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ARTICLE INFO ABSTRACT

Article history: Significant research and preclinical investment in cancer nanomedicine has produced several products, which
Received 7 February 2020 have improved cancer care. Nevertheless, there exists a perception that cancer nanomedicine ‘has not lived up
Received in revised form 19 May 2020 to its promise’ because the number of approved products and their clinical performance are modest. Many of
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these analyses do not consider the long clinical history and many clinical products developed from iron oxide
nanoparticles. Iron oxide nanoparticles have enjoyed clinical use for about nine decades demonstrating safety,
and considerable clinical utility and versatility. FDA-approved applications of iron oxide nanoparticles include
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ﬁiﬁtﬂfﬁdne cancer diagnosis, cancer hyperthermia therapy, and iron deficiency anemia. For cancer nanomedicine, this wealth
Magnetic nanoparticle hyperthermia of clinical experience is invaluable to provide key lessons and highlight pitfalls in the pursuit of nanotechnology-
Iron oxide nanoparticles based cancer therapeutics. We review the clinical experience with systemic liposomal drug delivery and paren-
Cancer teral therapy of iron deficiency anemia (IDA) with iron oxide nanoparticles. We note that the clinical success of
Immune therapy injectable iron exploits the inherent interaction between nanoparticles and the (innate) immune system, which
Iron deficiency anemia designers of liposomal drug delivery seek to avoid. Magnetic fluid hyperthermia, a cancer therapy that harnesses

magnetic hysteresis heating is approved for treating humans only with iron oxide nanoparticles. Despite its suc-
cessful demonstration to enhance overall survival in clinical trials, this nanotechnology-based thermal medicine
struggles to establish a clinical presence. We review the physical and biological attributes of this approach, and
suggest reasons for barriers to its acceptance. Finally, despite the extensive clinical experience with iron oxide
nanoparticles new and exciting research points to surprising immune-modulating potential. Recent data demon-
strate the interactions between immune cells and iron oxide nanoparticles can induce anti-tumor immune re-
sponses. These present new and exciting opportunities to explore additional applications with this venerable
technology. Clinical applications of iron oxide nanoparticles present poignant case studies of the opportunities,
complexities, and challenges in cancer nanomedicine. They also illustrate the need for revised paradigms and

multidisciplinary approaches to develop and translate nanomedicines into clinical cancer care.
© 2020 The Author(s). Published 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/).

Contents
1 Introduction . . . . . . . L L e e e e e e e e e e e e e e e e e e 66
NanomediCine . . . . . . . . . . e e e e e e e e e e e e e e e e e e 67
21.  Whatisananomedicine? . . . . . . . . . L L L L e e e e e e e e e e e e e e e e 67
2.2.  Nanomedicine delivery strategies: Dothey work?. . . . . . . . . . . . L L L e e e e e e e e e 67
23. Passive targeting: The DoXil® StOTY . . . . . . . . . . . . e e e e e e e e e e e e e e e e e 68

* Corresponding author at: Department of Radiation Oncology and Molecular Radiation Sciences, Johns Hopkins University School of Medicine, David H. Koch Cancer Research Building,
Rm 442 1550 Orleans St., Baltimore, MD, 21231, USA.
E-mail address: rivkovl@jhmi.edu (R. Ivkov).

https://doi.org/10.1016/j.addr.2020.06.025
0169-409X/© 2020 The Author(s). Published 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/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.addr.2020.06.025&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.addr.2020.06.025
mailto:rivkov1@jhmi.edu
https://doi.org/10.1016/j.addr.2020.06.025
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/addr

66 F. Soetaert et al. / Advanced Drug Delivery Reviews 163-164 (2020) 65-83

3. Iron oxide nanoparticles: a wealth of clinical experience . . . . . . . . . . . . . .. e e e e e e e e e e e e e e e e 68
3.1.  Nanoparticle-immune interactions . . . . . . . . . . . . e e e e e e e e e e e e e e e e e e e e e e e e 69

32. Cellsofthe immune system —the basics . . . . . . . . . . . . . e e e e e e e e e e e e e e 70

3.3. Factors determining nanoparticle clearance . . . . . . . . . L. L L L L L L e e e e e e e e e e e e e e e e e e 70

34. Immune reaction to iron oxide nanoparticles . . . . . . . . L L L L L L L e e e e e e e e e e e 70

3.5. Other clinical and occupational health effects . . . . . . . . . . . . . . L L e e e e e 70

4, Hyperthermia. . . . . . . . . . . e e e e e e e e e e e e e e e 71
41.  Fever,immune response, and hyperthermia. . . . . . . . . . . . . L L L L e e e e e e e e e e e e e e e 71

42. Biological effects of hyperthermia . . . . . . . . . . . L L L e e e e e e e e e e e e e e 71

43. Immunologic effects of hyperthermia. . . . . . . . . . . . L e e e 72

5. ThermalnanomediCines . . . . . . . . . . . . e e e e e e e e e e e e 72
5.1.  Magnetic nanoparticle (fluid) hyperthermia with iron oxide nanoparticles . . . . . . . . . . . . . . . . . .. ... 72
5.1.1. Challenges for nanoparticle hyperthermia . . . . . . . . . . . . . . L L e e e e e e 73

52. Nanoparticle delivery . . . . . . . . . L L e e e e e e e e e e e e e 73
52.1. Thedirectapproach . . . . . . . . . L e e e e e e e e e e e e 73

5.2.2. Intracellular magnetic iron oxide nanoparticle hyperthermia . . . . . . . . . . . . . . . ... 74

53. Immune-mediated enhanced cancer therapy with magnetic hyperthermia - Abscopal effects and in situ vaccination. . . . . . . . . . . . . 74

6.  Physics of magnetic nanoparticle heating . . . . . . . . . L L L e e e e e e e e 74
6.1.  Magneticmaterials . . . . . . . . . L e e e e e e e e e e e 75

6.2.  Magneticdomains . . . . . . . . .. e e e e e e e e e e e e e 75

6.3.  Hysteresis and magnetic nanoparticle heat generation . . . . . . . . . . . . L . .. e e e e e e e e e e e e 75

7.  Cancer nanomedicine: Summary and Perspectives . . . . . . . . . . o i e i e e e e e e e e e e e e e e e e e e e e e e e e 77
7.1.  Nanomedicine paradigms versus clinical reality . . . . . . . . . . . L L L e e e e e e e 77

7.2.  Oversold or underappreciated? . . . . . . . . .. L L L e e e e e e e e e e e e e e e e e e e e 77

7.3.  Iron oxide magnetic nanoparticle hyperthermia: a wealth of information and opportunity. . . . . . . . . . . . . . . .. .. ... ... 77

TA.  PerspectiVes . . . . . . . o e e e e e e e e e e e e e e e e e e e e e 78
Acknowledgment of FUNdIng . . . . . . . . . L L L e e e e e e e e e e 78
References. . . . . . . o . L e e e e e e e 78

1. Introduction

There's plenty of room at the bottom.
Richard Feynman

In his address to the American Physical Society in 1959, Richard Feyn-
man articulated the conceptual framework of nanotechnology [1]. Nano-
technology, defined by the National Nanotechnology Initiative (NNI), ‘...
is the understanding and control of matter at the nanoscale, at dimen-
sions between approximately 1 and 100 nanometers, where unique phe-
nomena enable novel applications...’ [2]. At dimensions substantially
greater than 100 nm, classical physics adequately describes most mate-
rial properties; whereas quantum mechanical properties dominate at di-
mensions smaller than 1 nm. The nanoscale range is thus unique because
neither classical physics nor quantum mechanics fully describes material
behavior [1-3]. Nanomaterials are characterized by a high surface area-
to-volume ratio with properties that are significantly influenced by
both classical and quantum effects. Consequently, these materials have
unique chemical, physical, and biological properties unlike their bulk
(large dimensions) or atomic/molecular counterparts [1-3].

Nanotechnology has yielded various nano-structured materials
to enhance performance of other technologies, e.g. computer mem-
ory, aerospace, food, fabrics and textiles, etc. Unique ‘nano-only’
technologies, such as ‘nanobots’ or ‘nanomachines’, while being ex-
plored, are not yet significant in consumer or medical products. Nev-
ertheless, the global economic impact of nanotechnology is
substantial, with revenues exceeding >US$4 trillion (million mil-
lion) per year [4,5]. A smaller but still quite sizeable proportion of
nanotechnology (>US$1 trillion projected for 2020) focuses on med-
ical applications [4,5]. Nanomedicine is a growing research and
manufacturing sector that is expanding the boundaries of knowl-
edge in medicine, biology and materials science.

Given the significant investment made by the National Cancer
Institute's (NCI, USA) Cancer Nanotechnology program, some consider
that relatively few cancer nanomedicine products have appeared in
the clinic [6,7]. For those that have, expected successes have not

materialized leading to an evaluation of discrepancies between preclin-
ical predictions and clinical performance [7]. One impediment to prog-
ress has been the prevalence of paradigms for nanoparticle delivery
based on oversimplified models of physiology and cancer biology,
which emphasize passive processes for nanoparticle escape from
blood into the tumor microenvironment. Another has been a reliance
on data collected from immune deficient mouse models bearing cross-
species tissue grafts that demonstrate significant efficacy but misrepre-
sent the complex immuno-biology of spontaneous disease, or of nano-
particle interactions with host and tumor. In reality, nanoparticles
interact with host biology and immune function in complex ways that
affect both the performance of nanoparticle-based pharmaceuticals
and the diseased host [8-12]. Expectations raised by early preclinical
successes, which have proven to be unreliable predictors of clinical per-
formance for cancer nanomedicine, remain unmet when measured
against impact on patient survival [7]. Disconnect between expectations
founded on preclinical data and realized clinical performance highlights
critical gaps in knowledge.

