 (38.89)
=7 (4 + 3) 129 (15.21) 88 (13.44) 41 (21.24) 191 (9.13) 109 (6.43) 82 (20.71)

≥8 155 (18.28) 63 (9.62) 92 (47.67) 176 (8.41) 76 (4.48) 100 (25.25)

Postoperative Gleason
sum (%)

≤6 30 (3.54) 30 (4.58) 0 349 (16.68) 348 (20.52) 1 (0.25)
=7 (3 + 4) 443 (52.24) 423 (64.58) 20 (10.36) 1122 (53.63) 1052 (62.03) 70 (17.68)
=7 (4 + 3) 216 (25.47) 147 (22.44) 69 (35.75) 420 (20.08) 230 (13.56) 190 (47.98)

≥8 159 (18.75) 55 (8.40) 104 (53.89) 201 (9.61) 66 (3.89) 135 (34.09)
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Table 1. Cont.

Method
Magnetometer-Guided sPLND Radioisotope-Guided sPLND

Overall pN0 pN1 Overall pN0 pN1

Pathologic tumor stage (%)
pT1c 2 (0.24) 2 (0.31) 0 1 (0.05) 1 (0.06) 0
pT2a 41 (4.83) 41 (6.26) 0 184 (8.80) 180 (10.61) 4 (1.01)
pT2b 21 (2.48) 19 (2.90) 2 (1.04) 40 (1.91) 39 (2.30) 1 (0.25)
pT2c 399 (47.05) 390 (59.54) 9 (4.66) 1086 (51.91) 1048 (61.79) 38 (9.60)
pT3a 178 (20.99) 141 (21.53) 37 (19.17) 407 (19.46) 300 (17.69) 107 (27.02)
pT3b 197 (23.23) 61 (9.31) 136 (70.47) 318 (15.20) 113 (6.66) 205 (51.77)
pT4 10 (1.18) 1 (0.15) 9 (4.66) 56 (2.68) 15 (0.88) 41 (10.35)

Data are presented as median (interquartile range) or frequency (percentage). sPLND: sentinel pelvic lymph node dissection; pN: pathologic
nodal stage; IQR: interquartile range; (S)LN: (sentinel) lymph node; PSA: prostate-specific antigen; * clinical T-category could not be
assessed in one patient (pN1); ** clinical T-category could not be assessed in six patients (pN0: n = 5, pN1: n = 1); *** incomplete biopsy data
in three patients (pN0).

Table 2. Comparison between magnetometer-guided sPLND and radioisotope-guided sPLND either with original data or
with propensity score-adjusted data.

Comparison Original Results Test Statistic Adjusted Results Test Statistic

SLN detection rate 98.11% (832) vs. 98.18%
(2054) χ2 < 0.001, df = 1, p = 1

98.11% (832) vs. 95.87%
(812)

χ2 = 6.55, df = 1,
p = 0.011 *

Number of dissected
SLNs 7 (4–10) vs. 6 (4–8) W = 1,059,411,

p < 0.001 *** 7 (4–10) vs. 5 (3–7) W = 471,031,
p < 0.001 ***

Rate of LNI 22.76% (193) vs. 18.93%
(396)

χ2 = 5.29, df = 1,
p = 0.021 *

22.76% (192) vs. 25.97%
(220)

χ2 = 2.34, df = 1,
p = 0.126

Rate of LN+ but SLN- 7.25% (14) vs. 9.85%
(39)

χ2 = 0.77, df = 1,
p = 0.379

7.29% (14) vs. 14.55%
(32)

χ2 = 4.73, df = 1,
p = 0.030 *

False-negative rate 3.63% (7) vs. 5.05% (20) χ2 = 0.32, df = 1,
p = 0.572

3.65% (7) vs. 5.91% (13) χ2 = 0.700, df = 1,
p = 0.403

Data are presented as percentage (n) or median (interquartile range). (S)LN: (sentinel) lymph node; LNI: lymph node involvement; LN+:
lymph node positivity; SLN-: sentinel lymph node negativity. * 5% significance level, *** 0.1% significance level.

We found metastases in 621 LNs of 193 patients who underwent magnetometer-
guided sPLND and in 1010 LNs of 396 patients who underwent radioisotope-guided
sPLND (Table 1). Figure 1 shows a representative example of a HE staining of an SLN
metastasis as revealed by the magnetic tracer. On the one hand, there were significantly
more patients with LN positivity among those who underwent magnetometer-guided
sPLND than among those who underwent radioisotope-guided sPLND (22.76% vs. 18.93%,
respectively; Table 2), which leveled off after propensity score matching (Table 2). On
the other hand, no difference was noted between the two techniques in the proportion of
patients who had metastases only in non-SLNs (7.25%, n = 14 vs. 9.85%, n = 39, respectively;
Table 2). Of these, in five patients who underwent magnetometer-guided sPLND and in
15 patients who underwent radioisotope-guided sPLND, respectively, no SLNs could be
detected at all, and in two and four patients, respectively, macroscopically visible metastases
were surgically removed without measuring tracer activity. Excluding these cases from the
sample of only patients with non-SLN positivity, the resulting false-negative rates were
3.63% (n = 7) for magnetometer-guided sPLND and 5.05% (n = 20) for radioisotope-guided
sPLND (Table 2).
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Figure 1. Hematoxylin-eosin staining of a magnetically traced sentinel lymph node. In the center
of the image, a 4 mm metastasis of a Gleason 8 adenocarcinoma of the prostate is present. Note the
brownish discoloration (arrows) of macrophages containing the magnetic tracer (superparamagnetic
iron oxide nanoparticles). Total magnification 40×.

