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Abstract Immunotherapy is a rapidly developing area of cancer treatment due to its higher specificity

and potential for greater efficacy than traditional therapies. Immune cell modulation through the admin-

istration of drugs, proteins, and cells can enhance antitumoral responses through pathways that may be

otherwise inhibited in the presence of immunosuppressive tumors. Magnetic systems offer several advan-

tages for improving the performance of immunotherapies, including increased spatiotemporal control

over transport, release, and dosing of immunomodulatory drugs within the body, resulting in reduced

off-target effects and improved efficacy. Compared to alternative methods for stimulating drug release

such as light and pH, magnetic systems enable several distinct methods for programming immune re-

sponses. First, we discuss how magnetic hyperthermia can stimulate immune cells and trigger thermore-

sponsive drug release. Second, we summarize how magnetically targeted delivery of drug carriers can

increase the accumulation of drugs in target sites. Third, we review how biomaterials can undergo

magnetically driven structural changes to enable remote release of encapsulated drugs. Fourth, we

describe the use of magnetic particles for targeted interactions with cellular receptors for promoting anti-

tumor activity. Finally, we discuss translational considerations of these systems, such as toxicity, clinical

compatibility, and future opportunities for improving cancer treatment.

ª 2021 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Immunotherapy is a promising strategy for guiding immune
activation against tumor growth and metastasis by mobilizing
native immune cells of the body. The two primary methods of
regulating tumor activity with immunotherapy are educating or
enhancing immune cell activation, such as with cancer vaccines1,
or correcting dysfunctional immune pathways within the tumor
microenvironment, such as through checkpoint inhibition2.
Research into immunotherapy has grown in recent years due to its
advantages over traditional treatment options, such as higher ef-
ficiency and specificity and reduced systemic toxicity compared to
chemotherapy or radiotherapy1e4; however, approved drugs for
immunotherapy are often used as second-line treatment options or
in combination with more established treatments such as chemo-
therapy or radiotherapy. While checkpoint inhibitors are currently
being investigated as first-line treatment options, high cost5e7 and
variable patient responses8 are significant limiting factors for the
advancement of these immunotherapies9. Additionally, challenges
remain in the delivery of immunomodulatory drugs due to the
difficulty of penetrating solid tumors and the immunosuppressive
tumor microenvironment, which can result in insufficient immune
activation and difficulty regulating dosages to maintain potency
without off-target effects10,11. Even clinically successful immu-
notherapies such as immune checkpoint inhibitors only benefit a
subset of patients12,13. Therefore, there is an emerging interest
among engineers and immunologists alike to spatially and
temporally control immunotherapies.

Researchers from materials science and nanotechnology have
sought to fulfill the exigent need for improved delivery of, and
control over, immunotherapies14,15. Remotely controlled systems
have been explored at length, employing stimuli such as mag-
netics, light, pH, heat, or acoustics to cause chemical or physical
changes that activate a therapeutic mechanism16e19. Magnetic
systems offer several advantages over other methods of remotely
controlled immunotherapies, including biocompatibility of some
magnetic materials like iron oxide and titanium20, large field
penetration depths, multifunctionality of magnetic materials, and
high specificity for interaction with magnetically susceptible
species over native tissue, all of which enable a wide variety of
mechanisms to regulate immune interactions with high spatio-
temporal control19. While magnetic systems also have use in ap-
plications beyond immunotherapy, such as for delivering other
cancer agents like chemotherapies or manipulating cellular targets
for regenerative medicine21, the specificity of cellular activation
Figure 1 Different approaches that exploit magnetic m
timelines, spatial dependence, and precise patient dosing neces-
sary for efficacious immunotherapy makes the use of magnetics
particularly promising15. In this review, we discuss different
methods of immunotherapeutic drug delivery and immunomodu-
lation via magnetic materials, their uses in cancer treatment, and
systems that have promise for future adaptation to immunother-
apies (Fig. 1). Additionally, we discuss the recent advances in
coupled diagnostics and therapy (termed theranostics) via mag-
netic materials as well as the challenges and potential of magnetic
immunomodulatory systems for use in clinical settings.
2. Magnetic systems

Magnetic particles are generally composed of single or multiple
crystals of an inorganic magnetic material22. The first clinical use
of magnetic particles was as a negative contrast agent for magnetic
resonance imaging (MRI) in 199623, and since then, the US Food
and Drugs Administration (FDA) has approved certain maghemite
(g-Fe2O3) and magnetite (Fe3O4) superparamagnetic iron oxide
nanoparticles (SPIONs) for diagnostic and therapeutic use22,24.
However, despite the benefits of superparamagnetism and the
biocompatibility of iron oxide nanoparticles, which generally
accumulate in the liver or spleen after intravenous injection and
break down into iron suitable for storage, only a handful of SPION
products are used clinically25,26. Other types of magnetic mate-
rials of biological relevance include paramagnetic and ferromag-
netic materials (Table 1), although they currently lack instances of
clinical translation to the best of our knowledge. Magnetization in
response to an applied field is also shown in Fig. 2.

Nickel and cobalt-based particles have also been studied as
magnetic materials, although are used less frequently in an inde-
pendent manner than iron and iron oxide due to their toxicity and
inferior magnetic susceptibility28,29. Additionally, manganese
oxides have been used increasingly as theranostic platforms in the
last two decades, although not as commonly as iron oxides due to
their later introduction to biomedicine and the need to improve
therapeutic efficiency30. Regardless of material, magnetic parti-
cles are highly versatile; in addition to their fundamental
magnetism, alternative properties can be imparted to magnetic
particles through surface modification, incorporation into other
particle systems31, and variation of size32 and shape33,34. The
native interaction of unstimulated magnetic materials and immune
cells has also been explored35, but we will focus on the immu-
nomodulatory activity of such particles under the influence of a
aterials for immunotherapy. Created with BioRender.



Table 1 Properties of magnetic materials. Adapted with permission from Ref. 27. Copyright ª 2017 Taylor & Francis.

Magnetic material Description Schematic illustration

Diamagnetic Forms a weak response against an applied magnetic field.

Paramagnetic Aligns with an applied magnetic field. Magnetic moment is not retained

when the field is removed.

Superparamagnetic Develops a mean magnetic moment only in an applied magnetic

field. Nonmagnetic when the applied magnetic field is removed.

Ferromagnetic Highly susceptible to an applied magnetic field. Retains a dipole,

producing a magnetic field after the applied field is removed.
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magnetic field. Furthermore, despite the importance of particle
properties in the performance of magnetic systems, we will not
discuss their synthesis, characterization, or optimization in this
review, as they are well described elsewhere30,36e41.

2.1. Magnetic hyperthermia

Magnetic hyperthermia (MH, or magnetic fluid hyperthermia) is a
phenomenon in which magnetic energy is transformed into ther-
mal energy through the rapid oscillations of magnetic nano-
particles due to an alternating magnetic field (AMF)42. Localized
magnetic induction heating of cancerous tissues has garnered
significant attention as a therapeutic tool since its initial proposal
in 195743. Modern manifestations leverage single-domain mag-
netic nanoparticles under an AMF to heat tissues in a highly
specific manner44,45. Nanometer-scale thermal measurements
reveal that heat generated from nanoparticles in AMFs dissipates
on subcellular scales, which makes it an attractive system for drug
Figure 2 Generalized magnetization curves of diamagnetic, para-

magnetic, superparamagnetic, and ferromagnetic materials. MS,

saturation magnetization; MR, remanent magnetization; HC, coercive

field threshold; ci, magnetic susceptibility.
targeting to microscopic zones46. The most common material to
induce MH is surface-coated SPIONs because of their biocom-
patibility, colloidal stability, and magnetic behavior47,48. Optimal
particles are under 200 nm to cross the endothelial barrier in
capillaries and reach tumor sites24,49,50. SPIONs of 10e30 nm
with a high heating power per unit mass are among the preferred
size range for MH and have the additional benefit of escaping
phagocytes for a longer circulating half-life than particles greater
than 30 nm50. However, despite the breadth of academic work on
MH in biological systems, its use in clinical settings still lags, with
regulatory approval primarily limited to specific cancer centers in
Europe25,51.

Heating by MH is attributed to the heat losses inherent in the
generation of eddy currents, hysteresis losses, and relaxation
losses42,44. Relaxation heating is described by two mechanisms,
Brownian and Néel relaxation. Brownian relaxation results from
the magnetic effects on the random (Brownian) rotation of parti-
cles in suspension52, while Néel relaxation originates from parti-
cles with a single paramagnetic domain (superparamagnetism).
Relaxation of this single magnetic domain generates loss of
magnetic potential to heat53. An AMF induces a cycle of
magnetization and relaxation through the varied amplitude,
creating a heat source described by the specific loss power (SLP,
the amount of released heat) as Eq. (1):

SLP Z a � 4m0MsHmax

r
� f ð1Þ

where m0 is fluid viscosity, Ms is the saturation magnetization,
Hmax is the magnetic field amplitude, r is the mass density of
nanoparticles, f is the magnetic field frequency, and a is a
dimensionless parameter dependent on nanoparticle degree of
alignment, anisotropy, and interparticle interactions54. This
method of heating has been shown to raise local temperatures to
40e43 �C, which is sufficiently elevated above typical body
temperatures to impact immune cell activity and stimulate ther-
mosensitive materials for therapeutic applications17. While higher
temperatures can be reached with magnetic stimulation of
SPIONs, they can result in damage to healthy cells and tissue
ablation25,55. This section will cover the application of MH to
cancer treatment and motivate its emerging use in immunotherapy.