For cancer therapies, clinical experience is the measure of success
and serves to validate scientific paradigms used in preclinical product
development. To date, approved cancer nanomedicines are liposomal
drug delivery, and magnetic iron oxide nanoparticle-based magnetic
fluid hyperthermia. Thus, clinical experience for therapeutic cancer
nanomedicine may appear limited only to this subset of the preclinical
cancer nanomedicine space, suggesting misalignment between para-
digms and end-use. There is; however, a wealth of relevant information
detailing clinical success with iron oxide nanoparticles for treating iron
deficiency anemia, a condition that often presents with cancer [13,14].
Since the early 20th century, essentially predating the nanomedicine
revolution, iron oxide nanoparticles have been in continuous medical
use undergoing iterative improvements and refinement [13,14]. While
iron oxide nanoparticles have demonstrated potential in preclinical set-
tings for photothermal and photodynamic therapies, as well as mag-
netic nanoparticle hyperthermia, the only approved thermal
nanomedicine is magnetic nanoparticle hyperthermia with magnetic
iron oxide nanoparticles [3,6,15-17].
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In this review, we evaluate available literature on nanotechnologies
approved for hyperthermia, or approved nanotechnologies having rele-
vance to cancer thermal medicine with iron oxide nanoparticles.
Reviewed are the general nanomedicine paradigms, nanoparticle-
immune interactions and magnetic hyperthermia concepts with a
focus on iron oxide nanoparticles, the only approved thermal
nanomedicine. For context and breadth, we contrast clinical experi-
ences of the first liposomal drugs with iron oxide nanoparticle-based
therapies for iron deficiency anemia. Both are systemic therapies ad-
ministered intravenously; however, important differences emerge in
clinical applications arising from designs based on current paradigms
highlighting discrepancies between preclinical expectations and clinical
end-use. Iron oxide nanoparticle formulations developed to treat ane-
mia, by design exploit the very same immune-nanoparticle interactions
that drug-delivery formulations attempt to avoid. Recent preclinical and
clinical evidence shows (iron oxide) nanoparticle-immune interactions
hitherto considered impediments for drug delivery, have potential to
activate anti-tumor immune processes [10,18-20]. Other evidence indi-
cates that, in the appropriate context, tissue heating with magnetic
nanoparticles may further enhance immune function to benefit cancer
treatment [21]. We also summarize the available literature on general
hyperthermia to provide relevant background for the more specific dis-
cussion on magnetic fluid hyperthermia.

We acknowledge this review excludes numerous and intriguing
concepts of magnetic nanoparticle hyperthermia or applications with
iron oxide nanoparticles that have demonstrated promise in preclinical
settings. Nevertheless, the history of cancer product development
teaches it is difficult to predict from preclinical data, which product con-
cepts will ultimately affect patient care and quality of life. Thus, it is im-
portant to evaluate critically the preclinical history with the clinical
record of accomplishments to refine paradigms and identify new direc-
tions for cancer nanomedicine.

2. Nanomedicine

The performance of medical products depends upon biological ef-
fects deriving from their physical and chemical (physicochemical) attri-
butes, making regulatory approval a requirement for commercial
distribution [22]. A wide range of nanometer-sized tools incorporating
diverse materials, and having varied shapes and sizes is available or
under investigation for disease prevention, diagnosis, and treatment
[4-6,23,24]. Depending on definition, one may count >50
nanotechnology-based devices or drug formulations approved by the
US Food and Drug Administration (FDA) to diagnose and treat diseases
[23,24].

2.1. What is a nanomedicine?

For nanotechnology-based medical products, the FDA provides guid-
ance to industry that emphasizes the engineered aspect of the material
or product dimensions (1 to 100 nm) and/or dimension-dependent
properties; and, that dimensions can extend to 1 pm [22].
Nanomedicines are medical products developed from deliberate manip-
ulation of both physical and chemical attributes to produce a dimension-
dependent desired biological effect, where the dimension <1 pm. By
these criteria, we exclude (monoclonal) antibody- or other protein-
drug conjugates as nanomedicines, which are ‘biologics’ [25]. Their
nanometer size range is a natural feature and does not involve the ‘...de-
liberate and purposeful manipulation and control of dimensions to pro-
duce specific properties...” [22,25]. We also consider that polymer-
drug/peptide conjugates do not inherently involve the application of
nanotechnology [22,26]. Thus, by these definitions the number of FDA
approved nanomedicines is a more modest ~12 [6,22-27]. Certainly,
nanomedicines may incorporate other agents making for more complex
therapeutics, or combination products [22,25,26].

2.2. Nanomedicine delivery strategies: Do they work?

Except for iron oxide nanoparticles (Section 3), all approved anti-
cancer nanomedicines are intravenous (i.v.) drugs (nanocarriers) de-
signed to encapsulate a small molecule chemical agent, usually an
established chemotherapeutic, as a ‘payload’ within a hollow ‘nano-
shell’ for release in the tumor microenvironment or within cancer
cells [6,7,23,24,27-31]. A brief review provides insights applicable to
thermal nanomedicines. For drug delivery, nanocarriers are designed
to accumulate in the tumor by either passive or active targeting via en-
hanced permeability and retention (EPR) following i.v. administration
[6-9,27-33].

In its simplest form, the EPR paradigm asserts malignant tumors pres-
ent with aberrant vascularity having fenestrations well-suited for passive
extravasation (diffusion) of blood-borne nanoscale objects having size
within a narrow range (enhanced permeability) which are then preferen-
tially retained within the tumor by the aberrant vascularity and poor
lymphatic draining (and retention) [34,35]. Passive targeting relies on
tuning nanoparticle physicochemical properties to exploit biophysical
features of tumors to optimize their extravasation from blood and reten-
tion in the tumor microenvironment [8,32]. Implicit in this strategy is the
assumption that preclinical models and humans share similar tumor
physical properties relevant to nanomedicine. In other words, the phys-
icochemical properties of all approved cancer nanomedicines relying on
passive targeting, were designed, developed and optimized in animal
(usually mouse) models, before testing in humans.

Active targeting typically designates a strategy that aims to increase
retention of the nanocarriers within the tumor microenvironment by
chemical modification of the nanocarrier surface to have high affinity
to some molecular target within the tumor [9,32,36-40]. Ligands that
bind to proteins uniquely expressed or overexpressed on membrane
(s) of cancer cells (or within the tumor microenvironment) are chemi-
cally bound to the surface of the nanoparticle. A ligand on the
nanocarrier may be small molecule, protein or peptide, monoclonal an-
tibody, or other molecule demonstrated to bind selectively as single
agents to cancer cell membranes [38-40]. Once the nanoparticle-
ligand enters the tumor microenvironment (assumed to occur via
EPR), cell specific binding of the ligand will further enhance retention
on the cell membrane or stimulate cell internalization and intracellular
retention. Despite the misleading terminology, active targeting does not
attempt to ‘target’ the nanoparticles to the tumor, per se, rather the
strategy attempts to facilitate a more enhanced retention within the
tumor microenvironment.

An issue often encountered with active targeting approaches is their
unexpected complexity. Inevitably, the ligand possesses its own biolog-
ical activity, pharmacokinetic (PK) properties, and biodistribution (BD).
Its inclusion on the nanoparticle surface alters the physicochemical pa-
rameters, and biological performance of the nanocarrier-ligand con-
struct [40]. Thus, as an active pharmaceutical ingredient (API) the
nanocarrier-ligand conjugate becomes significantly more complex
than either nanocarrier or ligand. Developing such complex combina-
tion products is significantly more challenging because characterization,
achieving desired biological performance and activity, predicting or
controlling cost, reliable manufacturing, demonstrating safety, and reg-
ulatory approval are rarely a linear combination of the components
[22,25,26].

Two clinical attempts to deliver chemotherapeutics, docetaxel and
doxorubicin, via active targeting, BIND-014 and MM-302, have not
progressed beyond initial clinical trials [27,41,42]. This is due largely
to failure of the product candidates to meet their clinical trial endpoints.
There is no documented evidence of human clinical trials with active
targeting for nanoparticle hyperthermia, or thermal nanomedicine. In-
deed, documentation of ‘successful’ preclinical tests of the latter are rel-
atively rare (Section 4) [39,43-45].

All approved cancer drug-delivery nanomedicines rely on passive
targeting [23,24]. This fact is often used to validate the EPR paradigm
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and passive targeting; however, a close analysis of clinical performance
reveals interesting nuances and has raised the question if the underly-
ing assumptions, i.e. EPR, are flawed [7,10,18]. Within the EPR para-
digm, the target PK design parameter considered important for both
active and passive targeting strategies is long residence/circulation
time of the nanocarriers in blood plasma, controlled through the physi-
cochemical properties [6-9,23,24,32,38,45,46]. The prevailing assump-
tion is that longer plasma half-life correlates with increased
intratumor concentration of drug and improved disease control.
Hence, preclinical optimization of cancer nanomedicines has focused
on fine-tuning size and physicochemical properties to increase plasma
circulation time [45,46]; however, evidence suggests the relationships
among circulation time, nanoparticle retention in tumors, and patient
benefit are considerably more complex [7,40].

2.3. Passive targeting: The Doxil® story

The first FDA approved cancer nanomedicine, Doxil®, is a liposomal
formulation of doxorubicin approved in 1995 [23,47]. Liposomes are
lipid-based nanocarriers comprising an aqueous core surrounded by
phospholipid bilayer shell [6,24,47]. Doxil® was designed and devel-
oped using the following criteria [47]:

» Nano-scale dimensions to enable extravasation from tumor vascula-
ture into tumor tissue via EPR;

* When in tumors, the drug concentration within the liposomes should
be sufficient to achieve the desired efficacy;

» The PK and BD profile of the doxorubicin (drug payload) should be
controlled by the liposomal PK and BD; namely, the liposomal drug
combination ‘should demonstrate a highly prolonged plasma circula-
tion time’ to enable tumor accumulation; and,

* Doxorubicin should become available to the tumor cells either by re-
lease from the liposomal carrier in the tumor microenvironment, or
by ingestion/internalization of the liposomes by tumor cells.