The observed proportions of patients with LN positivity did not differ from the
proportions predicted by the nomogram in both magnetometer- (goodness-of-fit test:
χ2 = 0.73, df = 29, p = 1) and radioisotope-guided (goodness-of-fit test: χ2 = 0.75, df = 29,
p = 1; Figure 2) sPLND techniques.

Figure 2. Observed proportion of patients with lymph node (LN) positivity in relation to the proba-
bility of LN involvement as predicted by the nomogram for magnetometer (blue)- and radioisotope
(red)-guided sentinel pelvic lymph node dissection (sPLND). Gray shaded areas represent the 95%
confidence intervals of the smoothed blue and red curves, respectively. The black dot-dashed line rep-
resents the ideal curve wherein the predicted probabilities and observed proportions match perfectly.
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Anatomic regions outside the standard template for ePLND accounted for 4.5% of
SLNs detected by a magnetometer and 2.9% of SLNs detected by a radioprobe, respectively
(Figure 3a). Accordingly, approximately 7.6% and 5.7% of LN metastases detected by
magnetometer-guided and radioisotope-guided sPLND, respectively, occurred in LNs
outside the standard ePLND template (Figure 3b).

Figure 3. Anatomical distribution of (a) the dissected sentinel lymph nodes (SLNs) and (b) the lymph node (LN) metastases
detected using magnetometer (light gray bars)- and radioisotope (dark gray bars)-guided sentinel pelvic lymph node
dissection (sPLND) techniques, respectively. Data of the anatomic region were not available for 22 SLNs dissected using
magnetometer-guided sPLND.

4. Discussion

In this retrospective study of pelvic sentinel lymphadenectomy in patients with PCa,
SLN detection rates were equally high for both magnetometer- and radioisotope-guided
sPLND techniques; however, the former revealed a greater number of SLNs per patient.
The accordance between the observed rates of LNI and nomogram-based predictions was
equally high in both sPLND techniques. Both sPLND techniques revealed a considerable
proportion of lymphogenic metastases outside the conventional ePLND template.

The SLN detection rates found in our study closely match those reported in other stud-
ies on sPLND in PCa [19,22,35]. Our observed rates of LNI were accordingly high [19,32,36]
and even higher than expected from the ePLND data [37–40]. We resect a comparatively
large number of SLN with both procedures. This can probably be explained by the fact
that we do not perform dynamic imaging in clinical routine and remove all active LNs
regardless of their activity level. Therefore, strictly speaking, our procedure could rather
be called “lymphatic mapping”.

To predict the individual probability of LNI in patients with PCa, Winter et al. [30]
developed a nomogram, which is based on clinical information and radioisotope-guided
sPLND data. This nomogram was subsequently validated externally [41]. Our analyses
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revealed high accordance between nomogram-based predictions and LNI rates in both
sPLND techniques. These results suggest that magnetometer-guided sPLND is a reliable
and promising alternative that can be used in PCa to overcome the disadvantages of ra-
dioisotope marking [26,27], as observed in other tumor entities [26,28,42–45]. Furthermore,
an improved flow of the magnetic tracer may lead to an increased number of detected SLNs
in magnetometer-guided sPLND, as observed in the present study. The size of the magnetic
tracer particles is approximately 60 nm, which is slightly smaller and more homogeneous
than the radioisotope tracer [26]. The radioisotope tracer particles were 80 nm (95%),
80–100 nm (4%), and >100 nm (1%) [27]. Thus, the particle size might have influenced the
drain of the two different tracers through the lymphatic pathways and/or trapping in the
LNs, leading to more SLNs being detected using magnetometer-guided sPLND.

At our hospital, the magnetometer-guided sPLND has largely replaced radioisotope-
guided sPLND, which is an obvious limitation of our retrospective study design as the two
techniques were used in different study periods. Consequently, the change in surgeons,
as well as their increasing experience over time, could be the reason why more SLNs per
patient were detected when using the magnetometer technique. Routine histopathological
examination of the dissected LNs and the distinct use of supplementary immunohisto-
chemistry have also improved over the years at our hospital. Thus, the higher prevalence
of LNI found in patients being treated with magnetometer-guided sPLND could have
partly resulted from these developments. Furthermore, the advancements in PCa diag-
nostics as well as treatment options for low risk PCa (e.g., active surveillance) have led to
updates in guidelines (e.g., EAU) for PCa over time with implications for clinical practice
and a stage shift [46]. Therefore, it is unsurprising that the two patient cohorts in our
retrospective study also differed in their clinical tumor properties. For example, the patient
group treated with magnetometer-guided sPLND had more advanced tumors according to
biopsy Gleason score (Table 1). As reflected in our results, the Gleason score may serve
as a predictor for LNI [30,39], and this might partly explain the differences in the rates of
LNI between the two sPLND techniques. In agreement with this, the observed differences
in the rates of LNI are no longer present after propensity score analysis through optimal
pair matching of the data according to clinical information. Nevertheless, the rates of
LNI in both sPLND techniques accurately match the rates predicted by our sentinel-based
nomogram [30]. Thus, our results show that both magnetometer- and radioisotope-guided
sPLND techniques are reliable tools for LN staging in PCa. Since the performance of the
magnetic method seems to be even slightly better and is also associated with a simpler
clinical workflow, we will continue to use it to replace the radioactive sentinel procedure if
there are no contraindications.