Figure 3 Mechanisms of immune modulation by magnetic hyperthermia. (A) Cellular release of heat shock proteins (green) due to heat stress

results in natural killer cell activation and proliferation, cytotoxic CD8þ T cell education, and proinflammatory cytokine response. (B) Dendritic

cells, T cells, and macrophages have enhanced anticancer activity in response to local heating. (C) MCH I and MICA are upregulated on tumor

cells. (D) Increased exosome release enhances cytotoxic T cell education by dendritic cells. (E) Tumor vasculature responds to temperature

increase by allowing increased immune cell permeation. Created with BioRender. Adapted with permission from Ref. 56. Copyright ª 2014

Taylor & Francis.
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2.1.1. Local magnetic hyperthermia as immunotherapy
There are multiple mechanisms of action for immunotherapy
within tumors using local MH, some of which have been previ-
ously reviewed in detail55e59. An advantage to further developing
these methods is the ability to achieve potent immunomodulation
without the addition of drugs, which often elicit adverse re-
actions25; however, hyperthermia is still most commonly applied
as an adjunct to chemotherapy or radiotherapy rather than as a
primary treatment60,61. This may be due in part to the lack of
understanding of optimal treatment parameters for clinical use
across tumor types, which makes repeatable therapy difficult58,62.

Historically, methods to induce local heating of tumor cells
included submerging the tumor site in a hot water bath or inserting
a metallic probe to deliver microwaves across the tumor56,63.
Similar to tumor excision, the goal of hyperthermia is to eliminate
tumor cells and a margin of healthy cells around the tumor site,
but with heat-induced cell death instead of physical extraction64.
This method results in cell debris that is cleared by macrophages
and other phagocytes and replaced by healthy tissue. In contrast to
an insertable probe or hot water bath, which are imprecise with
respect to both location and temperature56, magnetic nanoparticles
have the potential to penetrate solid tumors noninvasively and
produce precise and uniform heating over a wider temperature
range. Precise heating with magnetic nanoparticles can induce
immunogenic cell death (ICD) or elicit other sustained antitu-
moral immune responses through a variety of mechanisms, illus-
trated in Fig. 3. ICD is a distinct apoptotic pathway caused by
cellular stresses such as heat, which result in the release of
damage-associated molecular patterns (DAMPs)65. DAMPs are
immunostimulatory and act as danger signals, enabling processing
of tumor-associated antigens released during cell death. This
promotes long-term immunological memory against tumors66 and
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has even been examined as an alternative cancer vaccine14. Pho-
tothermal therapy (PTT), radiotherapy, and certain chemother-
apies are common inducers of ICD for treatment of various types
of cancer14,65. Additionally, thermotherapy has been shown to
elicit the endoplasmic reticulum stress response and generate
reactive oxygen species much like ICD; however, ICD has only
been observed at temperatures above the traditional range of MH
(>43 �C)67. A high SLP and heat potential of SPIONs are
necessary for causing cell death, and it is known that higher
temperatures lead to greater cytotoxicity24,68. However, there is
evidence that even higher temperatures (e.g., above 45 �C) can
result in necrotic cell death that does not correlate with prolonged
immunity55,56,69,70, indicating that MH-mediated ICD and thermal
ablation must be studied further before use as a therapeutic
method.

The heat shock response (Fig. 3A) is the best understood
mechanism by which MH induces anti-tumor immunity. Stress
caused by increased intracellular temperature upregulates tran-
scription of highly conserved heat shock proteins (HSPs), which
protect cells from heat-induced apoptosis71. When tumors are
heated with MH, some HSPs act in a protumoral manner by
preventing thermal ablation of the cancer cells, while others act to
protect nearby cells through forming an immune response against
the heated cancer cells. Of the latter type, HSP70, a 70 kDa
protein, has been shown to cause a potent proinflammatory
response via several pathways56,57,72. In addition to their role in
cryoprotection, HSPs are molecular chaperones. HSP70 can bind
to and transport tumor-associated proteins to antigen presenting
cells (APCs)71,73, which subsequently present their tumor antigens
on MHC I for education of cytotoxic CD8þ T cells to mount an
antigen-specific attack against tumors71. HSP70 also binds to toll-
like receptor (TLR)2 and TLR4 on APCs, activating the NF-kB
signaling pathway, resulting in increased secretion of proin-
flammatory cytokines like tumor necrosis factor alpha
(TNFa)74,75. In addition to activation from exposure to proin-
flammatory cytokines released due to HSP70, natural killer cells
(NKs) recognize HSP70, resulting in enhanced proliferation and
cytolytic activity72,76. Similarly, Tanaka et al.77 demonstrated
activation of dendritic cells (DCs) by HSP70 released from
magnetite cationic liposomes via MH, resulting in regression of
melanomas in C57BL/6 mice. However, the HSP subgroup pro-
duced in response to MH varies between tumor types and heating
conditions, with the resultant immune response being a sum of the
protumoral and antitumoral HSP behaviors56. Moreover, due to
the cryoprotective function of HSPs, use of MH must be carefully
timed to prevent thermotolerance from HSP overexpression
resulting from overly frequent treatments57,78,79. As such, the
complete action of HSP-induced anti-tumor immunogenicity has
not yet been fully elucidated57.

Other effects of hyperthermia acting directly on immune cells
have been studied (Fig. 3B). An early example of this came from
Duff and Durum, who showed that T lymphocyte proliferation in
response to interleukin (IL)-1 and IL-2 was enhanced with 39 �C
heat treatment, a temperature similar to fever conditions80. Suc-
cessive fever-range (<41 �C) heat treatment studies have shown
similar results in other immune cells81; 39.5 �C heating of cyto-
toxic CD8þ T cells increased interferon (IFN)g production and
tumor cytotoxicity82; DCs matured in response to 39.5e41 �C
heating independently of the heat shock response83; and macro-
phages upregulated inducible nitric oxide (NO) synthase (iNOS, a
proinflammatory enzyme) after 39.5 �C heat treatment84. How-
ever, Kalber et al.85 demonstrated that mesenchymal stem cells
loaded with SPIONs, injected into tumors, and heated þ4.3 �C did
not have an effect on tumor size or growth characteristics, indi-
cating that conditions for different tumor types require accurate
tuning of MH conditions for effective immune responses.
Regardless, the activation of immune cells by MH could be a
promising adjuvant technique for immunotherapies such as cancer
vaccination due to the ability for MH to mimic local fever con-
ditions. Time, duration, and temperature of MH must be consid-
ered carefully due to the specificity of immune cell activation
timelines and responses81.

Several other immune responses to local heating have been
identified with a direct effect on tumor cells (Fig. 3C). Ito et al.86

demonstrated that MHC I is upregulated on tumor cells in
response to 43 �CMH, resulting in enhanced recognition by CD8þ

T cells and subsequent cytotoxic action. MHC I is amply
expressed on nascent tumors, but it is often depleted as tumors
progress, making their recovery an effective strategy for immu-
notherapies87. Heating can also elicit antitumor responses from
NKs, as shown by Ostberg et al.88; distinctive clustering of the
NKG2D receptor occurred on NKs in response to a local tem-
perature of 39.5 �C, identical to their response to the proin-
flammatory cytokine IL-2. The NKG2D receptor recognizes the
MHC class I-related chain A (MICA) ligand, which was also
upregulated on the surface of tumor cells in the same heated
environment. This NK activity induced by MH is a promising
method of highly specific therapy.

Tumor cells have been shown to release higher levels of exo-
somes when under stress, such as from hypoxia, inflammation, and
heat (Fig. 3D)89e92. Exosomes are nanovesicles that contain
different compositions of RNA and proteins, which can act as
either immunosuppressive signaling factors for tumor growth or as
antigens for programming antitumoral immune responses. In MH,
enhanced proinflammatory signaling from macrophages and T
cells as well as from elevated temperatures can cause this cellular
stress response and increase paracrine signaling from tumor exo-
somes89,90,93. The natural tumor microenvironment is hypoxic,
which generates exosomes that promote tumor progression,
angiogenesis, and metastasis93. However, Dai et al.90 showed that
heat-stressed tumor cells released exosomes (HS-TEX) containing
carcinoembryonic antigen, HSP70, and MCH I, which instead
result in activation of DCs and immunogenicity. The release of
HSP70 in HS-TEX has been shown by other groups as well94,95.
Some HS-TEX have also been shown to contain cytokines
responsible for chemoattraction and activation of DCs and T
cells89. Additionally, protumoral regulatory T cells differentiated
into potent antitumor T helper 17 (Th17) cells via enhanced DC
secretion of IL-6 caused by HS-TEX95. As such, heat-stressed
tumor exosomes have been proposed as components for cancer
nanovaccines89,90,95,96. However, as with many of these thera-
peutic methods, MH conditions must be carefully tuned to facil-
itate the release of HS-TEX with enhanced tumor immunogenicity
while avoiding the generation of immunosuppressive exosomes56.

The final mechanism of MH as a standalone immunotherapy
relies on physical changes caused by local temperature increases
that enhance immune cell recruitment and increase drug pene-
tration into tumors (Fig. 3E). Hypoxia and immunosuppression of
the tumor microenvironment are caused in part by reduced blood
vessel density and blood flow to the tumor60. However, increased
permeability of the tumor vasculature, arteriole diameter, and
oxygenation have all been demonstrated to occur in response to
40e43 �C temperatures, which allow for improved transport of
DCs and T cells into tumor sites from the draining lymph
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nodes97e99. Furthermore, MH within tumors has been shown to
enhance the recruitment of immune cells by expressing vascular
adhesion molecules such as ICAM-1 at higher levels due to
increased secretion of IL-6100. Iron oxide nanocubes have also
been shown to destroy the structure of the extracellular matrix
within tumors via MH, resulting in improved drug and nano-
particle penetration101.