The design strategy for Doxil® explicitly incorporated the EPR para-
digm, thus directly constraining liposome size, drug loading, and impos-
ing a requirement of prolonged circulation time. Through significant
efforts, two novel technologies: a) drug loading into the nano-
liposomes; and, 2) prolonging plasma circulation time (i.e. Stealth®),
were developed by four independent teams working together to meet
the above design criteria [47]. Considerations of drug loading and
drug-release were necessary to ensure that doxorubicin PK and BD are
determined by the liposome; and, that drug release occurs predomi-
nantly in the target. A consequence of the very small, i.e. nano-volume
constraint is that a high dose of liposome-drug is needed to achieve
therapeutic efficacy (~10 to 50 mg/m? i.v. [47-54]).

Considerable effort, before and after the development of Doxil®, is
devoted to understanding EPR and effects of nanoparticle physicochem-
ical properties on circulation time [6-9,23,24,27-38,41,42,46-56].
Mechanistic hypotheses, correlating liposomal properties with in-
creased circulation time led to inclusion of steric stabilization with addi-
tion of polyethylene glycol (PEG) to the liposome surface of Doxil®
antecedents, with considerable success [47]. PEG-coated liposomes re-
main in circulation longer than their non-PEG coated counterparts
[23,24,47,53-57]. Initial reports from early animal and (pilot) human
data seemed to validate the design and optimization strategy by dem-
onstrating increased tumor retention of doxorubicin with the increased
circulation time [47,53-59]. Subsequent to its approval, however, pre-
clinical reports and clinical data revealed a different picture.

Hong, et al. demonstrated in tumor-bearing BALB/c mice that a PEG-
liposome showed a nearly two-fold increase of the plasma area under
the concentration-time curve when compared with the bare liposome,
but intratumor doxorubicin concentrations were more than two-fold
higher when delivered with bare (non-PEGylated) liposomes [60]. Lipo-
somal delivery increased intratumor doxorubicin concentrations when

compared to free drug, however the longer circulation time provided
by PEG-coating reduced drug in the tumor. Recent results suggest that
efficiency of EPR-driven drug delivery with liposomes depends on
mouse strain, and that the PEG-layer may interact with tumor microen-
vironment to reduce retention. Song et al. report a 13-fold variation of
PEG-liposomal doxorubicin clearance among 23 inbred strains of
mouse showing considerable variation of EPR effect among mouse and
tumor models [61].

Clinical experience with Doxil® and other liposome-drug products
provides additional and extensive real-world economic and clinical,
and clinical trials data [4-7,23,24,27-31,37,62]. Generally, liposomal
drug formulations are less toxic than their conventional counterparts,
often with more favorable pharmacological performance. The longer
circulating PEG-liposomal drug (PLD) formulations do not generally in-
crease drug in tumors or improve efficacy in patients when measured
by progression free survival (PFS) or overall survival (0S) [7,63,64]. A
recent meta-analysis of eight clinical trials comparing benefits of liposo-
mal with conventional formulations of several drugs (anthracycline, cis-
platin, paclitaxel, irinotecan) revealed no difference of efficacy, by OS in
patients between liposomal and conventional formulations [63]. In con-
trast, when the authors conducted a meta-analysis of 11 preclinical
studies comparing efficacy (OS) between PLD and conventional doxoru-
bicin, they discovered a significantly increased survival in mice treated
with PEG-liposomal doxorubicin over conventional doxorubicin [63].
The longer circulation time of PEG-liposomal doxorubicin also revealed
unanticipated skin toxicity (hand-foot syndrome) in humans not ob-
served with conventional doxorubicin or in mice [47,64].

In short, PLD and other liposome-drug formulations have provided
modest benefit to patients, primarily by increasing drug tolerability,
thereby improving patient compliance and extending treatment dura-
tion. Doxil® reduces doxorubicin-associated cardiomyopathy by alter-
ing its BD, which enables patients to receive higher doses of drug for
longer duration. Longer circulation times do not generally correspond
to more drug in tumor or to improved efficacy in humans. Rather,
prolonged circulation times alter BD and toxicity, which may lead to im-
proved patient compliance enabling longer duration of treatment; but
they also introduce new toxicities. Preclinical predictions of efficacy
measured by PFS and OS have, however not been realized. Reasons for
these discrepancies are the topic of ongoing debate questioning the sig-
nificance and variability of EPR; and, more fundamentally, if nanoparti-
cle retention in tumors results from active biological processes in the
tumor microenvironment [10,18,19].

3. Iron oxide nanoparticles: a wealth of clinical experience

Although often not considered part of the nanotechnology revolu-
tion, parenteral iron (i.e. iron oxide nanoparticles) therapy for iron defi-
ciency anemia (IDA) dates to the early 20th Century (ca. 1930) [13,65].
The earliest Fe formulations were associated with toxicities resulting
from rapid release of bioactive Fe [13]. Presently, all approved i.v. iron
formulations are iron oxide-carbohydrate complexes or colloids based
on small spheroidal iron oxide-carbohydrate nanoparticles (i.e. nano-
particles). The carbohydrate shell stabilizes the Fe core to slow the re-
lease of Fe and maintains the iron oxide as a stable colloid in blood or
biological media [13,65,66]. All i.v. Fe formulations share this basic
structure but differ in size of nanoparticle core and type and density of
carbohydrate coating. There currently exist about five i.v. iron formula-
tions available in the USA [67]. Newer, ‘3rd generation’ iron comprise
polysaccharides, such as carboxymaltose, that complex tightly with
the iron oxide nanoparticles [64,65].

The rate of release of the bioactive Fe is inversely related to the
strength of the Fe-carbohydrate complex with stronger complexes pro-
viding slower release rates [60-62,68,69]. The slower release formula-
tions have a lower potential to saturate transferrin with subsequent
free Fe toxicity, as compared with weaker complexes, characteristic of
many earlier formulations [13,66,69].
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The mode of action is through uptake by the reticuloendothelial sys-
tem (RES) (aka mononuclear phagocyte system, or MPS) and degrada-
tion of the carbohydrate shell by macrophages. Macrophages either
store the Fe as ferritin or transport Fe out of the cell into circulation
via ferroportin-1 (FPN1), the only known iron export protein
[13,66,69-71]. Macrophages, such as red pulp macrophages in spleen
and Kupffer cells in the liver, known to engulf the majority of systemi-
cally injected nanoparticles, are among the principle cells responsible
for Fe homeostasis [13,65,66,68-75]. Thus, the clinical utility and suc-
cess of parenteral iron oxide nanoparticle formulations exploits the
very clearance mechanism(s) cancer nanomedicines attempt to avoid.
Perhaps a deeper understanding of the biology of cancer-immune and
nanoparticle-immune interactions will lead to more effective cancer
nanomedicines.

Although the utility of parenteral Fe formulations in treating IDA had
been reported, it was not until 1980 that the first prospective study of i.
v. use of Fe appeared in the USA [13,76]. While all 471 patients with IDA
in the trial responded with no deaths, three were considered to have
had ‘anaphylactoid’ reactions, leading to a historical and inaccurate per-
ception of risk [13]. The authors of the study concluded that i.v. iron
should be reserved for those conditions in which oral Fe could not be
used [76]. Since then, several other formulations of i.v. iron have be-
come available and despite perceptions to the contrary, all are compara-
bly safe and effective to treat absolute or functional iron deficiency. This
success has prompted recommendations to use i.v. iron to enhance re-
sponse in cancer patients who often present with anemia, either from
the disease or from treatment [13,14,65,68-70,77-82].

Parenteral Fe therapy, with iron oxide nanoparticles, has become an
important adjunct (with erythropoietin stimulating agents) to achieve
and maintain hemoglobin levels in patients with end-stage renal and
other diseases, including cancer [13,14,65,68,72,77-81]. Indeed, retro-
spective analyses of clinical data present clues that systemic exposure
to iron oxide nanoparticles in the context of cancer therapy can enhance
response to treatment, and improve survival in patients with metastatic
disease [14,81,82]. Particularly intriguing is the connection between
successful anemia treatment with parenteral iron and improved OS in
patients with metastatic disease [82]. While the study authors attribute
the effects to treating the anemia, one might pose the question whether
the iron oxide nanoparticles and their interactions with immune cells
via macrophage uptake, may have induced anti-tumor immune activity
as recently observed in preclinical models [10,19].

A growing body of preclinical and clinical evidence suggests the pos-
sibility that nanoparticles, specifically iron oxide nanoparticles, and
their interactions with cells of the host immune system can stimulate
immune recognition of tumors to enhance therapy [10,14,19,70,82].
The mechanism(s) of this anti-tumor immune stimulation are unknown
and complex, however early indications suggest that phagocyte inges-
tion of iron oxide nanoparticles may stimulate ‘pro-inflammatory’ im-
mune cell phenotypes, similar to infection by pathogens that reverse
cancer-induced immune suppression [10,19]. In their studies,
Korangath, et al. documented a transient decline in T cell populations
immediately following systemic exposure to starch-coated iron oxide
nanoparticles. Within 7 days after exposure, they noted T cell infiltra-
tion into tumors that was associated with tumor growth suppression
[10]. Similar experiments in T cell deficient (athymic nude) mice failed
to produce tumor growth suppression. Zanganeh, et al. [19] recently re-
vealed a hidden intrinsic therapeutic effect of ferumoxytol, an FDA-
approved iron oxide nanoparticle compound, on tumors. Tumor cells
mixed and co-injected with ferumoxytol into mice exhibited a markedly
delayed growth rate compared with tumor cells injected without
ferumoxytol. Further, they demonstrated that systemic exposure of T
cell deficient mice to ferumoxytol before intravenous (i.v.) injection of
small-cell lung cancer (SCLC) cells prevented formation of liver metas-
tases [19]. They concluded that the intrinsic therapeutic effect of
ferumoxytol on cancer growth arose from macrophage polarization
into pro-inflammatory M1 phenotypes [19]. In other words, they

demonstrated that innate immune cells in the tumor microenvironment
responding to iron oxide nanoparticles were responsible for anti-tumor
immune effects in their models and T cells were not necessary. In con-
trast to the results obtained by Zanganeh, et al., results from mouse
models and analyses of human clinical trials data support the intriguing
possibility that systemic exposure to iron oxide nanoparticles also can
induce anti-tumor (T cell-mediated) immune effects [10,14,81,82].