The magnetic SLN marking technique has some limitations [23,24,29]. The magnetic
approach is not applicable in patients with pacemakers or other implanted electronic
devices in the chest wall as well as those with hypersensitivity to iron or with iron overload
disease. Furthermore, the detectability of the magnetic tracer is reduced in patients with
metal implants such as hip prostheses or other metallic pelvic implants. In these cases,
patients would still benefit from radioisotope-guided sPLND.

The sentinel approach bears one significant drawback. When LNs are fully metasta-
sized, or lymphatic pathways are blocked, the afferent lymph could be directed to other
LNs, which might not necessarily be SLNs [47,48]; this has been observed, for example, in
inguinal SLNs in penile carcinoma [49,50]. Performing sPLND alone in these cases would
yield false-negative results. The false-negative rates observed in our study were as low as
those reported in other studies [19,22,35,48]. Thus, the diagnostic value of sPLND for LN
staging in patients with PCa is similar to that when using a combination of sPLND and
ePLND; this would have a higher prevalence of LNI than using ePLND alone [19,22,32,41].

In addition to the selective removal of LNs bearing the highest risk of containing
metastases, the sentinel approach also enables surgical treatment, which is adjusted to
the patient’s individual lymphatic drainage situation [19,25,48]. Consequently, we iden-
tified a considerable proportion of LN metastases outside the conventional ePLND tem-
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plate [33] using both sPLND techniques. These findings are well in line with those of
other studies and highlight the diagnostic value of sPLND for LN staging in patients with
PCa [19,22,25,36,51].

5. Conclusions

Our study confirms the diagnostic accuracy of magnetometer-guided sPLND in nodal
staging in patients with PCa. We suggest magnetometer-guided sPLND as a reliable and
promising alternative sPLND technique in PCa treatment to overcome the technical and
logistic disadvantages of radioisotope marking. Furthermore, our results highlight the
additional diagnostic value of the sentinel technique in PCa because it allows not only the
selective removal of LNs bearing the highest risk of containing metastases but also surgical
treatment that is adapted to the patient’s individual lymphatic drainage situation.
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Appendix A

Table A1. Patient characteristics after 1:1 optimal pair matching according to clinical information (i.e., age, prostate-specific
antigen, clinical tumor stage, Gleason score, and percentage of positive biopsy cores) and adjusted to propensity scores.

Method
Magnetometer-Guided sPLND Radioisotope-Guided sPLND

Overall pN0 pN1 Overall pN0 pN1

n (%) 847 * 655 (77.33) 192 (22.67) 847 627 (74.03) 220 (25.97)

Age (IQR) 67 (62–71) 67 (61–71) 68 (64–73) 67 (62–71) 67 (62–71) 68 (63–72)

Total PSA ng/mL (IQR) 8.7 (6.1–13.4) 8.0 (5.8–11.8) 12.7 (8.6–27.3) 8.6 (6.0–14.3) 7.8 (5.6–12.4) 12.2 (8.1–20.2)

Dissected LNs (IQR) 14 (10–18) 13 (10–17) 16 (12–20) 10 (8–14) 10 (7–13) 12 (9–15)

Positive LNs (IQR) 0 (-) 0 (-) 2 (1–4) 0 (0–1) 0 (-) 2 (1–3)

Dissected SLNs (IQR) 7 (4–10) 7 (5–10) 6 (4–10) 5 (3–7) 5 (3–7) 5 (3–8)

Positive SLNs (IQR) 0 (-) 0 (-) 1 (1–2) 0 (-) 0 (-) 1 (1–2)

Clinical tumor stage (%)
cT1 436 (51.48) 397 (60.61) 39 (20.31) 464 (54.78) 401 (63.96) 63 (28.64)
cT2 368 (43.45) 244 (37.25) 124 (64.58) 357 (42.15) 222 (35.41) 135 (61.36)
cT3 41 (4.84) 14 (2.14) 27 (14.06) 24 (2.83) 4 (0.64) 20 (9.09)
cT4 2 (0.24) 0 2 (1.04) 2 (0.24) 0 2 (0.91)

201



Cancers 2021, 13, 5821

Table A1. Cont.

Method
Magnetometer-Guided sPLND Radioisotope-Guided sPLND

Overall pN0 pN1 Overall pN0 pN1

Biopsy Gleason sum (%)
≤6 162 (19.13) 150 (22.90) 12 (6.25) 162 (19.13) 153 (24.40) 9 (4.09)

=7 (3 + 4) 401 (47.34) 354 (54.05) 47 (24.48) 422 (49.82) 349 (55.66) 73 (33.18)
=7 (4 + 3) 129 (15.23) 88 (13.44) 41 (21.35) 115 (13.58) 64 (10.21) 51 (23.18)

≥8 155 (18.30) 63 (9.62) 92 (47.92) 148 (17.47) 61 (9.73) 87 (39.55)

Postoperative Gleason
sum (%)

≤6 30 (3.54) 30 (4.58) 0 58 (6.85) 58 (9.25) 0
=7 (3 + 4) 443 (52.30) 423 (64.58) 20 (10.42) 438 (51.71) 406 (64.75) 32 (14.55)
=7 (4 + 3) 215 (25.38) 147 (22.44) 68 (35.42) 204 (24.09) 111 (17.7) 93 (42.27)

≥8 159 (18.77) 55 (8.4) 104 (54.17) 147 (17.36) 52 (8.29) 95 (43.18)