Due to the interconnectedness of the immune system, these
mechanisms have substantial overlap and can work synergistically
to form a potent and sustained therapeutic response. Local MH
can generate these effects as a standalone therapy or work in
conjunction with other immunotherapies, as discussed in Section
2.1.3. Careful tuning of, or improvements upon, the conditions
used in many of these studies (e.g., nanoparticle size, field fre-
quency, field strength, and treatment duration) may improve im-
mune responses. However, some of the constraints of MH therapy
are due to intrinsic limitations of an AMF as the stimulus. In
particular, whole body AMF exposure can result in adverse
heating effects due to the accumulation of SPIONs in off-target
locations, while regional AMF exposure can be ineffective for
deep tissue penetration102. Therefore, emphasis must be placed on
improving the transport of SPIONs to target tissues or the preci-
sion of magnetic field stimulation to increase the specificity of
MH to support clinical translation.

2.1.2. Heat-triggered drug release
To improve safety and efficacy of immunotherapies, controlled
drug delivery has emerged as an important area of study. Two
fundamental goals of this field are the protection of therapeutic
cargo and the use of noninvasive stimuli to control the bio-
distribution of drugs103. Thermosensitive nanocarriers are there-
fore promising systems for spatiotemporal control of drug release.
Kumar and Mohammad propose two distinct mechanisms for drug
release mediated by MH: (i) heat-triggered crevice formation
within a larger polymeric matrix, releasing drugs through
expanded pores, and (ii) engineering thermosensitive linkers be-
tween the drug and the magnetic nanoparticle104. Yatvin et al.
demonstrated the first iteration of the former mechanism by
developing a hyperthermia-triggered drug release system
employing liposomes with a phase transition temperature of 42 �C
to release protein synthesis inhibitors in Escherichia coli105. This
early example provided a basis for later research to study different
materials, more advanced heating mechanisms, and a variety of
drugs in application to cancer therapy.

Many drug delivery systems with heat-triggered release have
focused on chemotherapeutic drugs, consistent with the ubiquity
of chemotherapy in clinical settings. Doxorubicin (DOX) is a
common chemotherapeutic drug used for studying new release
systems due to its well-characterized cancericidal effects106. Early
iterations of heat-triggered release were achieved by means other
than MH. One such system incorporated ammonium bicarbonate
and DOX into a liposome, causing temperature-controlled cavi-
tation through the decomposition of ammonium bicarbonate to
CO2 and other products at hyperthermic temperatures107. Another
system employed more complex chemistries and a model fluo-
rophore instead of therapeutic drug, using MH and a reversible
click and DielseAlder reaction to controllably link and unlink the
fluorophore from poly (ethylene oxide) and maleimide-modified
iron oxide nanoparticles, respectively. As shown in Fig. 4, the
use of thermosensitive bonds enabled control over fluorophore
release and system tunability to allow conjugation of a variety of
therapeutic agents108.
This study and another using citric acid-modified magnetic
nanoparticles incorporated into DOX-containing liposomes
showed feasibility of using external magnetic fields to spatio-
temporally control drug release, building off of the earlier work
that used non-MH induction sources109. Additional drug carriers
have since been developed to improve uptake by tumor cells110,
release other chemotherapeutic drugs111,112, or use differing heat-
triggered release mechanisms113.

Only in recent years have researchers examined MH-mediated
drug release in the context of immunotherapy. Checkpoint in-
hibitors such as anti-programmed cell death (PD)1, anti-PD ligand
(PD-L)1, and anti-cytotoxic T-lymphocyte-associated protein
(CTLA)4 are promising agents to treat metastatic cancers,
prompting research into combining these drugs with MH62. Even
though checkpoint inhibitors are generally less toxic than most
chemotherapies, they can produce proinflammatory cytokine
storms that lead to dose-limiting toxic effects. These constraints
have necessitated further research into techniques that remotely
control the release of immunomodulatory drugs114. The broad
range of drugs used in MH suggests the possibility of expanding
this technique beyond chemotherapy, such as to checkpoint in-
hibitors, cytokines, antigens, and other vaccine components115.

Future work in heat-triggered drug release systems must
optimize MH platforms to improve spatial resolution of drug de-
livery and to further prevent toxicity or overactivation of immune
responses. Encapsulation of SPIONs in hydrogels, such as in
microparticle gels made of the highly thermoresponsive polymer
N-isopropylacrylamide, is a popular method of controlling drug
release. However, SPIONs have been shown to experience phys-
ical hindrance of Brownian relaxation when encapsulated within
hydrogels of mesh sizes on the scale of hydrodynamic particle
size; inhibited relaxation of magnetic nanoparticles was shown to
prevent efficient local heating and may affect drug release in
temperature-dependent systems, necessitating careful tuning of
optimal properties for polymeric platforms52. Additionally, guid-
ing the drug delivery platform to the tumor site is important to
prevent off-target immune responses or cell ablation, which is
discussed in Section 2.2. Moreover, most research has examined
the effects of immediate cell death caused by release of drugs
using MH, not the long-term effects of immune modulation in
conjunction with MH116. Further optimization of clinical con-
centrations, particle coatings, and iron oxide structure is needed to
verify toxicity levels, especially over multiple rounds of treat-
ment117,118. Given the positive results seen in controlled release of
checkpoint inhibitors using MH, greater work in remote release
systems of immunotherapies such as anti-PD1 and anti-CTLA4 is
warranted. However, a barrier to application of some immuno-
therapies to MH-triggered release systems is heat sensitivity;
temperature-sensitive payloads such as cytokines may denature in
response to the temperatures used for drug release119.

2.1.3. Combination therapy
We define combination therapy as strategies that use MH in
conjunction with more conventional therapies, including chemo-
therapy or other immunotherapies, to achieve synergistic effects
with respect to both the primary tumor and metastases. Frequently,
combination therapy aims to induce the abscopal effect, a phe-
nomenon that refers to an adaptive immune response that can
attack distant metastatic colonies. While there is insufficient data
to show that the abscopal effect can occur by MH alone, recent
evidence suggests that it can be induced by combining MH with
immunotherapy120. Early evidence of synergy between MH and



Figure 4 Orthogonal click reaction for release of a model fluorophore, rhodamine (Rd), using magnetic hyperthermia. (A) Scheme for

attachment of iron oxide nanoparticles (IONPs) to a polymeric carrier and a drug. (B) Rd release profiles at two different concentrations over

30 min. Reproduced with permission from Ref. 108. Copyright ª 2013 John Wiley and Sons.
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immune stimulation was provided by a series of papers that
showed greater tumor cell clearance when MH was combined with
TNFa gene therapy121, IFNs122, granulocyte-macrophage colony-
stimulating factor (GM-CSF)86, and DCs123 than any of the
treatments independently. As the field of immunotherapy has
advanced, so too has the understanding of combination therapy.

Hyperthermia used in combination with chemotherapy has
been known to generate synergistic effects on drug potency, even
before sophisticated in vivo thermal control techniques such as
MH and PTT were established124. With the advent of MH, this
combination could be achieved while avoiding whole body or
even regional hyperthermia. Using SPIONs functionalized with
cisplatin (a chemotherapeutic drug) in an AMF, Babincová
et al.125 quantitatively demonstrated synergism through reduced
rat sarcoma cell viability in vitro. They further proposed using a
gradient magnetic field for guiding the drug to the target site,
underlining the multifunctional nature of magnetic systems. One
proposed mechanism for the observed synergism is hyperthermia-
induced upregulation of HSPs, inciting an immune response, as
discussed previously126. Further demonstrating the enhanced
therapeutic efficacy of combining chemotherapy and MH, mag-
netic mesoporous silica nanoparticles were shown to enable the
coregulation of temperature and pH for drug release. This allowed
the prevention of undesirable toxic effects due to early drug
release at physiological pH outside of cells, while gaining the
benefits of the combination therapy after release inside of cells128.

FDA approval of anti-CTLA4 and anti-PD1 checkpoint in-
hibitors caused a renewed interest in combination therapy over the
last decade116. Researchers continue to find synergistic effectswhen
localized heatingdwhether by MH, PTT, or other methodsdis
combined with checkpoint inhibitors. Similarly to MH, PTT can
impart local heating through laser stimulation of iron oxide nano-
particles129. Wang et al.130 used PTT instead of MH and proposed a
mechanism bywhich thermal ablation of tumor cells caused antigen
release for uptake by APCs, triggering a potent immune response.
When a checkpoint inhibitor was co-administered, the immuno-
suppressive activity of regulatory T cells was inhibited in secondary
tumors, allowing Th cells to respond to distal metastases. Clarity on
the exact synergistic mechanisms still lag, indicating a need for
additional work to fully optimize this approach131.