Links between immune function and its role in cancer biology and
response to treatment have become an established area of cancer re-
search and drug development [83,84]. [ron homeostasis is intimately
linked with immune function in the context of disease and infection
[85,86]; and, nanoparticle-immune interactions, including iron oxide
nanoparticles, are being explored as immune therapies or vaccines for
infectious diseases and cancer [87-93]. Immune cell interactions with
iron oxide nanoparticles have been reported to induce apoptosis with
increased oxidative stress [11,94]; however, activating innate immune
cell stress pathways can induce transformation to pro-inflammatory,
anti-tumor phenotypes. The recent reports of systemic and local anti-
cancer immune activation by iron oxide nanoparticles may indicate a
more complex immune-biological process initiated by the nanoparticles
or the Fe [10,19]. Korangath et al. observed that the time-dependent im-
mune response following nanoparticle exposure potentially resembles
immune responses to acute (non-lethal) infection by pathogens that
has been associated with anti-tumor immune stimulation [10,19,95,96].

Given that recent evidence demonstrates potential that systemic ex-
posure to iron oxide nanoparticles can induce anti-cancer immune ef-
fects, it is worthwhile to explore further reports of nanoparticle-
immune interactions, especially for iron oxide nanoparticles
(Section 3.4).

3.1. Nanoparticle-immune interactions

It is widely held that (surface) physicochemical properties of nano-
particles determine interactions with plasma proteins that produce a
corona, altering the surface of the nanoparticle. It is also widely ac-
knowledged that clearance from blood circulation of nanocarriers larger
than ~15 nm diameter occurs via the RES, or MPS which comprises
monocytes and macrophages [8,9,11,27,29-37,45-47,53-63]. In most
studies, macrophages residing in liver (i.e. Kupffer cells) and spleen
are observed to harbor high concentrations of nanoparticles after sys-
temic delivery, leading to the conclusion that this system reacts to the
total molecular signature presented by the nanocarrier + corona, caus-
ing ingestion by phagocytes. Thus, the organs containing high numbers
of phagocytic cells such as macrophages/monocytes are the primary
blood clearance agents for nanoparticles. Within the EPR paradigm,
avoiding rapid clearance by this mechanism led to the development of
‘stealth’ technologies, which successfully reduce phagocytosis of nano-
particles and thus increase circulation times but do not improve
efficacy.

The clinical success of parenteral iron therapies, unlike the experi-
ence with liposomal (and other) drug delivery formulations, relies on
the general physiologic interaction between nanoparticles and macro-
phages, and the role of macrophages in iron homeostasis. Recently,
the potential value of exploiting nanoparticle-phagocyte interactions
has been proposed as an opportunity to redirect suppressed immune
function for therapeutic benefit [10,12-14,19,20]. As described in the
previous section, various groups have hypothesized that, depending
on physicochemical properties, nanoparticles can either naturally or
by deliberate engineering have ‘pathogen-like’ features that enhance
immune-adjuvant properties or mimic some of the immune-
stimulating properties of infectious agents [10,12,19,20,87-93]. An ad-
ditional aspect unique to iron oxide nanoparticles, is the presence of el-
emental iron, which seemingly induces specific anti-cancer effects
[19,20].

Evolutionarily conserved immune surveillance recognizes and
reacts to pathogens through pathogen associated molecular patterns
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(PAMPs) receptors to protect the host. Initiation of immune re-
sponses is generally through phagocytes that recognize pathogens
by their PAMPs and initiate immune response to pathogens, which
ultimately determines the fate of both pathogen and host. A success-
ful immune challenge to pathogen invasion resolves by clearing the
agent effectively from the body and generally requires complex in-
teractions between the adaptive immune cells (lymphocytes) and
the innate immune cells (mostly phagocytes). The mammalian im-
mune system has evolved such complex interrelationships to distin-
guish potential threats from ‘self’ and benign objects that enter the
host, and thus may be predisposed to recognize nanoparticles as po-
tential threats. Individual nanoparticles are within the size range of
many viruses.

Strong interactions of nanoparticles with host immune systems
were recognized early and cancer nanomedicine development has
tried to minimize these interactions in order to enhance drug delivery
to solid tumors [7,11,18,23,24,27-38,75,94]. Nanoparticles contami-
nated with endotoxins can induce immunotoxicity; thus, how much of
immune reaction to nanoparticles is the result of bone vide nanoparticle
effects is difficult to ascertain because appropriate tests are rarely con-
ducted for preclinical studies [97]. FDA guidelines provide recommen-
dations to test for endotoxins (LPS) in nanoparticle formulations
destined for clinical use [98]. [ron oxide nanoparticles are the only ap-
proved metallic nanoparticles for clinical use, and often come with a
warning for hypersensitivity, demonstrating that endotoxin free nano-
particles can interact with immune cells [99]. Modulating these interac-
tions in the context of disease and the altered immune
microenvironment is an interesting area of research. A complete under-
standing of nanoparticle interactions with immune cells remains a crit-
ical gap in knowledge impeding progress to develop effective cancer
nanomedicines. Obtaining this complete understanding is a significant
challenge since minor differences between nanoparticles have signifi-
cant impact on immune interactions.

3.2. Cells of the immune system - the basics

The immune system comprises a collection of diverse and highly
regulated cells that respond to complex stimulatory and inhibitory sig-
nals to protect the host while limiting associated immune damage to the
host (autoimmunity). Innate and adaptive immune cells coordinate the
function of immune surveillance, which protects the host from foreign
invasion including nanoparticles. Lymphocytes are produced in the
bone marrow. They mature and differentiate in secondary lymphoid or-
gans such as the thymus, lymph nodes and spleen before entering circu-
lation in the blood as effector cells. All lineages of blood cells come from
a pluripotent hematopoietic stem cell. Neutrophils are the most com-
mon circulating immune cells and are very important, particularly for
antibacterial responses. While all the leukocytes have specific roles in
different types of immune responses, the antigen-presenting cells,
monocytes, macrophages and dendritic cells are often considered the
most important participants of the innate immune system because
they specifically control activation of T cells through the process of anti-
gen presentation. Lymphocytes form the adaptive immune response
and produce genetically unique receptors to recognize specific targets
unique to a specific pathogen. Eosinophils and basophils are generally
responsible for allergy-like reactions. Although the types of cells are
similar among many mammals, their number and specific function,
often differ in important ways [100].

3.3. Factors determining nanoparticle clearance

By the virtue of their size, nanoparticles can present features recog-
nized by host immune cells [10]. The general clearance mechanism for
removal of nanoparticles from blood circulation is phagocytosis medi-
ated by the cells of RES [101]. Physicochemical properties that deter-
mine clearance have been extensively studied (Sections 2.2 to 2.4)

[8,9,11,32,33,38,45,102-104]. There is growing evidence that nanopar-
ticle clearance from blood and factors affecting this are not easily gener-
alized to nanoparticle properties, and that biological factors specific to
the host account for much of the biological fate of nanoparticles. Jones
et al. have demonstrated that nanoparticle clearance depends on T
helper 1 and T helper 2 (Th1/Th2) type immune responses in normal
C57BL/6 and BALB/c mouse models, respectively [105]. A host
exhibiting Th1 type immunity will require more time for clearance of
nanoparticle than will one that exhibits Th2 type immunity. Clearance
mechanisms, including different organ distribution (i.e. lung instead of
liver) for nanoparticles occur across species, e.g. primates, humans, or
mice [100]. In other words, species- and individual-specific details of
immune function/capacity determine host responses to nanoparticles,
thus making predictions of in vivo nanoparticle fate in humans based
on preclinical data difficult [7].

3.4. Immune reaction to iron oxide nanoparticles

An immune reaction to nanoparticles can depend considerably on
their size, route of administration, dose, materials, coating, etc. The reac-
tions can be hypersensitivity, inflammation, immunosuppression,
immunostimulation, complement activation, or a combination
[102-117]. Iron oxide nanoparticles elicit host immune responses that
release cytokines and chemokines in the blood. In mouse models, mag-
netite (Fe30,4) nanoparticles having diameter 5-8 nm induced inflam-
matory reactions post intratracheal instillation measured by a dose-
dependent increase of pro-inflammatory cytokines IL-1, TNF-«, and
IL-6 in bronchoalveolar lavage fluid (BAL), and in blood [118].
Carboxydextran coated iron oxide nanoparticles (Resovist®) attenu-
ated OVA-specific IgG1 and IgG2a and reduced IFN-y and IL-4 produc-
tion by splenocytes in OVA-sensitized BALB/C mice [119]. On the other
hand, complement activation occurred with dextran-coated iron oxide
nanoparticles [103]. Due to the inherent MRI contrast property of iron
oxide many studies are conducted by imaging using these nanoparti-
cles. It is particularly noteworthy that iron oxide nanoparticles can be
useful to assess inflammatory disease progression, often with MRI
[120]. In other words, depending on model and disease context, expo-
sure to iron oxide nanoparticles can be immune-stimulating or
immune-suppressing.