Pathologic tumor stage (%)
pT1c 2 (0.24) 2 (0.31) 0 1 (0.12) 1 (0.16) 0
pT2a 41 (4.84) 41 (6.26) 0 64 (7.56) 61 (9.73) 3 (1.36)
pT2b 21 (2.48) 19 (2.90) 2 (1.04) 8 (0.94) 8 (1.28) 0
pT2c 399 (47.11) 390 (59.54) 9 (4.69) 378 (44.63) 362 (57.74) 16 (7.27)
pT3a 177 (20.90) 141 (21.53) 36 (18.75) 180 (21.25) 127 (20.26) 53 (24.09)
pT3b 197 (23.26) 61 (9.31) 136 (70.83) 188 (22.20) 62 (9.89) 126 (57.27)
pT4 10 (1.18) 1 (0.15) 9 (4.69) 28 (3.31) 6 (0.96) 22 (10)

Data are presented as median (interquartile range) or frequency (percentage). sPLND: sentinel pelvic lymph node dissection; pN: pathologic
nodal stage; IQR: interquartile range; (S)LN: (sentinel) lymph node; PSA: prostate-specific antigen; * clinical T-category could not be
assessed in one patient (pN1).
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Simple Summary: This Propensity Score Matched Analysis aimed to assess the efficacy of superpara-
magnetic iron oxide (SPIO) and radioisotope sentinel lymph node biopsy (SNLB) in breast cancer
(BC) patients after neoadjuvant chemotherapy (NAC). One hundred and twenty-four patients were
eligible for final analysis. In the SPIO group, the median of retrieved sentinel lymph nodes (SLNs)
was significantly higher than in the RI group. The SPIO method was associated with a significantly
higher chance of retrieving at least three SLNs when compared to the RI method. SPIO-guided SLNB
allows efficient retrieval and detection of SLNs in BC patients after NAC when compared to RI.

Abstract: The standard method for nodal staging in breast cancer (BC) patients after neoadjuvant
chemotherapy (NAC) is sentinel lymph node biopsy (SLNB) with a radioisotope (RI) injection. How-
ever, SLNB after NAC results in high false-negative rates (FNR), and the RI method is restricted
by nuclear medicine unit dependency. These limitations resulted in the development of the super-
paramagnetic iron oxide (SPIO) method, reducing FNR and presenting a comparable detection rate.
This bi-institutional cohort comparison study aimed to assess the efficacy of SPIO and radioisotope
SNLB in BC patients after NAC using Propensity Score Matching (PSM) analysis. The study group
comprised 508 patients who underwent SLNB after NAC for ycT1-4N0M0 BC between 2013 and 2021
in two high volume centers. Data were retrieved from prospectively conducted databases. In the
SPIO group, the median of retrieved sentinel lymph nodes (SLNs) was significantly higher than in
the RI group (3 vs. 2; p < 0.0001). The SPIO method was associated with a significantly higher chance
of retrieving at least three lymph nodes when compared to the RI method (71% vs. 11.3%; p < 0.0001).
None of the analyzed demographic and clinical variables had a statistically significant influence on
the efficacy of SLNs retrieval in the RI group, while in the SPIO group, patients with ≥three harvested
SLNs had lower weight and decreased BMI. Based on this PSM analysis, SPIO-guided SLNB allowed
the efficient retrieval and detection of SLNs in BC patients after NAC compared to RI.

Keywords: breast cancer; neoadjuvant chemotherapy; sentinel lymph node biopsy; superparamagnetic
iron oxide; SPIO; radioisotope
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1. Introduction

Sentinel lymph node biopsy (SLNB) is an established procedure for clinically negative
nodes (cN0) in early breast cancer (BC) [1,2]. Since the end of the 20th century, the intro-
duction of the SLNB developed a minimally invasive staging procedure for BC patients [3].
However, the surgical management of the axilla has been a matter of debate. Neoadjuvant
chemotherapy (NAC) combined with personalized, targeted therapy results in a high
pathologic complete response in the primary tumor [2]. Moreover, SLNB performed after
NAC decreases the axillary lymph node dissection (ALND) rate, reducing adverse effects
such as seroma, wound infections, or haemorrhage [4,5]. One of the factors restricting
proper axillary mapping after neoadjuvant therapy includes the alteration of the lymphatic
drainage due to fibrosis and obstruction of lymphatic vessels or the apoptosis of tumor
cells [6]. For this reason, SLNB after NAC results in false-negative rates (FNR) varying
from 10 to 30%, as shown in the SENTINA trial [7]. The current standard for nodal staging
in BC patients after NAC is a radioisotope (RI) SLNB. However, this method also contains
disadvantages such as nuclear medicine unit dependency or radiation exposure [8]. The
existing drawbacks resulted in new, non-radioactive methods of sentinel lymph node (SLN)
identification. In a recent meta-analysis, fluorescence-guided SLNB using indocyanine
green (ICG) occurred to present non-inferior IR to the current standard [9]. In the random-
ized study, Jung et al. compared SLNB with ICG versus dual technique for BC patients
after NAC, proving ICG to be a feasible method, with no statistically significant higher IR
than RI-alone [10]. Superparamagnetic iron oxide (SPIO) with a handheld magnetometer
presents a comparable detection rate as the RI combined with blue dye, known as the dual
technique [11]. Moreover, the SPIO tracer reduces the FNR, possibly due to its peculiar,
one-dimensional nanostructure and various physicochemical properties dependent on high
intrinsic anisotropy and surface activity [12–14]. However, Corso et al. suggest a significant
discrepancy between the FNR and detection rate depends on the individual experience of
the research center or incoherent structure of retrospective studies [15]. Numerous trials
and meta-analyses revealed the noninferiority of the SPIO to the gold standard isotope
technique [16–27]. However, these studies did not include BC patients after NAC. Recently,
we have determined that SPIO is a feasible and oncologically safe method for identifying
SN in BC patients after preoperative treatment [17]. Therefore, the present study aimed
to compare the identification rate (IR) of SPIO-guided SLNB to RI in BC patients after
receiving neoadjuvant treatment based on the Propensity Score Matching (PSM) analysis.