Recent work has demonstrated a similar synergy by using MH,
which has the advantage of deeper penetration over PTT. Poly-
ethylene glycol (PEG)-coated (or PEGylated) iron nanoparticles
administered in combination with anti-CTLA4 drugs demonstrated



Figure 5 MH plus CTLA4 blockade on an orthotopic 4T1 breast tumor model. (A) Mechanism of immunotherapy through combination of MH

from iron oxide nanoparticles (FeNPs), poly (lactic-co-glycolic acid) (PLGA) nanoparticles encapsulating imiquimod (R837) (PR), and anti-

CTLA4 antibodies (a-CTLA4). T cells are educated for metastatic tumor cell clearance. (B) Schematic timeline of MH and CTLA4 blockade

treatments to inhibit tumor metastases. The primary tumor was surgically removed 16 days after inoculation for monitoring of metastatic

tumors. (C) Survival of mice with various treatments over 90 days. Combined MH, PR, and a-CTLA4 therapy resulted in 80% survival (n Z 10

per group). (D) In vivo bioluminescence images tracking firefly luciferase-expressing 4T1 breast cancer cells after surgery alone, MH treatment,

MH and a-CTLA4 treatment, MH and PR treatment, or MH, a-CTLA4, and PR treatment. Reproduced with permission from Ref. 127. Copyright

ª 2019 American Chemical Society.
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superior shrinkage of secondary tumors compared toMHor aCTLA4
blockade alone, as shown in Fig. 5. Further, the combination showed
greater long-term immune memory than through anti-CTLA4
alone127. To improve the relatively low energy efficiency of MH
versus photon-based systems such as PTT, another study used
nanoparticles with magnetically hard cobalt iron oxide cores and
magnetically soft manganese iron oxide shells with greater MH
performance due to the interface between magnetically hard and soft
materials. These particles, combined with an AMF and anti-PD-L1
treatment, initiated a cascade of immune responses involving DCs,
CD8þ T cells, and proinflammatory cytokines that promoted the
abscopal effect and secondary tumor elimination132. However, use of
a cobalt coremay reduce translational potential due to toxicity issues.

Magnetic combination therapies are rapidly evolving, with great
promise for improving patient outcomes. Proposed systems for
combinatorial treatment continue to incorporate innovative ideas
from nanotechnology with proven immunomodulatory drugs into a
single system133e135. Further elucidation of the mechanisms un-
derlying the synergism of local heating and therapeutic drugs will
enable rational design of combination therapy systems that may
make their way toward clinical use.
2.2. Magnetically guided drug targeting

Drug carriers containing immunomodulatory drugs can take many
forms136,137. Some carriers rely on high dosage administered
systemically to passively reach the desired site, however, this
often results in off-target and adverse effects138,139. In the context
of cancer therapy, inclusion of active targeting functionalities can
result in increased drug accumulation within tumors, tumor cells,
or immune cells and allows for reduced dosages due to increased
specificity2. While some drug delivery systems take advantage of
the accumulation of nanoparticles that can occur in certain tumor
types with leaky vasculatures and impaired lymphatic drainage,
known as the enhanced permeability and retention (EPR) effect,
this process is passive140. A recent meta-analysis showed that the
fraction of non-magnetically guided particles that reach the tumor
was 0.7% of the injected dose141, demonstrating a critical need for
improved targeting systems. A common mechanism of active
tumor targeting is ligand-receptor binding, such as hyaluronic acid
to CD44, which is highly expressed on some cancer cells, while
the other primary method is using an external field as a
driver137,142.



Table 2 Fundamental characteristics of a targeted drug

delivery system. Adapted with permission from Ref. 150.

Copyright ª 2019 Dove Medical Press Limited.

Features Effect on drug delivery system

Efficiency of carrier delivery

to the targeted sites
� An adequate amount of a

drug should be delivered to

the desired sites

� Free drug should reach a

particular concentration in

the targeted area
Rate of carrier elimination

from the targeted sites
� Drug should remain in the

desired area for a sufficient

time

� Elimination process of car-

rier drug conjugate should

not be faster than the de-

livery process
Duration between drug

release and drug removal in

the targeted sites

� Drug should retain a spe-

cific concentration in the

targeted tissues for suffi-

cient time to act on it
Rate of drug release at non-

targeted sites
� Releasing the drug at non-

targeting tissue will reduce

the amount of drug

delivered to the intended

areas

� Systemic toxicity will

increase
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Table 2 summarizes some of the key characteristics of targeted
drug delivery systems. Magnetically guided drug targeting in-
volves carriers that contain a magnetic moiety and encapsulate or
display the therapeutic drug. These parameters can have an impact
on the rates of (i) delivery to the target site, (ii) drug release, and
(iii) clearance or degradation. Certain immunotherapies have
drawbacks that limit their therapeutic potential, including rapid
degradation or clearance, poor cellular uptake143, lack of cellular
or tumor specificity144, and inability to penetrate tumor tis-
sue145,146; however, improved targeting techniques may increase
drug stability or reduce clearance by enabling specific delivery
and uptake. Additionally, conjugation of drugs to magnetic
nanoparticles has been shown to improve properties like drug
circulation time and solubility147. Magnetically guided drug tar-
geting has been used in chemotherapy and photodynamic therapy.
Due to the importance of spatial control, targeted delivery, and
drug stabilization, magnetically guided systems are actively being
studied for immunotherapy as well110,148,149.

The most common magnetic moieties in targeted drug delivery
systems are coreeshell particles and SPIONs that are either coated
with drugs or dispersed within a polymer matrix. Magnetic
coreeshell particles are most often composed of magnetic cores
with a shell constituent that contains drugs151. As such, they have
the advantage of easily controlling drug release via the alteration
of shell properties to enable diffusion, erosion, or swelling150.
SPIONs are also highly versatile, and they have structural prop-
erties that can enable efficient drug targeting and the ability to
conjugate a variety of therapeutic moieties from glycopeptides for
vaccines to small molecules140,152. While these drug carriers most
often take the form of spherical particles, active or self-propelling
microscale robotic particles, or so-called “microbots”, are an
alternative that generally have more conformational variety to
enable distinct patterns of movement. Microbots fabricated from
or containing magnetic materials enable highly specific targeting
and can be controlled either in bulk or individually153. While
microbots that involve magnetic actuation for cargo release will be
discussed in Section 2.3.2, microbots that can undergo magnetic
locomotion often have enhanced speed, specific navigational ca-
pabilities, and high levels of targeting precision due to their
structural and material properties154. As the field of microscale
robotics is rapidly growing, there are many promising locomotive
systems that have not yet been applied to drug delivery155e159 or
have only tested release of cargo for other applications such as
chemotherapy160e162 or tissue regeneration163.

To direct the targeting of active drug carriers, applied magnetic
fields are used both external and internal to the body. External
magnetic fields are the primary choice of stimulus due to their
ease of use, low invasiveness, and control over the applied field
conditions. A high-gradient field, which is static, but rapidly de-
creases in strength with distance from the source, can be used to
overcome the hydrodynamic force of blood flow acting on drug
carriers and is thus highly dependent on particle properties such as
size and magnetic susceptibility164. Other important consider-
ations for influencing the drug carrier trajectory include particle
magnetization as well as drag and buoyancy forces165. While tu-
mors deep within the body can be difficult to reach with external
magnets, optimization of magnetic field conditions have been
studied to improve targeting. This includes the use of oppositely
polarized magnets to increase field penetration depth or a com-
bination of external magnets that are placed to target remote lo-
cations in the body166e168. However, there are still limitations to
using external magnetic fields for targeting. As a gradient field is
required to direct particles, external fields have the potential to
cause stronger attraction to the surface of the body than the target
location. Some have proposed overcoming this issue by using
implanted magnets169,170. Permanent magnetic implants often take
the form of ferromagnetic stents, wires, or spherical seeds and can
improve upon the targeting of drugs at sites deeper in the body by
external fields. However, the downside is the increased invasive-
ness required for implantation171e173. Optimal implants have a
long-range, low gradient field that can form a local, high gradient
field when magnetized. Therefore, the magnetic particles used for
targeting should be designed to only aggregate at the site of in-
terest in response to a high gradient field172. Both internal and
external magnetic stimuli have been shown to significantly in-
crease accumulation of magnetic drug carriers in tumors, tumor
cells, and immune cells, resulting in amplified antitumoral effects.

2.2.1. Magnetically guided accumulation of drugs in tumors
Drugs are incorporated into magnetic carriers with SPIONs pri-
marily by encapsulation, surface coating, and conjugation. Chiang
et al.174 demonstrated encapsulation by fabricating multifunc-
tional fucoidan-dextran particles containing SPIONs and conju-
gating the checkpoint inhibitor anti-PD-L1 and T cell agonists
anti-CD3 with anti-CD28. While combining checkpoint in-
hibitors with other immune modulators can have significant
therapeutic effects, the risk for toxicity often increases175; how-
ever, this magnetically targeted drug carrier resulted in improved
median survival of tumor-burdened mice compared to soluble
anti-PD-L1 and reduced adverse events due to a significant in-
crease in tumor accumulation compared to the non-targeted
formulation (i.e., z16% of the injected dose per gram reached



Figure 6 Targeted accumulation of IFNg (IFNg-dimercaptosuccinic acid-coated magnetic nanoparticles, DMSA-MNP, with a magnetic field)

in murine (A, B) pancreatic (Pan 02) and (C) 3-methylcholatrene (3-MCA)-induced tumors reduces mean tumor volume compared to mice treated

with PBS, DMSA-MNPs, soluble IFNg, or IFNg-DMSA-MNP without a magnetic field. Data show mean tumor volume � SD (n Z 30;

*P < 0.05; **P < 0.001). (D) IFNg levels in serum and Pan02 tumors. Data show mean � SD (n Z 10; **P < 0.001). (E) Decreased con-

centration of nanoparticles in blood samples with magnetic targeting. (F) IFNg levels in serum and 3-MCA tumors. Data show mean � SD

(n Z 10; *P < 0.05; **P < 0.001). Reproduced with permission from Ref. 176. Copyright ª 2011 Elsevier.
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the tumor)174. Instead of encapsulation, another system used
SPIONs coated in dimercaptosuccinic acid to direct the surface
adsorption of IFNg. When exposed to an external magnetic field,
SPIONs accumulated in the tumors of C57BL/6 mice and locally
released the proinflammatory cytokine, resulting in reduced tumor
size and increased macrophage and T cell infiltration, as shown in
Fig. 6176. Grifantini et al.177 further demonstrated the versatility of
SPIONs with two SPION platforms for accumulation within a
tumor. The monoclonal antibody mAb 198.3 (a drug that binds to
FAT1, a cadherin that is broadly expressed in colorectal cancers)
was embedded in erythro-magneto-hemagglutinin virosomes
(erythrocytes entrapping SPIONs) or bound to SPIONs directly.
Each of these platforms were directed to the tumor using an
external magnet and caused reduced tumor mass, while not
exhibiting any immunological or cytotoxic reactions.