Unique physical and chemical properties arise from the high surface-
to-volume ratio of nanometer-scale materials [1,2]. It is thus likely that
this aspect of nanoparticles is also responsible for much of the
nanoparticle-immune cell interactions, making the nanoparticle coating
particularly important. Depending on coating, nanoparticles can present
different features to immune cells, which generates different cellular re-
sponses, particularly when modified to include a protein or ligand for
active targeting [12]. Korangath et al. demonstrate that a humanized
monoclonal antibody on the surface of iron oxide nanoparticles led to
significant retention in the tumor microenvironment via capture by res-
ident (tumor-associated) innate immune cells [10]. The uptake of nano-
particles by host immune cells altered the tumor microenvironment
leading to growth inhibition through T cell activation. In a series of ele-
gant studies, Lo et al. demonstrated that anti-CD3 antibody-coated
nanoparticles enhance T cell receptor crosslinking on effector T cells,
which is an activation signal and has potential to improve efficacy of
vaccines and immunotherapy [121]. Subsequently, Kosmides et al. dem-
onstrated that antibodies conjugated to the surface of nanoparticles can
activate CD8™ T cells [122]. Here they used an antibody against immu-
nosuppressive PD-L1 antibody and a co-stimulatory agonist 4-1BB anti-
body conjugated to iron oxide dextran-coated nanoparticles and
injected directly into tumors.

3.5. Other clinical and occupational health effects

Many occupational health studies demonstrate occupational
(usually by inhalation) exposure to nanoparticles induces allergic
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responses in workers who routinely handle the nanoparticles with-
out adequate protection [123,124]. Despite substantial contradic-
tions on reported immunotoxicity of nanoparticles, in general, it is
clear that nanoparticles have complex and profound effects on the
immune system. These effects are specific to species and individuals,
as well as to the nanoparticle physicochemical properties. General-
izations of specific immune responses to general nanoparticle fea-
tures such as size or charge are unlikely to aid robust development
of cancer nanomedicines. Further, the biological context of the host
(e.g. diseased or healthy; young or old; male or female; etc.) present
additional crucial factors that determine the nature of the interac-
tion between nanoparticles and immune cells. Thus, depending on
numerous factors, nanoparticle exposure can induce or suppress in-
flammatory responses, and either is potentially therapeutic or dele-
terious, depending on context [10,12,19,20].

Diseases alter the host immune system. For many chronic or inflam-
matory diseases, immune alterations can include IDA or functional ane-
mia as a comorbidity that requires intervention. Iron oxide
nanoparticles have enjoyed nearly one century of clinical use to exploit
the nanoparticle-immune nexus as a way to resolve this condition;
however, nanoparticles harbor potential to affect immune function sig-
nificantly beyond the intended treatment. Clinical experience with par-
enteral iron oxide and other nanoparticles demonstrates that
evaluations of each nanoparticle formulation must occur in the context
of a wide range of biological scenarios. One size most certainly does not
fit all.

4. Hyperthermia

Hyperthermia is a cancer therapy having the objective to raise the
local tumor temperature to either kill cancer cells or sensitize them to
other treatments [125-127]. Tissue heating as a therapeutic modality
was practiced in Egypt, India, and Greece [128,129]. Cytotoxic effects
from heat exposure depend on dose, defined as time-at-temperature,
maintained at between 41 and 45 °C for a period of time
[125-127,130,131]. For temperatures exceeding 45 °C, thermal ablation
ensues [127,131]. Treatments in the temperature range of 39 to 41 °C
are mild hyperthermia [127,130,131].

The location and tissue volume (e.g. whole body or portion) of
the target region and mode of energy application define the treat-
ment [126,127,132]. For deep tumors, the heat source is within the
tumor (interstitial hyperthermia), which is our current focus with
brief mention of recent clinical results with magnetic nanoparticle
ablation.

4.1. Fever, immune response, and hyperthermia

Carl Busch, a German surgeon, published the first scientific recogni-
tion of the relationship between temperature and cancer response in
1866 [127,133]. He reported that a patient's sarcoma underwent com-
plete remission after infection with erysipelas [126,127,134]. Presum-
ably, the disease induced an unspecified immune response leading to
fever. Thus, Busch was the first to report that an elevated temperature
can selectively kill tumor cells without adversely affecting surrounding
cells, although in hindsight we now recognize that the hyperthermia
did not directly mediate the killing of tumor cells [133]. This inspired
Friedrich Fehleisen to infect cancer patients with bacteria in an attempt
to treat tumors by causing erysipelas [127]. Intrigued by these reports,
in the 1890s William Coley began treating inoperable cancer patients
with bacterial extracts that later became known as Coley's toxins
[126]. He recognized the treatment potential of the immune response
associated with the induced fever.

Often overlooked in these and many early accounts focusing on ele-
vated temperatures is the fact that the fever resulted from infection by a
pathogen, which produced an immune response. It was the immune re-
sponse and not the fever that affected the tumor; however, the history

of hyperthermia links to these early cancer immune-therapies. The in-
terconnections between immune response and its effects on cancer
have become a recent focus in cancer medicine. From a historical per-
spective, Coley was a pioneer in cancer immunotherapy, who
highlighted the ability to treat cancer with the immune system as well
as the important relationships among immune function, cancer, and
fever [126].

The first scientific attempt to induce hyperthermia directly, i.e. inter-
ventional and deliberate heating of a region of tissue, was by Frans
Westermark in 1898 [124,130,131]. He treated inoperable carcinomas
of the uterus by circulating water with a temperature between 42 and
44 °C in a special metal coil [124,130]. In 1913, William Mayo observed
that local hyperthermia treatment of cervical tumors before a vaginal
hysterectomy increased the cure rate, if sufficient time transpired be-
tween the two treatments [123]. This hinted that perhaps activation of
an immune response and/or reduction of transient thermal tolerance
are required to enhance efficacy [123]. Fever-level hyperthermia is
part of an immunologic cycle in which the temperature increase is gen-
erated by the immune response, but the increased temperature also
stimulates the immune response. In effect, fever is a systemic immuno-
logical signaling mechanism between activated leukocytes and other
cells.

Reports of clinical and fundamental biology studies in the1950s re-
vived hyperthermia[127,133].In 1962, George Crile, Jr. reported that di-
rect thermal damage at 42 °C in mouse models correlated with an
exponential increase of thermal damage at higher temperatures [133].
William Dewey et al. performed biology experiments with mammalian
cells in 1971 demonstrating that hyperthermia can act as a radiation-
and chemo-sensitizing agent [131,133,135]. The thermal dose concept
and fundamental mechanisms of hyperthermia were developed in the
1970s and 1980s [131,133]. However, in the 1990s some clinical trials
produced ambiguous results leading to dampened enthusiasm for
hyperthermia in clinical practice [128]. More recently, favorable re-
sults obtained from carefully controlled clinical trials have led to a
resurgence in hyperthermia research and clinical applications.
Since then, additional details on the biological connections between
hyperthermia and immunomodulation have been charted, with data
from clinical trials supporting the rationale to combine hyperther-
mia with other therapies, taking care to administer appropriate ther-
mal dose [128,135-138]. There is a continuous effort to achieve
technological improvements with development of quality assurance
standards to address the principle challenges of hyperthermia: pre-
cise energy delivery to (deep-seated) tumors with control to achieve
a prescribed thermal dose [139].

4.2. Biological effects of hyperthermia

Hyperthermia causes local temperature elevation that can be non-
lethal (39 to 42 °C) or lethal (>42 °C) [141]. Depending on the applied
temperature and duration, various biological effects ensue. Heat is a
pleiotropic damaging agent. Depending on dose (time-at-temperature),
hyperthermia can inhibit or abrogate DNA damage repair, initiate apo-
ptosis or other programmed cell death, or cause severe disruption of
cell membranes leading to cell lysis [130,131,140,141]. Both the pheno-
type and genotype of cells determine sensitivity to thermal stresses.
Even though clinical implementation of hyperthermia adds complexity,
its use with radiation and other therapies often significantly improves
response to treatment and overall survival [141]. The clinical benefits
of hyperthermia stem from its ability to disrupt or denature DNA-
damage repair proteins, reverse tumor hypoxia, increase metabolic
rate and induce other physiologic changes; and, induce heat shock and
immune responses. The individual effects depend on disease, mode of
treatment, timing, and individual patient conditions. In many countries,
including the USA, hyperthermia is indicated for use with radiation to
treat recurrent, or refractory solid tumors, particularly in a re-
irradiation setting [141,142].
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4.3. Immunologic effects of hyperthermia

Tissue heating has unique immune-modulating properties. Temper-
ature elevation between 1 °C and 5 °C above ambient body temperature
is a universal response in vertebrates to infection that is both caused by
and regulates the immune system [127,143]. Thermoregulation is a
major homeostatic system [127,143], and accumulating evidence sup-
ports a critical role for the immune system to maintain tissue homeosta-
sis [127,143,144].

There is a link between temperature and immune regulation main-
tained throughout evolution. In human cells, cytotoxic effects occur
in vitro after heating to heat-shock temperatures between 42 °C and
45 °C [127,143]. Heating increases release of heat-shock proteins into
the extracellular environment stimulating downstream immune activ-
ity. Heating also increases tumor cell-surface expression of major histo-
compatibility complex class I ligand [145]. Heating increases vascular
perfusion and blood flow to the tumor through both thermoregulatory
signals and changes in tumor metabolism, increasing expression of
hypoxia-inducible factor-1 leading to increased production of reactive
oxygen species and VEGF expression.