2. Materials and Methods

2.1. Study Design

This bi-institutional cohort comparison study was performed based on the data re-
trieved from prospectively conducted databases. The study group comprised 508 patients
who underwent SLNB after NAC for non-recurrent, non-metastatic ycT1-4N0M0 BC be-
tween 2013 and 2021 in two high volumes centers. After PSM analysis, 124 patients were
eligible for analysis. Institutional review board approval (Bioethical Committee of the Med-
ical University of Lublin, Ethic Code: Ke-0221-34-2013) was granted. PSM was performed
to eliminate selection bias of clinicopathological data of enrolled patients (Figure 1).

2.2. Neoadjuvant Chemotherapy

Each patient was qualified for neoadjuvant treatment based on the multidisciplinary
team decision. NAC was administered in accordance with national guidelines, depending
on the clinical stage of the disease and molecular subtype. Four cycles of conventional or
dose-dense AC (doxorubicin 75 mg/m2 with cyclophosphamide 750 mg/m2) followed by
12 cycles of weekly paclitaxel (80 mg/m2) or triweekly docetaxel (100 mg/m2) were the
preferred regimen. Patients with primary BC with human epidermal growth factor receptor,
two (HER2) protein overexpression, and/or HER2 gene amplification (HER2–positive)
additionally received anti-HER2 therapy. The evaluation of the pathological tumor response
to the NAC was performed according to Pinder classification [23]: response—complete
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pathologic response or <10% residual tumor/tumor bed; no response—≥10% residual
tumor/tumor bed.

Figure 1. Flow chart of the Study Group. BCS—breast conserving surgery; MS—simple mastectomy,
NSM—nipple-sparing mastectomy; IBR—immediate breast reconstruction; SLNB—sentinel lymph
node biopsy; SPIO—superparamagnetic iron oxide; RI—radioisotope.

2.3. Sentinel Lymph Node Biopsy

In the RI method, the isotope 99mTc with an activity of 75–100 MBq was used and ad-
ministered on an albumin carrier (Nanocol). About 2–3 h before the surgery, lymphoscintig-
raphy was performed. The radiotracer was administered as a periareolar intradermal
injection into the lesion-specific breast quadrant. We used a manual gamma radiation
detector (Crystal Prob GmBH, Berlin, Germany; Crystal Photonics GmbH, Berlin, Germany;
NeoProbe, San Diego, California; Autosuture, Cornwalk, Conn) to perform intraoperative
identification of areas of increased radiotracer capture within the axilla and measurements
of radiation levels (hot spot).

A handheld magnetometer (SentiMag®, Sysmex Europe GmBH, Hamburg, Germany)
was used in the SPIO method. This allowed for a non-radioactive detection and location of
SLNs before their surgical retrieval. Sienna+® (Sysmex Europe GmBH, Hamburg, Germany)
and Magtrace® (Endomagnetics Limited, Cambridge, UK) were used. SPIO was injected
deeply into the subareolar interstitial tissue, followed by SentiMag® probe measurements
as previously described [17].

All visualized SLNs were removed regardless of the method until the background
signal was less than 10% of its highest value during SLNB. The method was assessed
as efficient when retrieving at least three SLNs, confirmed in detailed histopathologi-
cal reports. These assumptions are in accordance with the 2019 St. Galen Consensus
Conference [18]. For the study purposes, the following definitions were adopted: SLN
retrieval—intraoperative assessment and removal of at least three SLNs for further patho-
logical analysis; SLN evaluation—the objective histopathological verification of separately
submitted SLNs specimens.

2.4. Statistical Analysis

Data were analyzed using MedCalc Statistical Software version 20.009 (MedCalc
Software, Ostend, Belgium). Due to the two-institutional character of the study, Propensity
Score Matching (PSM) was used, enabling matching patients by their clinicopathological
features before further analysis. Initially, the SPIO group counted 74 patients, whereas
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the RI group had 434 patients. After PSM, considering age, ypTN, and biological subtype,
each group consisted of 62 patients. Due to the non-normal distribution of continuous
data (assessed using the D’Agostino-Pearson test), non-parametric tests were used (Mann
U–Whitney test) to compare demographic and clinical variables between SPIO and RI
groups). The chi-square test was used to compare the distribution of individual variants of
categorical variables in both studied groups. The odds ratio (OR) test was used to assess
the chance of achieving the desired efficacy of a given method of SLNs detection/retrieval
(evaluated by surgeon or pathologist) (SPIO vs. RI). In all cases, p-value < 0.05 was
considered statistically significant. The results for which p had values were >0.05, and <0.06
was considered a trend towards significance.

3. Results

3.1. Characteristics and Comparison of the Study Groups
3.1.1. RI

The RI group consisted of 62 women with a median age of 52. The median BMI was
25.72. The overweight or obese women dominated (56.5%). The dominant clinical features
were as follows: ypT0 (56.5%) and ypN0 (91.9%). The most common biological types were
B1 (33.9%), TN (29%), B2 (22.6%), HER2 + (11.3%), and A (3.2%), respectively. Most patients
had pathological tumor responses to NAC (69.4%). Almost half of the patients underwent
breast conserving surgery (BCS) (48.4%). ALND was performed in all patients with lymph
nodes metastases (9.7%).