PTT and photodynamic therapy are often used in conjunction
with other therapeutic platforms that contain SPIONs. Recently,
Zhang et al.178 described such a system using SPIONs for tar-
geting of a tumor and use in PTT. While the SPIONs also func-
tioned as MRI guides, theranostics will be discussed in Section 3.
PEG polyphenols with SPION cores were loaded with an immu-
nostimulant, R837 hydrochloride, and tumors were targeted via an
external magnetic field, resulting in a median iron accumulation at
least 3x greater than the untargeted equivalent. Photothermal
ablation caused release of tumor-associated antigens, initiating a
potent immune response enhanced by the release of R837 within
the tumor. A coreeshell helical microbot with surface-bound
SPIONs was also designed for multiple uses of SPION function-
ality. Inspired by flagellar propulsion, the microbots efficiently
locomoted to tumors under a rotating magnetic field for laser
irradiation, causing both cargo release and PTT treatment162.
While DOX was the drug tested in this system, the combination of
PTT and immunomodulatory drug release to tumors has been
shown to enhance therapeutic potency in other systems and could
therefore be applied to this drug carrier for efficacious use130.
Another innovative system for the delivery of DOX used
magnetics for both directing and releasing drugs via a two-
component millirobot. The drug carrier, containing a permanent
magnet, was directed through the body using an external magnetic
field to a site near the tumor; due to its relatively large size
compared to many traditional microbots, the device was con-
strained to large body canals such as the urethra, spine, and
pancreatic duct. After reaching the target site, the second milli-
robot componentda piston also embedded with a permanent
magnetdwas directed to the same location by the same means.
Once a critical distance between the carrier and piston were
reached, attraction between the two components dominated the
external field forces and the piston compressed a drug-loaded
hydrogel within the carrier to initiate drug release. While DOX
and an external field was used for validation of the system, the
authors propose use of this millirobot for targeted delivery of a
variety of therapeutic agents and clinical flexibility through the
use of a coil system, an MRI scanner, or a permanent magnet for
navigation179. Another microbot locomotive system was presented
by Steager et al.180; U-shaped microbots composed of SPIONs
embedded within SU-8 photoresist exhibited a stick-slip motion in
response to an external rocking field. These microbots demon-
strated manipulation and transportation of cells and capture and
transportation of chemically loaded poly (lactic-co-glycolic acid)
(PLGA) microbeads, which could be used for containment and
delivery of immunomodulatory drugs. A similar system of
swimming helical microbots also demonstrated transport of
microbeads181. While no drug release was demonstrated for either
of these systems, their application to immunotherapy would
enable efficient targeting of tumor sites with sustained delivery
from drug-loaded particles through the well-characterized diffu-
sive or degradation-mediated release of cargo from PLGA182,183.

Locomotive microbots are a promising method for targeted
drug delivery when operated by magnetic stimuli; however, much
of the characterization of microbots focuses on speed and
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precision of their motion, leaving the question of their potential
improvement over traditional drug delivery systems unanswered.
Similarly, particle-based targeting drug delivery systems often use
treatment efficacy (e.g., shrinking tumor volume) as an indication
of targeting success. Quantitative evaluations of accumulation and
delivery efficiency compared to non-targeted delivery systems
must be studied more thoroughly in future work.
2.2.2. Magnetically enhanced cellular uptake
While improved tumor accumulation is the most common goal of
magnetic drug targeting systems for cancer therapy, external fields
and implanted magnets can be used to improve immunotherapy by
other methods. Several groups have demonstrated innovative uses
of magnetic targeting moieties to increase the uptake of drugs or
particles by immune cells, either in combination with passive
ligand-receptor interactions or to impart magnetic targeting abil-
ities to the cells. Single-cell targeting requires more precision and
magnetic control than tumor targeting, for which microbots are
well-suited; however, few of such systems have been developed
for the purpose of releasing drugs for immunotherapy. One
example by Mhanna et al.184 demonstrated micrometer precision
of liposome-functionalized corkscrew microswimmers for de-
livery of calceinda model water-soluble drugdto single cells via
an external rotating field. However, more work should be per-
formed in this area to fully utilize the benefits of microbots for
precise single-cell drug targeting (e.g., the targeted delivery of
RNA and CRISPR-Cas9 components to diseased cells).

Another system using magnetic particles without microscale
robotic locomotion used 3-aminopropyltriethoxysilane-modified
SPIONs to target delivery of synthetic unmethylated cytosine-
phosphate-guanine (CpG) oligodeoxynucleotides (ODNs), a
TLR9 agonist185. CpG ODN internalization by inflammatory cells
results in a significant increase in the production of chemokines
and cytokines and the upregulation of costimulatory molecules on
T cells186,187. However, CpG ODN treatment can elicit nonspe-
cific inflammation, and it has a propensity for rapid enzymatic
degradation, which may contribute to its weak clinical
response144,185. While intratumoral injection of CpG ODNs ad-
dresses these issues to some extent, their retention within tumors
remains low188. Therefore, a combination of magnetic targeting
and receptor-ligand binding was developed to improve cellular
uptake of CpG ODNs into DCs located within solid tumors via
TLR9, which resulted in decreased tumor volume and weight in
multiple tumor models as compared to free CpG ODNs, shown in
Fig. 7185. Another group also used CpG ODNs as an immuno-
modulator, creating PEG-modified amine magnetic mesoporous
silica nanoparticles with bound CpG ODNs for enhanced uptake
by macrophages in vivo compared to free CpG ODNs144.

Targeting with SPIONs has also been employed to increase
RNA transfection in DCs for cancer vaccines. Grippin et al.1,189

showed that SPIONs contained within RNA-loaded liposomes
enabled a threefold higher transfection efficiency than electropo-
ration when an external magnetic field was applied in vitro prior to
vaccination. Efficiency increased with SPION concentration
within the liposome, and this method also caused DC activation.
Since a significant barrier to clinical translation of cancer vaccines
is the lack of ability to predict patient responses to treatment, the
authors also used MRI to track DC migration and found that
increased trafficking to lymph nodes was a strong predictor of a
potent antitumor response from the cancer vaccine. While com-
bination diagnostic and therapeutic platforms are discussed in
Section 3, SPIONs used in systems such as these are often suc-
cessfully employed for tracking in addition to targeting.

2.3. Magnetically deformable biomaterials

In addition to guiding the transport of drug carriers, magnetic
particles can be incorporated into biomaterials to facilitate drug
release by magnetically induced structural changes. Polymer
deformation and microbot actuation activated by magnetic stimuli
are commonly used to enable temporal control over the release of
encapsulated drugs in well-defined locations. However, the ma-
jority of these systems have been applied to release chemothera-
peutic drugs. Despite being perhaps the least explored application
of magnetic systems within immunotherapy, magnetically
deformable biomaterials are a promising platform for immuno-
therapy due to their ability to minimize off-target effects and align
the kinetics of drug release with the timescales of cellular
activation.

2.3.1. Magnetically responsive drug carriers
The primary forms of magnetically deformable drug carriers are
coreeshell particles and ferrogels. The former has been described
for targeted delivery. The latter, ferrogels, are magnetically
functionalized polymers that have also been used extensively as
delivery vehicles for a range of therapeutic cargo. Ferrogels are
produced through dispersion of magnetic particles as a powder or
fluid within a polymer matrix, most often formed into spherical
particles for in vivo testing after validation in bulk form190.
Methods for synthesizing ferrogel drug carriers and bulk ferrogels
have been described elsewhere191e193. While ferrogels may also
enable magnetic targeting, their primary use is for temporal con-
trol over drug release due to their ability to deform in response to a
magnetic stimulus. Many of these magnetically responsive sys-
tems were developed over a decade ago; however, there have been
surprisingly few attempts to apply these systems to immunother-
apies, despite the critical need for improved control over the
release of immunomodulatory drugs. Therefore, we will describe
coreeshell particle and ferrogel carriers as platforms that may be
adapted to deliver immunomodulatory drugs in future work.

Gelatin-SPION sponge-like ferrogels are early examples of
systems which could enable magnetic control over drug release.
However, while stimuli-responsive polymers are often designed to
activate drug release, Hu et al.194 demonstrated the retardation of
release kinetics from their ferrosponges when a magnetic field was
turned on. Interparticle attraction due to dipole formation in
response to a magnetic field caused contraction of the polymer
network and shrinkage of the diffusive pathways for their model
drug, cobalamin. A similar study created poly (vinyl alcohol)
(PVA) ferrogels by mixing various sizes of iron oxide particles
into the polymer network, with the aim of pausing drug release
with magnetic stimulation and resuming release when the field
was removed. When a magnetic field was turned on, diffusion of
the model drugdalso cobalamindthrough the pores was halted
and replaced by drug accumulation at the interface. After removal
of the field, the PVA ferrogel pores reopened and there was a burst
release of the drug due to the prior accumulation. Strength of drug
burst could be tuned through magnetic particle size as well as field
conditions and duration, demonstrating promise for more appli-
cations in immunotherapy195.