Fever-range hyperthermia modulates many aspects of the immune
system. It increases trafficking and licensing of CD8™ T cells through
heat-induced increases in E or P selectin, cytokine release, and intercel-
lular adhesion molecule 1 on tumor blood vessels. With elevated tem-
perature, there is also increased T cell receptor signaling and
differentiation of naive T cells to effector cells; upregulation of the
receptor NKG2D on natural killer (NK) cells, increasing NK cell cytotoxic
potential; and, increased functional activity of macrophages and
dendritic cells [145-151]. Fever-range hyperthermia thus may be a
broad-spectrum adjuvant that profoundly affects the tumor microenvi-
ronment with significant immune-modulating potential. Evidence that
radiation therapy and hyperthermia independently modulate
immune-tumor interactions provides a compelling motivation to evalu-
ate the immunologic consequences of combining these treatments
[127,152-163].

5. Thermal nanomedicines

Most approved cancer nanomedicine products meeting the above
criteria (Section 2.1) are liposomal drug delivery formulations, not indi-
cated for hyperthermia [24]. Liposomes are colloidal nanoparticles com-
prising a hollow bilayer spherical shell made of synthetic or natural
(phospho-)lipids [24,161]. The interior (lumen) of the liposomes is
aqueous and encapsulates other molecules, usually chemotherapeutics
[164].

One liposomal nanomedicine developed for hyperthermia (not yet
approved) is ThermoDox®, a thermosensitive formulation that has un-
dergone Phase III testing for advanced hepatocellular carcinoma with
radiofrequency ablation (RFA) [165,166]. ThermoDox® releases its pay-
load, doxorubicin, when heated by an external energy source [164]. The
primary study endpoint of the most recently completed trial (OPTIMA)
was to determine 5-year overall survival, but results are not yet pub-
lished. An earlier multi-center Phase III trial (HEAT) included 701 pa-
tients [167]. ThermoDox® was administered i.v. as a 30-min infusion
of 50 mg/m? to patients in the treatment arm [164]. Authors of the
HEAT study concluded that the combination of ThermoDox® with RFA
was safe but that it did not increase PFS or OS [166]. Subsequently, a
subgroup analysis determined that when RFA dwell time for a solitary
lesion >45 min, both PFS and OS significantly increased prompting the
more recent OPTIMA trial to include a minimum RFA dwell time of
45 min [164]. The clinical trials experience with ThermoDox® illustrates
challenges with implementing thermal nanomedicine - formulating the
nanocarriers to have suitable properties for drug delivery, choice of drug
payload, and optimizing the combined performance of nanocarrier and
release of its payload with device control [164].

Currently only one nanoparticle thermal therapy product,
NanoTherm®, is approved for treatment of cancer [6,23,24]. It com-
prises magnetic iron oxide nanoparticles, which in various forms have
enjoyed continuous clinical use to treat iron-deficient anemia for nearly
one century (Section 3), and more recently as contrast agents for mag-
netic resonance imaging (MRI) [6,23,24,28].

5.1. Magnetic nanoparticle (fluid) hyperthermia with iron oxide
nanoparticles

Gilchrist et al. first described the concept of heating with magnetic
iron oxide particles, suspended in fluid and exposed to alternating mag-
netic fields in 1957 [167,168]. Magnetic fields interact with magnetic
materials to generate heat, predominantly via magnetic hysteresis loss
[169]. For therapy, the region containing the nanoparticles is exposed
to an alternating magnetic field (AMF). Hysteresis heating forced by in-
teractions of the magnetic moments of the nanoparticles with the AMF
generates heat that transfers through the tissue by conduction and con-
vection [169,170]. We refer the interested reader to Section 6 for a dis-
cussion of the physics of magnetic (iron oxide) nanoparticle heating.

The key feature for hyperthermia and magnetic resonance imaging
of magnetic nanoparticles is their magnetic core, comprising one or
multiple magnetic crystals (Section 6) [169]. The potential utility of
other core materials, e.g. nickel or cobalt have been investigated, how-
ever clinical applications are likely to be limited to only iron oxide nano-
particles because of their demonstrated safety [3,169-172]. Hence also
the focus on iron oxide nanoparticles in this review.

Iron oxide nanocrystals are hydrophobic, and their magnetic proper-
ties are sensitive to changes in surface making it necessary to coat them
with a material that reduces toxicity (Section 3), preserves colloid sta-
bility in biological media, and preserves the integrity of the magnetic
core (Section 6) [3,169,170,172,175,181]. Often, as with parenteral Fe
agents, the biocompatible coating is a polysaccharide or carbohydrate
introducing a hard-core, soft-shell structure.

The entire core-shell structure has a diameter typically between 10
and 120 nm [169,170,180,181,182]. The size of magnetic iron oxide
nanoparticles is comparable to that of other nanomedicines; however,
characterizing size and other properties, relating these to the magnetic
and heating properties of such mixed core-shell structures is challeng-
ing. This is true for magnetic hyperthermia applications for which defin-
itive characterization of size, magnetic properties, and heating is
necessary because the therapeutic agent is heat generated when the
nanoparticles are exposed to alternating magnetic fields
[3,45,168,169]. Complexities associated with coupling among time-
dependent magnetic responses [169,183,184], nanoparticle physical
properties [183,184], their colloidal arrangements [185] and inter-
particle interactions in fluids or tissues [169,170,183,185-190], and ex-
perimental conditions of measuring heating [191-196] ensure contin-
ued research effort because magnetic nanoparticle heating, driven
primarily by magnetic hysteresis loss power, defies explanation with
simple models (Section 6) [169,183-190,197-208]. The magnetic na-
ture of magnetic iron oxide nanoparticles is thus simultaneously their
singular advantage and presents their greatest challenge, often requir-
ing technical demands that exceed resources of many researchers
[168,169].

Despite these significant challenges, one thermal nanoparticle has
already been approved for use in cancer therapy. NanoTherm® was ap-
proved in 2010 by the European Medicines Agency (EMA) for treatment
of recurrent glioblastoma (GBM) with an AMF [6,23,24,28,171-175]. In
February 2018, NanoTherm® received FDA approval for clinical testing
in humans in the USA to treat prostate cancer [171,176-179].
NanoTherm® comprises a colloidal suspension of aminosilane-coated
iron oxide nanoparticles delivered percutaneously into the tumor tissue
[173]. Direct delivery avoids many issues associated with systemic
nanomedicines; however, challenges remain to optimize therapy for in-
dividual patients [176]. For any nanoparticle construct, the intratumor
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distribution of nanoparticles is heterogeneous following direct delivery,
with significant individual variations in total nanoparticle concentration
and spatial distribution depending on individual tumor physical struc-
ture and injection characteristics [176,180].

5.1.1. Challenges for nanoparticle hyperthermia

The greatest challenge of hyperthermia is to obtain a precise energy
delivery and control to the target, while avoiding non-specific heating of
normal tissues. Hyperthermia treatments of deep-seated tumors there-
fore remain challenging. Magnetic iron oxide nanoparticles offer the po-
tential to cause truly localized and precise thermal therapy.
Furthermore, biological tissues do not attenuate magnetic fields. Sum-
marized, magnetic nanoparticle hyperthermia offers the potential for
precise dose control and true tissue specificity. However, new chal-
lenges arise.

The main challenges of magnetic nanoparticle hyperthermia con-
cern the delivery and the energy deposition. Thermal nanomedicines
are indeed combination products that include a drug-like injectable
component that must be delivered to tumor (systemic or direct),
which is then activated by an energy source to deposit localized heating
in the treatment target (Fig. 1). The heat can be used to activate release
of drug (e.g. ThermoDox®), or it can be the active therapeutic agent it-
self (e.g. NanoTherm®). Nanoparticle delivery to tumor — whether sys-
temic or local - involves numerous biological processes affected by the
physicochemical properties of the nanoparticle, which can affect nano-
particle performance (Section 2).

Systemic delivery is generally desirable because it is less invasive;
however, systemic exposure carries risks to the patient, and the fate of
the nanoparticle and its cargo depend on complex interactions with
the patient's biology (Section 2). Perhaps the most significant challenge
with systemic delivery of magnetic iron oxide nanoparticles is achieving
sufficient concentration in tumors to mediate hyperthermia in response
to a clinically appropriate AMF. Direct approaches enable reliable deliv-
ery of nanomedicine to the tumor, but require more invasive procedure
(s) with imaging support to inject tumors [173-177]. In addition, this
mode of delivery does not directly address occult or widely metastatic
disease. While dose of drug by direct delivery is controlled, distribution
and disposition of the nanomedicine within the tumor, and escape from
the tumor microenvironment are not [177,180].

Treatment with thermal therapy also requires directed energy depo-
sition by a device, which introduces additional complexities for imple-
mentation, patient safety, manufacturing and cost, and regulatory
approval [170-179]. The goal of magnetic nanoparticle hyperthermia
is to achieve therapeutic temperatures in the tumor from heat gener-
ated by magnetic iron oxide nanoparticles embedded in the tumor.
Power dissipated by magnetic iron oxide nanoparticles increases with
increasing magnetic field amplitude (nonlinear) and frequency (linear)
(Section 6). Therefore, one might consider increasing the AMF fre-
quency and amplitude is useful to achieve therapeutic temperatures.

AMF applicator

VUVVUVV

According to Faraday's law of induction, interaction of AMFs with (dia-
magnetic) electrically conductive materials creates eddy currents,
which deposit non-specific (Joule) heating into tissues [209-218]. This
non-specific power deposition can initiate systemic thermoregulatory
responses, creating complex thermal gradients throughout the body of
a patient.