3.1.2. SPIO

The SPIO group consisted of 62 women with a median age of 53.5 years. The median
BMI was 25.97. Overweight or obese patients dominated (61.3%). ypT0 (56.5%), and ypN0
(91.9%) were dominant clinical features. The distribution of biological types in this group
was identical to that in the RI group. Fifty-eight point one percent (58.1%) of the patients
presented pathological tumor responses to NAC. Fifty-one point six percent (51.6%) of the
patients underwent BCS. ALND was performed in all cases with lymph nodes metastases
(8.1%). Detailed characteristics and comparisons of the study groups are presented in
Table 1.

Table 1. Characteristics and comparison of the study groups.

Variable
RI SPIO p

(n = 62) (n = 62)

Age (years)
Median (interquartile range) 52 (44–61) 53.5 (43–62) 0.7910

Weight (kg)
Median (interquartile range) 70 (62–75) 68 (58–77) 0.7413

BMI
Median (interquartile range) 25.72 (23.31–29.33) 25.97 (21.60–28.63) 0.6601

BMI

0.3933

Underweight 2 (3.2%) 1 (1.6%)
Healthy body weight 25 (40.3%) 23 (37.1%)
Overweight 21 (33.9%) 27 (43.5%)
Obese (Grade I) 10 (16.1%) 8 (12.9%)
Obese (Grade II) - 2 (3.2%)
Obese (Grade III) 4 (6.5%) 1 (1.6%)

Tumor highest diameter (mm) 19.5 (15–30) 25 (15–30) 0.4044
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Table 1. Cont.

Variable
RI SPIO p

(n = 62) (n = 62)

ypT

0.9760
0 36 (58.1%) 35 (56.5%)
1 14 (22.6%) 15 (24.2%)
2 12 (19.4%) 12 (19.4%)

ypN
0.7415Negative 57 (91.9%) 57 (91.9%)

Positive 5 (8.1%) 5 (8.1%)

ypTN

1.0000

T0N0 36 (58.1%) 36 (58.1%)
T1N0 11 (17.7%) 11 (17.7%)
T1N1 3 (4.8%) 3 (4.8%)
T2N0 10 (16.1%) 10 (16.1%)
T2N1 2 (3.2%) 2 (3.2%)

Biological subtypes of cancer

1.0000

A 2 (3.2%) 2 (3.2%)
B1 21 (33.9%) 21 (33.9%)
B2 14 (22.6%) 14 (22.6%)
HER2+ 7 (11.3%) 7 (11.3%)
TN 18 (29%) 18 (29%)

NAC 62 (100%) 62 (100%) 1.0000

Response to NAC
0.2625No response (small, medium) 19 (30.6%) 26 (41.9%)

Response (high, complete) 43 (69.4%) 36 (58.1%)

Type of surgery

0.1419
BCS 32 (51.6) 30 (48.4%)
MRM 3 (4.8%) 1 (1.6%)
MS 23 (37.1%) 19 (30.6%)
NSM+IBR 4 (6.5%) 12 (19.4%)

Site
1.0000Left 34 (54.8%) 33 (53.2%)

Right 28 (45.2%) 29 (46.8%)

Margin
0.1273R0 62 (100%) 58 (93.5%)

R1 - 4 (6.5%)

Lymphadenectomy
1.0000No 56 (90.3%) 57 (91.9%)

Yes 6 (9.7%) 5 (8.1%)

ycSNB (retrieved)
<0.0001 *Median (interquartile range) 2 (2–2) 3 (2–4)

ypSNB (evaluated)
0.0005 *Median (interquartile range) 3 (2–3) 4 (3–5)

ypSN
0.7415Negative 57 (91.9%) 57 (91.9%)

Positive 5 (8.1%) 5 (8.1%)

BMI—body mass index; RI—radioisotope; SPIO—superparamagnetic iron oxide; ypT—post neoadjuvant therapy
T stage; ypN—post neoadjuvant therapy N stage; ypTN—post neoadjuvant therapy T and N stage; A—luminal A;
B1– luminal B HER2 negative; B2—luminal B HER2 positive; HER2+—human epithelial receptor-positive;
TN—triple-negative; NAC—neoadjuvant chemotherapy; BCS—breast conserving surgery; MRM—modified radi-
cal mastectomy; MS—simple mastectomy; NSM—nipple-sparing mastectomy; IBR—immediate breast reconstruc-
tion; R0—radical microscopic margin; R1—non-radical microscopic margin; ycSNB—post neoadjuvant therapy
clinical sentinel lymph node biopsy number; ypSNB—post neoadjuvant therapy pathological sentinel lymph
node biopsy number; ypSN—post neoadjuvant therapy pathological sentinel lymph node number; *—statistically
significant result.
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3.2. Comparison of SLNs Detection Efficacy Depending on the Method Implemented (RI vs. SPIO)

In the SPIO group, the median of retrieved SLNs was significantly higher than in
the RI group (3 vs. 2, p < 0.0001). Similarly, the median of evaluated SLNs in the SPIO
group was significantly higher than in the RI group (four vs. three, p = 0.0005). The
SPIO method was associated with a significant, over 19-fold higher chance of retrieving
at least three SLNs when compared to the RI method (71% vs. 11.3%; OR = 19.21; 95% CI:
7.36–50.10; p < 0.0001). Moreover, the SPIO method was associated with a significant, over
3-fold higher chance of evaluation of at least three SLNs when compared to the RI method
(71.4% vs. 51.6%; OR = 3.21; 95% CI: 1.48–6.98; p = 0.0032). Detailed comparisons of the
effectiveness of SLNs retrieval in both groups are shown in Table 2.