A potentially more translational ferrogel was developed by
Zhao et al.196, which used the same mechanism of magnetic
particle attraction within an elastic matrix, but to initiate cargo



Figure 7 Magnetic targeting of CpG ODNs (CpG for convenience) to DCs increases therapeutic efficacy. (A) Schedule for treatment with iron

nanoparticle (FeNP)/CpG particles in C26 colon cancer and 4T1 breast cancer-inoculated mice through intratumoral injection. (B) 4T1 tumor

growth over 31 days in response to normal saline (NS), FeNP, free CpG, and targeted FeNP/CpG treatment. (C) Average 4T1 tumor weight after

treatment. (D) Average number of tumorous nodules in the lung as an indication of metastasis. (E) C26 tumor growth over 31 days. (F) Average

C26 tumor weight after treatment. All data mean � SEM (n Z 10), *P < 0.05, *P < 0.01, and ***P < 0.001. Reproduced with permission from

Ref. 185. Copyright ª 2018 Springer Nature.
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release instead of interrupting it (Fig. 8A‒G). The group
demonstrated release of mitoxantrone (a chemotherapeutic drug),
plasmid DNA, stromal cell derived-factor (SDF)-1a (a chemo-
kine), and fibroblasts from an alginate-SPION ferrogel. The fer-
rogel was synthesized with millimeter to centimeter macropores to
enable repeatable contraction and relaxation in response to a cy-
clic magnetic field, allowing cargo to escape in a pulsatile manner
due to local convection within the pores. This was an early
example of remote, controlled release of immunomodulatory
agents via magnetic deformation: SDF-1a as an immunomodu-
lator197 and plasmid DNA as a cancer vaccine component198. It
may be possible for immune cells, such as DCsdwhich are
similar in size to fibroblastsdto also be released from this sys-
tem199. Similar systems have since been developed, such as a
scaled down macroporous ferrogel for implantation in mice using
biphasic SPION incorporation200, ferrogel microbeads with mac-
ropores for release of the protein ovalbumin, fluorescein isothio-
cyanate (FITC)-labeled dextran, and mitoxantrone (Fig. 8H‒
K)201, and a ferrogel for sequential release of two different
payloads202.

Another common mechanism of on-demand drug release from
ferrogels is by increased polymer permeability for quicker drug
diffusion through physical disruption of the gel matrix by mag-
netic particles. As has been shown in many systems, the magnetic
field conditions have a significant impact on the magnetic particle
response202. As such, a high-frequency AMF was used to stimu-
late SPIONs bound to a chitosan matrix, resulting in bursts of
variable magnitude of the model drug cobalamin203. Another
group used ferromagnetic gold-coated cobalt nanoparticles
embedded within poly (sodium styrene sulfonate)/poly (allyl-
amine hydrochloride) microcapsules, which rotated in response to
an AMF to cause distortion of the polymer chains and allow
higher permeability of model macromolecules204.

Structural disruption is also a cause of drug release in magnetic
coreeshell particles. For example, Liu et al.205 prepared nano-
spheres with SPION cores and a shell layer of thermosensitive
Pluronic F127. The SPIONs heated when exposed to a high-
frequency AMF, causing the polymer shell to experience a rapid
volume decrease and expel encapsulated DOX. While this system
may have potential to encase and deliver immunomodulatory
drugs, the resting temperature of 15 �C necessary to stabilize this
polymer is significantly below body temperature, and the release
temperature of 35 �C would cause a state of permanent particle
collapse in vivo; therefore, further optimization using a different
polymer type with higher contraction temperature must be used
for translation of this system, which could release drugs in
response to MH or local increases in temperature within the tumor
microenvironment. This has since been demonstrated with a
magnetic particle coated with thermosensitive poly (N-iso-
propylacrylamide) (PNIPAM) for triggered drug release by
MH206.

Hu et al.207 also presented a coreeshell particle with an
atypical structure of a silica core with a single-crystalline iron
oxide shell. This configuration of magnetic moiety and polymer
created an impenetrable casing to prevent premature drug release
from the core. Short (60 s) exposure to a high-frequency AMF
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induced vibration of the iron oxide shell and created nanoscale
cracks, allowing triggered release of fluorophore as a model drug
that was reversible by removing the AMF. Longer (5 min) expo-
sure created more significant cracking for faster drug release, but
this cracking was irreversible. This method in particular may be
advantageous for immunotherapies due to the lack of heat gen-
eration that could denature certain payloads. While none of these
systems for remotely controlled drug release have yet been applied
to immunotherapies, a recent example using near-infrared PTT as
the stimulus released immunomodulators via phase change of a
polymer208. Therefore, there is an opportunity to combine well-
characterized magnetic coreeshell particles with immunomodu-
latory drugs.

2.3.2. Magnetic actuation
New types of microactuators are being rapidly developed for drug
delivery. Distinct from propulsive microbots described in Section
2.2, actuation in this section refers to a motion or shape-change
caused by an external magnetic field or MRI scan. There are
numerous examples of fundamental work being done to improve
magnetically responsive soft robots and microactuators, which
may lead to increased research in the area of drug release in the
Figure 8 Macroporous alginate-SPION ferrogels enable controlled rele
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coming years209e211. Additionally, actuation depends on me-
chanical changes in the system rather than temperature fluctua-
tions to modulate polymer phases for drug releaseda potential
limitation for the application of thermally unstable drugsdand
therefore, actuating materials have substantial versatility in the
drug payload they deliver. However, despite significant interest in
this area212e214, there are few examples of magnetically respon-
sive actuators that can release drugs on demand without the use of
MH or ferrogel permeability.

Actuators can be used in high concentrations as a “swarm”153,
generally of nano- or microdevices, or used singularly as relatively
large (millimeter-scale) devices. One such device was fabricated
by Lee et al.215; the model chemotherapeutic drug 5-fluorouracil
(5-FU) was released in multiple doses over several weeks using
a magnetically actuated small implantable device (SID), shown in
Fig. 9. The SID held the drug in solution within a barrel
component, containing inlet ports to a plunger and outlet ports to
the body. Magnetic attraction between the plunger and barrel
prevented drug release in a resting state, but could repeatedly be
opened or closed, pulling drug solution out of the barrel and
expelling it from the SID, to release multiple doses of drug in a
highly controlled manner with the application and removal of an
ase of payloads in response to a magnetic field. (A) Nano- and mac-
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ponse to the same magnetic field. (D) SEM images of a lyophilized
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external magnet. Dosage could be altered through the number of
outlet ports, number of sequential actuations, and concentration of
drug in solution215. Pirmoradi et al.216 created another relatively
large actuating device containing drug in solution in a cylindrical
microreservoir (diameter Z 6 mm, depth Z 550 mm), sealed on
top with a SPION-polydimethylsiloxane (PDMS) ferrogel mem-
brane over a single microaperture. Magnetic actuation of the
SPIONs within the ferrogel initiated membrane deformation,
creating a force of up to 1.3 mN within the reservoir under a
200 mT magnetic field, and pushing drug solution out of the
aperture. This method resulted in a 10-fold increase in model drug
methylene blue release compared to a resting state.

There is significant opportunity for more work on magnetically
actuating materials to release immunomodulatory drugs, which
has enormous potential for safer, more efficacious administration
of immunotherapies. A more fundamental understanding of the
interactions between actuators and the immune system must be
examined as well, as very little work has yet been done in this
area. Further, the long-term fate and biocompatibility of non-
biodegradable actuators must be examined before clinical trans-
lation. Yasa et al.217 found that structural locomotion parameters
of magnetic helical microswimmers affected their immunoge-
nicity; therefore, further studies should be conducted to under-
stand the properties of other magnetic actuating and locomoting
drug carriers that may elicit undesirable immune responses.
Typically, biomaterials are designed to avoid recognition by
Figure 9 Small implantable device (SID) with magnetic actuation for

height, with a total volume of w3.3 mL. (A) Schematic illustration of SID
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bars Z mean � SD. Reproduced with permission from Ref. 215. Copyrig
immune cells, which may require tuning of structural and
behavioral properties, in addition to material or surface coating.
However, exploiting a proinflammatory response to actuating
materials may also be a potential route of immunomodulation for
cancer therapy as a type of material-based adjuvant.

2.4. Cellular activation and manipulation

Hyperthermia and drug targeting are the most commonly used
strategies for magnetic immunotherapy, but there are other unique
and innovative methods of modulating cancer immunity with
magnetic fields that do not involve heat induction, magnetic tar-
geting, or triggered drug release. Activation and manipulation of
immune cells through binding or internalization of functionalized
magnetic particles enables a distinct way to combat the immu-
nosuppressive tumor microenvironment.

2.4.1. Surface binding of magnetic particles
Antitumoral immune responses can be induced through many
different signaling pathways. For example, T cells recognize antigens
presentedbyMHCson the surfaces ofAPCs viabinding to their T cell
receptors (TCRs). Surface co-receptors CD4 or CD8 must also
experience antigen-specific binding of an MHC domain, and
nonspecificCD28 receptorsmust be bound byAPCB7costimulatory
molecules to cause intracellular signaling for differentiation into
either CD4þ helper T cells or CD8þ cytotoxic T cells and subsequent
controlled drug release. SID with an 18 mm diameter and a 13 mm

operation. External magnet is applied, ② moving the plunger upward,

eleasing the plunger, and⑥ pushing the drug solution out of the outlet

revention of drug release without an external magnet. (B) Cumulative

30 actuations of the SID with 1, 2, or 3 outlet ports (port

ID3, with either 1 or 3 actuations at each time point. (D) 5-FU con-

in the dorsal area of rats with several short-term actuations. Error

ht ª 2018 Elsevier.
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clonal expansion. In addition to their important role in combating
tumor growth, activated CD8þ T cells release cytokines for both
autocrine and paracrine signaling to amplify the developing immune
response218. While the immune system is extremely complex, there
are also many potential routes for artificial modulation within these
complex pathways; as such, functionalized magnetic particles have
been used to imitate ligand binding to receptors for initiation of
cellular signaling for increased stimulation of immune cells to better
infiltrate and destroy immunosuppressive tumors.