For magnetic hyperthermia, alternating magnetic frequencies
(AMFs) range between ~100 to 300 kHz. Low-frequency AMFs
(<10 MHz) are essentially not attenuated by tissues, but Joule heating
from induced eddy currents presents safety constraints on coil design
and operation. Depending on location of tumor in the patient and the
specific loss power of nanoparticles, interaction of AMF with the volume
of tissue exposed can potentially generate significant non-specific
heating, even competing with the heat generated by the nanoparticles
[219]. Such a scenario is clinically unacceptable, placing greater de-
mands on nanoparticle development for enhanced specific loss power
and efficient delivery, within clinical AMF design constraints
[169,184,213].

Thermal nanomedicines, whether regulated as drug, device, or com-
bination products are complex medical products that challenge clinical
implementation. They may receive approval by demonstrating safety
and efficacy comparable to, or slightly better than other treatments,
however their complexity inhibits implementation by clinicians. Clini-
cians and their patients will likely choose treatments that are less com-
plex, less expensive, and that have an established record unless
convinced that the benefits far outweigh those offered by other options.
This raises the bar for thermal nanomedicine products to demonstrate
superior clinical benefits earlier in the development process. In other
words, thermal nanomedicine must offer more for patient safety and
disease management than competing products.

5.2. Nanoparticle delivery

5.2.1. The direct approach

Direct injection into the tumor is the most common delivery mode of
magnetic iron oxide nanoparticles (magnetic fluid) for preclinical stud-
ies, and is indicated for NanoTherm® [169-180,220,221]. Direct injec-
tion requires knowledge of tumor location which must be accessible,
presenting challenges for some deep tissues, or tumors proximal to sen-
sitive organs or tissues [170,180,220-224]. Nanoparticle physicochemi-
cal properties, injection parameters and tumor physical features
determine the distribution and disposition within the tumor
[175,177,180,223-225]. Consequently, direct injection often produces
unpredictable and irreproducible nanoparticle distributions that affect
quality assurance and therapeutic outcomes [173-177]. Both the injec-
tion rate and volume of injected material affect the resulting distribu-
tion [223,225]. Current consensus that the best method to deliver the
nanoparticle suspensions is via a slow, i.e. convection-enhanced deliv-
ery (CED), multi-point percutaneous injection into the tumor [223].

Fig. 1. Schematic illustration of the magnetic nanoparticle hyperthermia concept. Magnetic nanoparticles comprising a magnetic core and a biocompatible coating suspended in liquid are
directly injected into a liver tumor. An alternating magnetic field applicator generates an alternating magnetic field that interacts with the magnetic nanoparticles, generating local heat.
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Nevertheless, even with best efforts significant nanoparticle heteroge-
neity within an individual tumor and among patients is a reality,
challenging quality assurance of treatment because thermal dose is un-
predictable, further inhibiting clinical adoption [174-177,180]. Recent
research however suggests that a carefully planned AMF amplitude
modulation offers the potential to overcome some of these limitations
[180,226]. The approach exploits non-linear responses of hysteresis
loss power and temperature-dependent tissue cooling with appropriate
tissue temperature feedback as input to a controller algorithm. Some
benefit of the approach by improved responses in mouse models was
demonstrated [180], with further optimization in computational phan-
toms [226]. Further development is needed in large animal models and
companion animal trials before clinical implementation in humans.

5.2.2. Intracellular magnetic iron oxide nanoparticle hyperthermia

In 1979 Gordon, et al. proposed a significant advantage of magnetic
nanoparticle hyperthermia is the possibility to cause intracellular
heating [227,228]. They hypothesized that cell membranes act as ther-
mal insulators, supporting an intracellular temperature gradient and
that intracellular hyperthermia would be therapeutically superior to ex-
tracellular hyperthermia. Using thermal arguments and analytical ex-
pressions of heat transfer in aqueous media, Rabin concluded that, in
the thermal sense, intracellular hyperthermia is unachievable with
heating efficiencies of ~ < 10,000 W/g material. Few iron oxide nano-
particles are able to achieve >1000 W/g material (a ten-fold less than
minimum required), thus presenting a physical barrier to achieving
this objective.In 2013, Hedayati et al. published experimental validation
of Rabin's theoretical argument by comparing effects of heating in vitro
using pelleted (HCT116, human colorectal cancer) cell clusters contain-
ing varying amounts of iron oxide nanoparticles [229]. From clonogenic
survival assays and thermometry, they demonstrated that Rabin's pre-
dictions for heat transfer through the cell was essentially indistinguish-
able from that in the media. Nevertheless, examples of differential
biological responses with measured bulk temperatures from in vitro ex-
perimental systems persist, leading to the conclusion that biological
processes or cell stress responses, sensitive to transient heat transfer
(i.e. non-equilibrium thermal effects), may be evident [230,231]. There
has been no in vivo preclinical or clinical demonstration that such intra-
cellular hyperthermia is clinically viable, much less superior — because it
would require internalization of nanoparticles by all cancer cells. To the
contrary, all preclinical and clinical evidence points to beneficial effects
of macroscopic heat transfer (the dominant mechanism in aqueous or
liquid environments) as necessary to achieve clinically relevant thermal
doses [171-179,220].

5.3. Immune-mediated enhanced cancer therapy with magnetic hyperther-
mia - Abscopal effects and in situ vaccination

Magnetic hyperthermia to treat tumors has been investigated as a
potential local tumor treatment and stimulator of systemic antitumor
immune responses [12,21,126,152,163]. This builds on ideas first re-
ported by Coley, in which injection of bacteria into one or a few tumors
in a patient with metastatic cancer sometimes produced regression of
untreated tumors. Radiation oncologists had published numerous case
reports observing spontaneous (immune-mediated) regression of met-
astatic tumors outside the treatment field following irradiation of a pa-
tient. These radiation-induced effects on non-irradiated distant tumors
became known as ‘abscopal effects’, and while they were considered
to likely be immune mediated, their inconsistency generated limited in-
terest until recently [232-236]. Currently the concept of ‘in situ vaccina-
tion’ (ISV) denotes a local tumor treatment that stimulates a local and
systemic antitumor immune response [12,126]. The current under-
standing states that the local tumor is immunosuppressive; protecting
the tumor from immune surveillance, but that local immune stimula-
tion achieved by damaging the tumor can initiate systemic immune rec-
ognition of other tumors. Multiple therapeutic agents can achieve ISV,

including heat or radiation as well as injection of reagents that directly
stimulate the immune system.

There is considerable interest to develop strategies that reliably gen-
erate an abscopal effect with ISV, stimulating a rapid evolution in the
field. The term should be limited to local tumor treatments that stimu-
late antitumor immunity but do not introduce new tumor antigens. All
vaccines incorporate two components: 1) antigen, which is what the
immune system learns to recognize; and, 2) immune adjuvant, which
alerts the immune system to danger and stimulates response against
the antigen. For ISV the adjuvant may be a wide range of agents, includ-
ing hyperthermia, but the source of antigen is the tumor itself. Any an-
tigen that can be useful in recognizing a tumor is in the tumor, whether
tumor-associated (normal proteins expressed abnormally) or
neoantigens (mutated proteins due to mutations in the tumor). While
the concept is simple and attractive, optimal approaches and key path-
ways needed to achieve durable local and systemic antitumor immune
responses remain unclear.

Magnetic hyperthermia shows promise for ISV
[12,126,163,237-243]. Generally, to demonstrate a systemic immune
response from local treatment, a two-tumor model is used in which
one tumor is treated and the other monitored for response. Systemic an-
titumor immunity is demonstrated if the untreated tumor growth
slows. Another method to demonstrate antitumor immunity is elimina-
tion of a tumor by heat, and then re-challenging the host by attempting
to graft another tumor sometime after completing treatment. The con-
trol group receives surgical resection of the tumor. Early studies used
hyperthermia alone [126,243] and more recently studies have utilized
hyperthermia in combination with systemic checkpoint blockade anti-
body against PD-1 or CTLA4, since these are widely used immunother-
apies [152,237-239].

One of the lessons learned from these studies is hyperthermia
(lower temperature and long duration) is a generally more effective
ISV strategy than ablation [126]. Although not fully understood, the rea-
sons may include the reliance of successful ISV on stimulating two sets
of immune recognition signals, one of which are PAMPs via exposure
to the nanoparticles (Section 3). The second set of recognition signals,
danger associated molecular patterns (DAMPs) occur by specific forms
of cell death. Immunostimulatory cell death can occur by radiation or
moderate hyperthermia [12,21,126,145,154-163,232-237] The most
commonly recognized markers are an eclectic group that includes, ex-
tracellular ATP, extracellular HMGB1 (a nuclear protein), and
calreticulin, a chaperone on the external surface of the cell. When an im-
mune cell kills another cell it may or may not be immunogenic, depend-
ing on mode of death.

The immunogenic cell death paradigm explains the sporadic obser-
vations of abscopal effect with radiation, and the studies demonstrating
potential for ISV with radiation or hyperthermia [244]. The recognition
of appropriate molecular markers enables careful quantitative study of
ISV. While there is currently no consensus, optimal ISV strategies
seem to incorporate injection of immune adjuvant with induction of im-
munogenic cell death. Regardless, there is consensus that a combinato-
rial approach, using multiple immunotherapy approaches tailored for
each patient, are likely to be most successful. Recent studies of ISV in
clinical and preclinical settings with magnetic hyperthermia, immune
adjuvant(s) and/or checkpoint inhibitors show promise
[21,152,237,238,240,242]. Common to these approaches is enhanced T
cell infiltration or function in tumors; however, mechanistic details
and an understanding for optimizing ISV with magnetic hyperthermia
remain unclear.

6. Physics of magnetic nanoparticle heating

For successful magnetic nanoparticle (fluid) hyperthermia (MFH),
the nanoparticles must generate sufficient therapeutic heating at clini-
cal AMF frequency and field combinations. This is particularly important
given the limited concentrations achievable in tissues and the
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requirement to minimize off-target heating generated by interaction
between tissues and AMF (Section 5) [169,170,179]. Therefore, the
nanoparticles must possess key magnetic properties deriving from the
physics of magnetic hysteresis heating [169,188,197,200-205,208].
Here, we introduce important concepts and highlight relevant gaps in
knowledge and topics of research interest that may produce clinically
meaningful results.