Table 2. Comparison of LN’s retrieval efficacy in RI and SPIO methods.

Variable
RI SPIO OR [95%CI]

(n = 62) (n = 62) p

SLN retrieval
<3 retrieved SLNs 55 (88.7%) 18 (29%) 19.21 [7.36–50.10]
≥3 retrieved SLNs 7 (11.3%) 44 (71%) <0.0001 *

SLN evaluation
<3 evaluated SLNs 30 (48.4%) 14 (22.6%) 3.21 [1.48–6.98]
≥3 evaluated SLNs 32 (51.6%) 48 (77.4%) 0.0032 *

Efficacy of positive SLNs
detection
Negative 57 (91.9%) 57 (91.9%) 1.00 [0.30–3.28]
Positive 5 (8.1%) 5 (8.1%) 1.0000

IR of SLNs retrieval
Undetected SLNs - - 0.33 [0.01–8.21]
Detected SLNs 62 (100%) 62 (100%) 0.4974

IR of SLNs evaluation
Undetected SLNs - - 0.19 [0.01–4.42]
Detected SLNs 62 (100%) 62 (100%) 0.2924

SLNs—sentinel lymph nodes; RI—radioisotope; SPIO—superparamagnetic iron oxide; IR—identification rate;
OR—odds ratio; *—statistically significant result.

In the SPIO group, patients with SLN harvest ≥ 3 had lower weight (median: 66 vs.
77 kg; p = 0.0280) and lower BMI (25.55 vs. 28.26 kg/m2; p = 0.0323). None of the analyzed
demographic and clinical variables had a statistically significant influence on the efficacy of
SLNs retrieval in the RI group. Detailed data on the influence of selected demographic and
clinical variables on the efficacy of SLNs retrieval in the RI and SPIO groups are presented
in Table 3.

Table 3. Influence of selected demographic and clinical variables on the efficacy of SLNs detec-
tion/retrieval (based on surgeon evaluation) using the RI or SPIO method.

Variable

RI (n = 62)
p a

SPIO (n = 62)
p a

or or

SLNs Retrieval Efficacy OR (95%CI) SLNs Retrieval Efficacy OR (95%CI)

<3 Retrieved SLNs ≥3 Retrieved SLNs p b p b ≥3 Retrieved SLNs p b

Age (years)
Median (interquartile range) 53 (44–62) 50 (44–58) 0.4763 52 (43–62) 55 (43–62) 0.6194

Weight (kg)
Median (interquartile range) 69 (60–75) 70 (67–85) 0.4227 77 (63–85) 66 (57–74) 0.0280 *

BMI

Median (interquartile range) 25.51 (23.09–28.20) 29.33 (25.19–31.93) 0.1391 28.26
(23.23–30.84) 25.55 (20.98–27.51) 0.0323 *
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Table 3. Cont.

Variable

RI (n = 62)
p a

SPIO (n = 62)
p a

or or

SLNs Retrieval Efficacy OR (95%CI) SLNs Retrieval Efficacy OR (95%CI)

<3 Retrieved SLNs ≥3 Retrieved SLNs p b p b ≥3 Retrieved SLNs p b

BMI 25 (92.6%) 2 (7.4%) 5 (20.8%) 19 (79.2%)
Underweight or Healthy

body weight 2.08 [0.40–9.20] 0.51 [0.15–1.67]

Overweight or Obese
(classes 1–3) 30 (85.7%) 5 (14.3%) 0.4039 13 (34.2%) 25 (65.8%) 0.2626

Tumor highest diameter (mm) 20.5 (15–30) 18.5 (12–27.5) 1 25 (20–35) 20 (13.5–28.7) 0.0889

ypT
0 33 (91.7%) 3 (8.3%) 2.00 [0.41–9.82] 10 (28.6%) 25 (71.4%) 0.95 (0.31–2.87)

1 or 2 22 (84.6%) 4 (15.4%) 0.3932 8 (29.6%) 19 (70.4%) 0.9275

ypN
Negative 52 (91.2%) 5 (8.8%) 6.93 [0.93–51.79] 18 (31.6%) 39 (68.4%) 5.15 [0.27–98.7]
Positive 3 (60%) 2 (40%) 0.0591 ˆ - 5 (100%) 0.2756

Biological subtype of cancer 1.09 (0.32–3.68)
A, B1, B2, HER2+ 39 (88.6%) 5 (11.4%) 0.97 (0.17–5.55) 13 (29.5%) 31 (70.5%) 0.8893

TN 16 (88.9%) 2 (11.1%) 0.9772 5 (27.8%) 13 (72.2%)

Biological subtype of cancer 2.68 (0.30–24.05)
A, B1, B2, TN 49 (89.1%) 6 (10.9%) 1.36 (0.14–13.31) 17 (30.9%) 38 (69,1%) 0.3775

HER2+ 6 (85.7%) 1 (14.3%) 0.791 1 (14.3%) 6 (85.7%)

Response to NAC
No response 16 (84.2%) 3 (15.8%) 1.83 (0.37–9.11) 8 (30.8%) 18 (69.2%) 1.16 (0.38–3.50)

Response 39 (90.7%) 4 (9.3%) 0.4616 10 (27.8%) 26 (72.2%) 0.798

RI—radioisotope; SPIO—superparamagnetic iron oxide; OR—odds ratio; p a—chi-square test result; p b—odds ra-
tio test result; SLNs—sentinel lymph nodes; BMI—body mass index; ypT—post neoadjuvant therapy pathological
T stage; ypN—post neoadjuvant therapy pathological N stage; A—luminal A; B1—luminal B human epithelial
receptor-negative; B2—luminal B human epithelial receptor-positive; HER2+—human epithelial receptor-positive;
TN—triple-negative; NAC—neoadjuvant chemotherapy *—statistically significant result; ˆ—a trend into statisti-
cally significant result.