Complex magnetic manipulations are often required for control
of single-cell interactions such as artificial ligand binding219.
However, Lee et al.219 demonstrated the use of Janus particles for
T cell stimulation with single-cell precision that required only
handheld magnets. A thin film of nickel coating one hemisphere of
the particles enabled decoupled rotation and locomotion, while
anti-CD3 antibody ligands bound to the other hemisphere impar-
ted specific TCR complex binding and subsequent activation
in vitro. Therefore, the Janus particles could turn on cytotoxic
CD8þ T cells with high precision for enhanced tumor cell
recognition and attack220. Furthermore, the ability to selectively
target single cells with simplified magnetic stimuli may expedite
clinical translation due to the lack of complex magnetic systems.

Two other studies examined immune cell activation for anti-
tumor action through induced mast cell receptor and TCR clus-
tering, which are in the same family of multi-chain immune
recognition receptors221. Mast cell receptor clustering is caused
naturally by IgE antibodyereceptor complexes on the cell surface
interacting with multivalent antigens, causing oligomerization and
subsequent release of vesicle granules and histamines for the
initiation of an antitumor proinflammatory signaling
cascade221,222. Mannix et al.223 exploited this mechanism by first
coating SPIONs with dinitrophenyl-lysine antigen ligands for
binding to IgE-receptor complexes in pretreated mast cells.
Superparamagnetism of the bound nanoparticles resulted in
magnetic attraction via dipole formation when exposed to a
magnetic field, causing particle aggregation and clustering of their
attached receptors for induction of an proinflammatory response.
While mast cell degranulation in response to allergen antigens is a
significant contributor to anaphylaxis224, and other cell types may
be better suited targets, this mechanism of induced receptor
clustering is adaptable to many other cell types and receptor
pathways223. Perica et al.225 illustrated this through the use of
functionalized SPIONs for TCR clustering. Chimeric MHC-Ig
dimers (for antigen presentation signaling) and anti-CD28 anti-
bodies (for costimulatory molecule signaling), both of which are
necessary to mount a T cell response, were bound to the SPIONs.
Particle aggregation via magnetic field exposure and subsequent
TCR clustering caused increased T cell expansion both in vitro
and in vivo and resulted in reduced tumor growth in vivo226. More
work can be done to cause manipulations of cellular processes via
magnetic particle binding to receptors, as this mechanism has also
been demonstrated in a wide range of biomedical applications
such as tissue engineering and regenerative medicine21.

2.4.2. Internalization of magnetic particles
The interaction between unstimulated SPIONs and macrophages
has been studied, indicating that SPION internalization may have
a proinflammatory/anticancer effect; however, this response relies
on nanoparticle material properties160,227,228. Despite cellular ef-
fects, the internalization of SPIONs can enable locomotion of
immune cells using a magnetic field and is of rising interest for
immunotherapy229,230. To this aim, Wu et al.231 developed
polydopamine-coated SPIONs for internalization by NKs. It has
been demonstrated that improved NK infiltration into tumors re-
sults in improved outcomes; however, NKs cannot passively
infiltrate the tumor microenvironment through the EPR effect.
Therefore, NKs were guided to tumors via targeting of the inter-
nalized magnetic particles for improved tumor infiltration to
inhibit tumor growth without affecting NK viability. Another
example of internalized magnetic particles are those aimed to
target and retain T lymphocytes in secondary lymphoid organs for
improving adoptive T cell therapies, which often have a low
proportion of administered cells reach the site of interest. Since T
cells are not as phagocytotic as NKs, 3-aminopropyl-triethox-
ysilane-coated SPIONs often associated with T cell membranes
instead of undergoing internalization. However, in vivo targeting
to, and retention within, murine lymph nodes was successful for
both internalized and surface-bound SPIONs using an external
magnet232. This method could be expanded to deliver T cells to
tumors as well. While this method of immune cell targeting may
be applicable to a broad range of cell types, eventual lysosomal
degradation of SPIONs in macrophages has been demonstrated
and may be a limiting factor for other types of cells233.

Enhancing immune cell trafficking to target locations within
the body can improve cellular activation or education. Further-
more, some groups have integrated a therapeutic agent to the
system, using immune cells as drug carriers in addition to
enhancing their cellular transport. Numerous examples of this
strategy exist across immune cell types, such as internalization of
magnetic nanoparticles loaded with antigen peptide by DCs for
increased migration to the lymph nodes as a cancer vaccine234 and
magnetically labeled macrophages carrying an oncolytic virus for
infiltrating tumors to reduce tumor growth and metastasis235. Low
toxicity and few reported effects on natural cell functioning make
internalization of magnetic particles for cellular trafficking an
exciting area of continued study236.
3. Theranostics

Theranostics describes technologies armed with both diagnostic
and therapeutic capabilities. Magnetic particles are increasingly
used for theranostics of cancer, as treatment often depends heavily
on disease progression as well as tumor location, size, metastasis,
and overall immune status237. While other reviews characterize
theranostics with more detail25,237e243, the field cannot be over-
looked in a discussion of magnetic innovations for drug delivery
and cancer treatment.

Magnetic particle imaging (MPI) and MRI are the primary
methods used for imaging magnetic nanoparticles, and both have
been used for tracking the biodistribution of immunomodulatory
drugs. For instance, injected magnetic particles or drug carriers
loaded with magnetic particles can be taken up by phagocytes and
monitored as they traffic to tumors, lymph nodes189, or other in-
flammatory sites244,245. These innovations are crucial for developing
a deeper understanding of immunotherapies and increasing their
clinical use; however, they are not the focus of theranostics. Most
often, cancer theranostics takes the form of monitoring tumor prog-
nosis during the course of targeted drug or MH treatment.

3.1. Magnetic resonance imaging

MRI is a noninvasive anatomical imaging technique that has been
used clinically to study tissue for many years. In response to a
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uniform magnetic field, MRI detects relaxation of endogenous cell
nuclei magnetic moments237. This method is commonly enhanced
in clinical settings through intravenous injection of paramagnetic
contrast agents, the most common of which are gadolinium-
based246. Protons from water molecules near the studied tissue
undergo relaxation in response to magnetic field stimulation of the
contrast agent, resulting in a stronger signal for detection237,247.
MRI agents move passively in the blood and are retained within
tumors longer than healthy tissue due to the characteristic
hypervascularity and perfusion of solid tumors. Therefore, for
cancer diagnosis, substantial knowledge can be gleaned from
scanning or actively monitoring the accumulation and clearance of
contrast agents within tumors. While several SPION agents such
as ferumoxytol, ferumoxide, and ferucarbotran have been
approved for clinical trials, none are used clinically as MRI
contrast agents247; however, imparting more control over contrast
agents, such as through active targeting, has been a recent area of
interest247. For this, SPIONs have been studied heavily, with the
additional advantage of the ability to perform therapy in combi-
nation with MRI. Furthermore, patients with chronic kidney dis-
ease cannot safely excrete gadolinium, demonstrating the need for
a larger pool of MRI contrast agents248.

Several of the therapeutic mechanisms described so far are
compatible with MRI, the most common of which is MH. Since
MRI and MH are well-characterized, many recent studies have
focused on the design of particle systems that are optimally
functional for each, such as dual-ligand and magnetic tumor-
targeting SPIONs, which were shown to increase tumor penetra-
tion and accumulation249, tetramethylammonium hydroxide-
coated nickel ferrite particles with highly efficient heating and
imaging contrast250, dendrimer-functionalized SPIONs with su-
perior MH characteristics and MRI contrast enhancement251, and
uniform peptide-bound active targeting SPIONs for improved
intratumoral delivery, optimized for MH, MRI, and MPI252. Other
MRI-theranostic modalities use magnetic targeting of SPIONs for
delivery of CpG ODNs to tumors253 and redox-mediated release
and transfection of siRNA for silencing of human telomerase
reverse transcriptase genes from SPION carriers to hepatocellular
carcinoma cells254, while acting as contrast agent for MRI. Many
studies similarly first engineer a magnetic drug carrier and then
demonstrate the ability of the system to also function for MRI. As
expected, there are numerous examples of dual contrast agent-
drug carriers delivering chemotherapeutic drugs255e257, but their
application to immunotherapy is likely to increase with time.
3.2. Magnetic particle imaging

MPI is a recently developed preclinical molecular imaging tech-
nique, first described in 2005 by Gleich and Weizenecker258.
SPIONs are injected as magnetic tracers and are saturated by
gradient magnetic fields, except for within a field-free region
(FFR) created by their intersection. Magnetic materials within the
FFR exhibit measurable harmonics, which enables creation of a
topographic image via movement of the FFR across the region of
interest. This method has sub-millimeter spatial resolution and
high sensitivity. It has been used for applications such as cell
tracking, lung perfusion, and cancer imaging since its develop-
ment259. For cancer theranostics, the FFR size can be changed by
altering the strength of the magnetic field gradient, and therefore it
can be spatially tuned to the tumor area for enhanced imaging or
treatment260.
When MPI is applied to theranostics, MH is used almost
exclusively as the therapeutic modality252,260e263. Several studies
have shown the improvement of spatial heating specificity with
MPI fields instead of an AMF, preventing damage to clearance
organs such as the liver and spleen during tumor MH treatment
due to SPION saturation259,264,265. Fig. 10 shows the use of MPI
fields for precise in vivo tumor treatment, focused to a region of
4 mm264. Surface coils traditionally used for MH treatment
localize magnetic excitation with decreasing specificity at deeper
locations in the body, which may result in healthy tissue damage.
Conversely, MPI gradient fields can selectively suppress SPION
activity, resulting in significantly less off-target heating and lower
toxicity264. Furthermore, MPI and MH can be performed simul-
taneously for live imaging of treatment as well as prediction of the
MH thermal dose259,264. This technology is of great interest due to
its advancements in precision upon imaging and MH treatment.
Additionally, it has significantly higher resolution than lumines-
cent imaging strategies such as in vivo imaging systems (IVIS),
with the ability to accurately quantify cell number in vivo248.