None of the analyzed demographic and clinical variables had a statistically significant
influence on the efficacy of SLNs evaluation in the RI and SPIO groups. Detailed data
on the influence of selected demographic and clinical variables on the efficacy of SLNs
evaluation in the RI and SPIO groups are shown in Table S1.

4. Discussion

To the best of our knowledge, apart from the recent IMAGINE study, this is the first
research that compared RI versus SPIO for SLNB after NAC in BC patients [28]. In both
studies, the SPIO method was compared to the RI-alone.

Our results indicate that retrieved and evaluated SLNs’ median was significantly
higher in the SPIO group. Higher levels of detected SLNs in the magnetic tracer group
were observed in the present and IMAGINE studies. However, the median number of
detected SLNs in the latter study ranged from 1.3 to 1.4. In order to perform a proper
evaluation of SLNB after systemic treatment and decrease the risk of FNR, we aimed to
assess at least three SLNs [20,21,29,30]. As shown in ACOSOG Z1071 trial, SLN IR and
FNR were approximate between SLNB before and after NAC in patients with cN0 [29].
Notably, the sensitivity of the assessment increased with the retrieval of two or more SLNs,
supporting the recommendations to perform SLNB in the post-neoadjuvant setting.

Since AMAROS’ trial results, the gold standard for SLNB in BC patients remains the
RI technique, which presents a comparable detection rate to the dual technique [12,19,31].
Numerous studies confirmed the noninferiority of SPIO to RI in the upfront surgery set-
ting [16,17,24,25,32]. Since 2014, when Rubio et al. presented promising data on the
outcome of SLNB after NAC using a dual tracer (SPIO-TC99) at the ASCO annual meet-
ing [33], the results of the SENTINAC-01 clinical trial are awaited [34]. The study primary
and secondary outcomes measures FNR and detection rate, respectively. After neoadjuvant
treatment, BC patients are randomized into three groups, with SLNB guided by dual tech-
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nique, combined RI + SPIO or SPIO alone. Our previous study established SPIO-guided
SLNB after NAC as a safe and feasible method [17].

Surprisingly, Aksoy et al. indicated that SLNB after NAC did not influence overall
survival or disease-free survival, underlining the necessity of adequate NAC response
assessment [35]. However, the evaluation of SLNs after NAC provides more precise
predictions of patients’ response to systemic therapy and residual disease severity [36],
indicating that SLNB remains an essential tool for evaluating systemic treatment [36]. Jatoi
et al. concluded that SLNB after NAC presented disadvantages such as decreased IR and
increased FNR due to the lymphatic drainage alteration [37]. However, in the SPIO group
of the present study, IR and FNR were 98.4% and 0%, respectively. These results support the
hypothesis that SPIO seems to be an optimal tracer for SLNB after NAC in BC patients due
to high SLN retrieval number and low FNR compared with the conventional methods [22].
This conclusion was confirmed by Mok et al., suggesting SPIO-guided SLBN improves the
clinical value of SLNB with similar accuracy but avoids irradiation or risks of allergy to
blue dye [8,23]. Furthermore, SLNBs using the Resovist magnetic nanoparticles and a new
handheld, lightweight magnetic probe in BC patients were considered equivalent to the
conventional RI method, as shown in a recent multicenter Japanese trial [24].

There are several limitations associated with the use of magnetic-guided surgery,
including limited depth of detection and restricted use of metal instruments [38]. Moreover,
since the magnetometer must seek out a small tracer collection point, the detection of SLNs
by SPIO may be limited. In contrast, the RI probe can detect the radiation beam directly
from SLNs [39]. Peek et al. investigated injection characteristics of the magnetic tracer on
the rat model, proving that iron uptake appears to be proportional to the injection dose
before reaching a plateau level [40]. This outcome suggests that each lymph node presents
maximum magnetic particles load depending on the size and location of the SLN. In order
to increase the iron uptake, the injection preferably should be performed one day before
the SLNB, rather than directly prior to the surgery.

The RI method is also associated with specific limitations such as short half-life limiting
the timeframe of SLNB and dependency on the availability of nuclear medicine units or
disturbed SLN detection. Additionally, the magnetic tracer is related to no radiation
exposure, easier implementation, longer retention in the SLNs, and more convenient
workflow than the dual technique [30]. Although SPIO-guided SLNB seems to be an
equivalent method to RI, the standardization of the axillary nodal management in BC
patients after NAC is warranted.

The presented study has some limitations. Despite PSM analysis, the associated
selection bias may exist. The databases were conducted since 2013 when the guidelines did
not specify the necessity of retrieval and detection of at least three SLNs during SLNB.

5. Conclusions

In patients with BC after NAC, SLNB using magnetic technique allows high IR of SLNs
and may result in more efficient retrieval and detection of at least three SLNs compared
to RI. Considering the increasing role of preoperative chemotherapy and noninferiority
of SPIO to the current standard, further studies establishing ferromagnetic assessment of
SLNB after NAC are indicated.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/cancers14030676/s1; Table S1: Influence of selected demographic
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