Beyond these initial examples, few other studies have
demonstrated the use of MPI in theranostics. One such study by
Jung et al.266 developed a unique system of exosomes isolated
from human breast cancer cells and loaded with SPIONs and a
poly (adenosine diphosphate-ribose) polymerase (PARP) inhibitor.
Exosomes were preferentially taken up by hypoxic cells, which
arise in tumors through outgrowing the vascular oxygen supply,
which is often an indicator of poor prognosis. In response to the
engineered exosomes, tumor growth was inhibited, and MPI was
successfully demonstrated in vivo267. Other studies include the
binding of a ligand to magnetic-gold coreeshell particles for
active targeting and MPI268 and magnetic drug carriers for MPI
loaded with DOX269, both of which have potential for application
to immunotherapies. Overall, MPI is an extremely promising area
of theranostics with significant room for continued growth in MH
and other immunotherapies, resolving many of the issues with off-
target effects often associated with systemic immunotherapy.
While preclinical MPI scanners for small animals are in use,
continued work developing larger scanners for human use are
necessary for future clinical adaptation102.
4. Considerations for clinical translation

Nanomedicine is a steadily growing field with a range of products
in development, in clinical trials, and in use commercially270.
However, despite the success of magnetic nanomaterials in vitro
and in vivo, there remains a significant lag in their clinical
translation. SPIONs are the most likely candidate for clinical
adoption in immunotherapies, due to the FDA approval of several
iron oxide nanoparticles for use in applications other than cancer
treatment or imaging271. MH is the most well-studied magnetic
system in preclinical investigations, however, control over the
biodistribution of administered drugs using magnetic targeting
may be the most clinically relevant technology due to its ability to
be used with approved drugs and applied to existing delivery
systems for reduced off-target effects. However, the many im-
provements upon spatiotemporal control that systems such as
active targeting and responsive biomaterials have made upon free
drug delivery are not yet sufficient to eliminate concerns of
magnetic particle toxicity due to functionalization, concentration,
unintended bioactivity271, or lack of efficacy due to cancer-
specific and patient-specific responses.
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While SPIONs are generally biocompatible102,271e274, toxicity
and biodistribution of each new system must be evaluated prior to
clinical testing due to their variable size, magnetic content, and
surface coatings271,272. These parameters, which are often care-
fully tuned to elicit the desired magnetic response, make it diffi-
cult to establish universal toxicity limits. Common coating types
include polymers, silicates, and biological or organic molecules,
which can result in increased circulation time and the ability for
controlled drug release176,178,272. SPIONs lacking surface coatings
often experience aggregation, absorption of plasma proteins, and
rapid clearance from the bloodstream273,275. Coated SPIONs,
therefore, are generally preferred for in vivo applications272.
However, the use of coated SPIONs or magnetic moieties
embedded within larger polymer vehicles (e.g., ferrogels) com-
plicates the ability to analyze systemic toxicity. Additional ob-
stacles for using coated or embedded SPIONs include toxicity
from residual catalysts used for covalent drug binding272, reduced
saturation magnetization by non-magnetic materials276, and the
potential for coating or vehicle materials to break down less easily
than SPIONs. Several studies have shown that SPIONs can safely
degrade in the lysosomes of macrophages273 and that iron can be
taken up by hemoglobin277,278 or excreted through the endogenous
iron metabolic pathway279, depending on their surface coatings102;
this is in contrast to the limited biodegradability and elimination
of other common drug delivery systems such as liposomes or
micelles272.
Figure 10 MPI gradient field improves specificity of MH in vivo. (A) 20

in the tumor and liver of a U87MG xenograft mouse (diagnosis). The tumo

the tumor target (therapy). MH conducted at 354 kHz, 13 mT heats the

illustration of the field created by coils traditionally used for MH treatm

absorption rate (SAR) of SPIONs in the tumor is negligible when the MPI

ª 2018 American Chemical Society.
Despite the complications associated with evaluating the safety
of magnetic materials on a universal basis, toxicity studies have
been performed on several types of SPIONs. In hamsters, the me-
dian lethal dose ranged from 300 to 600 mgFe/kg body weight (BW)
for uncoated SPIONs and 2000e6000 mgFe/kg BW for dextran-
coated SPIONs280; however, the median lethal dose may no
longer be the best measure of toxicity, which is discussed else-
where281. Non-cytotoxicity has also been demonstrated for un-
coated SPIONs at concentrations under 100 mg/mL282. While issues
such as cell cycle arrest and autophagy-mediated cytotoxicity have
been observed in response to SPION treatment at high concentra-
tions274,283, there is a lack of toxicity at the quantities required for
most therapeutic applications. Certain SPIONs in clinical trials for
use as MRI agents have prompted dosage limits from 0.6 to 4.0
mgFe/kg BW, with half-life values from 0.5 to 30 h102, which varied
greatly with size and coating type. Biodistribution studies have
shown that untargeted SPIONs primarily accumulate in the liver
and spleen after intravenous injection prior to organ clearance and
degradation273,284. While the short-term toxicity of iron oxides and
long-term degradation and clearance is well-studied, other long-
term effects such as iron imbalance or cell cycle regulation war-
rant further investigation102,117.

Theranostics may serve as another route for magnetic materials
to reach the clinic as imaging has played an increasingly important
role in clinical oncology in recent years237. Gaining approval of
SPIONs for MH and imaging that have been previously approved
kHz, 20 mT MPI fields enable high contrast visualization of SPIONs

r is selected for localization of MH treatment by centering the FFR on

tumor only with the maintenance of MPI gradients. (B) Schematic

ent compared to the highly precise MPI gradient field. (C) Specific

gradient is off. Reproduced with permission from Ref. 264. Copyright
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for other uses, such as anemia treatment, may accelerate this
process. Similarly, combination therapy of established drugs and
MH may allow for integration of magnetic materials into clinical
use. Application of existing clinical technologies in magnetic
therapies, such as MRI scanners, may help to accelerate clinical
adoption of magnetic materials due to ease of use. While the
advancements of MPI for MH and imaging may be more clinically
beneficial than MRI due to higher precision and reduced off-target
effects, adoption of both the magnetic stimulus and material may
be difficult due to the extent of testing necessary and the cost of
implementation. While there is much work to be done to move
magnetic technologies into broader clinical use for immuno-
therapy, the potential for improving patient outcomes is clear.

5. Conclusions and future perspectives

Immunotherapy has strikingly positive outcomes for a subset of
patients, but many patients or cancer types have little respon-
siveness to certain treatments8. Combatting immunosuppression
by tumors and amplifying anti-tumor immunity while avoiding
immune overstimulation or the generation of a cytokine storm are
among the most critical challenges in immunotherapy285. As such,
immunotherapy necessitates precise administration and spatio-
temporal control to generate potent antitumoral responses without
off-target effects. The intersection of magnetics and immuno-
therapy is uniquely positioned to fill this gap through the preci-
sion, versatility, and biocompatibility of magnetic materials. As
the field of immunotherapy continues to come of age and our
understanding of new clinical targets and treatment pathways in-
creases, there is significant opportunity to apply existing magnetic
systems to novel immunomodulatory drugs in place of chemo-
therapeutic drugs. Additionally, the use of SPIONs and other
magnetic particles provides the opportunity for exploitation of
multifunctionality through simultaneous spatial targeting, timed
release, MH treatment, and imaging with MRI or MPI.

While the potential of magnetic systems to improve cancer
immunotherapies is immense, there remain significant barriers
both to fundamental advancements and clinical adoption of these
techniques. In particular, poor stability of some immunomodula-
tory drugs may limit their incorporation into delivery vehicles due
to the use of harsh solvents during fabrication or thermal insta-
bility. Furthermore, the toxicity and clearance of magnetic parti-
cles vary greatly with properties such as size, coating type, and
magnetization, which prevents universal dosing standards and
necessitates case-by-case decisions. Use of predicate technologies
and methodologies (e.g., approved immunotherapies, biocompat-
ible polymer coatings, commonly used magnetic stimuli) is the
most promising approach for expediting the introduction of
magnetic materials into the clinic.

While many studies involving magnetic systems use tumor
burden as a standalone metric for success, increased attention
should be given to considerations such as biodistribution and
toxicity of magnetic materials, metabolism, immune response, as
well as composition and phenotype of the tumor immune micro-
environment. Greater understanding of these properties will pro-
vide metrics that are currently lacking for comparison against
traditional techniques, such as radiotherapy and chemotherapy. In
order to continue developing these systems for clinical applica-
tions, there must be compelling data that can report both their
improvement upon currently used techniques and also
demonstrate thorough characterization of the materials. Then,
informed decisions on treatment can be made specifically for in-
dividual patient and tumor types. By addressing these gaps in
knowledge over time, research in magnetic drug delivery systems
hold promise for the advancement of cancer immunotherapy.
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