6.1. Magnetic materials

Magnetism arises from quantum mechanical interactions among or-
bital and spin motions of electrons in atoms [169,245]. These interac-
tions can be strong or weak, and produce an atomic magnetic
moment. Magnetic material classification is by their measured response

(magnitude and direction of measured magnetic moment,M) in an ex-

ternally applied magnetic field, H [169,245,246].

Some materials possess zero net magnetic moment, [M|= M = 0, in
the absence of an external magnetic field (i.e. zero field, H = 0) and
are therefore non-magnetic. Atoms in all materials have paired electrons
and in zero field, the spin and orbital angular momenta of these paired
electrons cancel giving rise to zero magnetic moment. When a magnetic
field is applied, each electron opposes the applied magnetic field by
changing its orbital angular momentum (Lenz's law) [169,245,246]. Con-
sequently, the magnetic moment opposes the direction of the applied
magnetic field, a property known as the diamagnetic response. On the
other hand, unpaired (valence) electrons align themselves with the di-
rection of the applied magnetic field, and thus generate a positive para-
magnetic response. If the diamagnetic response in the material
dominates, the material is diamagnetic. When the positive (paramag-
netic) response dominates, the material's classification is paramagnet.
In the presence of an external magnetic field, paramagnets manifest a
net magnetic moment aligned with the direction (vector) of the external
field, but display a zero net magnetic moment at zero field [169]. Most
materials, including biological tissues, are weakly diamagnetic.

Some materials inherently possess a nonzero net magnetic moment
at zero external field. This is ferromagnetism and it is the underlying
property of materials colloquially referred as ‘magnets’. Ferromagnetic
materials possess a strong negative (inter-atomic) exchange interaction
that dominates the diamagnetic response, producing a parallel align-
ment of the atomic magnetic moments when the material temperature
is below a ‘magnetic’ transition temperature, known as the Curie tem-
perature, Tc [169,245,246]. At T < T, the atomic magnetic moments
align parallel to each other and to an external magnetic field. When
the field is removed, H = 0, a ferromagnet will retain a nonzero magne-
tization, i.e. remanent magnetization or M, having vector aligned with
the (former) external field. Colloquially, the material is ‘magnetized’.
Depending on material properties, its history, and experimental condi-
tions (e.g. T), |Mg| > O for a period of time that is characteristic of the in-
ternal magnetic properties. If T > T, thermal energy overcomes the
negative exchange interaction to disrupt the atomic magnetic correla-
tions, with M — 0, giving rise to a paramagnet. Thus, T¢ is sometimes
called the ferromagnetic-to-paramagnetic transition temperature.

Note that for ferro- (and ferri-)magnetic materials, measurement
time and experimental temperature are important experimental vari-
ables that relate to magnetic hyperthermia. In magnetic nanoparticle
hyperthermia, generally only ferro- (and ferri-)magnets (or magnets
exhibiting borderline properties) are of interest. Magnetic iron oxides,
e.g. magnetite (Fe304) and maghemite (y-Fe,03) are ferrimagnets hav-
ing an inverse spinel crystalline structure with sub-lattices containing
Fe having, respectively tetrahedral (A) and octahedral
(B) coordination with O. The orientation of net M in each sublattice op-
poses the other, but their relative magnitudes are unequal giving rise to
M| > 0. Most other forms of iron oxide, e.g. hematite (a-Fe,03), are
weakly diamagnetic at ambient conditions [169,245,246].

6.2. Magnetic domains

The collective behavior of atomic magnetic moments within a ferro-
magnet is determined by minimizing the total free energy [245]. The
total free energy represents a balance of various energy contributions
such as the exchange interaction, the Zeeman energy (i.e. the potential
energy due to an external magnetic field), the magnetostatic energy due
to dipole-dipole interactions (every magnetic moment experiences a
demagnetizing field arising from the other magnetic moments) and
the anisotropy energy. The latter contribution becomes important for
heat generation. Many magnetic materials exhibit anisotropy, i.e. a pre-
ferred direction of the magnetic moment [169,245,246]. The anisotropy
energy quantifies the energy needed to change the orientation of the
magnetic moment with respect to the preferred orientation of the mo-
ment about the crystal axis.

Bulk magnetic materials exhibit magnetic multi-domain structure
[245,246]. Each domain has a uniform magnetic moment, i.e. a parallel
orientation of the atomic magnetic moments within the domain, be-
cause the exchange interaction is sufficient to overcome other
‘demagnetizing’ influences, including thermal energy. While intra-
domain moments are aligned, moments among domains have different
orientations. Domain walls, i.e. a transition zone of moments changing
direction, separate domains in order to minimize the total energy,
which determines the length scale of the domains and thickness of do-
main walls [169,245,246]. When the size of the magnetic material is re-
duced, the size of the domains and the width of the domain walls are
also reduced [246]. Below a critical dimension, creating a domain wall
becomes energetically unfavorable, giving rise to a single-domain struc-
ture [169,246]. For magnetite, this critical dimension is of order of
50 nm [246]. Single-crystallite magnetic iron oxide nanoparticles are
therefore often single-domain particles [169,246]. Even in the absence
of a magnetic field, the individual atomic magnetic moments align
within a single-domain magnetic material, giving rise to a single giant
magnetic moment. This is the macrospin approximation because all
atomic magnetic moments are parallel within the material and a change
of particle moment orientation requires a coordinated change of all
atomic magnetic moments, defining the energy required for moment
reversal [247].

Single-domain magnets often exhibit interesting and specific prop-
erties, such as superparamagnetism, when compared to their bulk
counterparts. The anisotropy energy of a single-domain particle is pro-
portional to its volume [246]. With decreasing particle size, anisotropy
energy decreases, eventually becoming comparable to thermal energy.
In such a case, magnetization reversal is spontaneous and stochastic
spin fluctuations occur creating zero net moment as observed in para-
magnetic materials [169,246,248-250]. The nanoparticles however pos-
sess larger magnetic moments than do their bulk counterparts
(paramagnets) and thus the magnetic behavior of an assembly of such
ultrafine, independent single-domain magnetic nanoparticles is
superparamagnetism [169].

Superparamagnetism has captured the imagination of the biomedical
community, particularly for imaging, and appears frequently in magnetic
nanoparticle hyperthermia literature [169]. All superparamagnets are
single-domain magnets, but not all single-domain magnets are
superparamagnetic [246]. Furthermore, superparamagnetism is neither
arequired nor a desirable property for magnetic hyperthermia. A misun-
derstanding of these facts in magnetic hyperthermia research confounds
deeper insights of magnetic behavior of magnetic nanoparticles [169].

6.3. Hysteresis and magnetic nanoparticle heat generation

The characteristic timescale for thermally driven moment reversal,
Tg, Oof an isolated (i.e. not influence by other magnets) single-domain
magnet depends on both anisotropy and thermal energies
[169,246-250]. The actual magnetic behavior however also depends
on the measurement time, 7, of the experiment [169,246]. If the
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characteristic reversal time, 7 is much shorter than the measurement
time, 7, the magnetic moment may spontaneously reverse during the
measurement and |[M| = 0 [169,246-250]. The ensemble of particles
displays superparamagnetic properties. If, however 7y is greater than
Tm, M| > 0 and appears stable. The nanoparticles are in a blocked
state. The blocking temperature Ty is defined as the temperature at
which 7,;, = T, and it separates the superparamagnetic and the blocked
states [169,246].

Magnetic nanoparticles generate heat by transforming energy of an
applied oscillating magnetic field by field-driven moment reversal and
relaxation. Generating heat implies that the magnetization vector traces
an irreversible path about an energy barrier, i.e. anisotropy (Fig. 2)
[169,201,208]. In other words, an associated (magnetic) energy transfer
occurs in the form of (forced) hysteresis losses. Heat generation thus
equates with area of the hysteresis loop [169,201,208]. Heating perfor-
mance is typically reported as a mass normalized loss power. i.e. specific
loss power (SLP), having units W/g material, which represents the elec-
tromagnetic energy that can be absorbed by the magnetic system and
converted into heat. It is directly proportional to the hysteresis loop
area (A) through SLP = A x f, where fis the frequency of AMF having
maximum amplitude Hyax, Hac(t) = Hpax sin (2mft) (Fig. 2)
[169,201,208,252,253].

In general, a combination of material properties and magnetic field
parameters define the maximum (theoretical) SLP for any system. The
maximum hysteresis corresponds to the square loop of area, A =
2Hpax X 2Ms, with Ms representing the saturation magnetization of
the material. The shaded area in the left panel of Fig. 2 illustrates this
concept. Depending on the processes followed by the magnetization
and AMF parameters, real systems can only access a fraction of maxi-
mum area, different for each nanoparticle and often defined by some
combination that includes orientation of the easy axis, Mg and coercive
field (Hc), leaving room for optimization (Fig. 2) [169]. Models of basic
heat-dissipation mechanisms of magnetic nanoparticles assume the
macrospin approximation applies; and, for many magnetic materials,
this approximation is valid to several tens of nanometers (Section 6.2).

For a magnetic iron oxide nanoparticle embedded in a viscous me-
dium, not interacting with moments of other nanoparticles, and

exposed to an external field, two main types of irreversible processes
can occur: the particle itself rotates (Brown rotation) or the particle is
fixed and its magnetization switches internally over the anisotropy en-
ergy barrier (Néel reversal) [169,201,208,251-254]. While both pro-
cesses occur in an applied AMF, which of these dominates heating
depends on the interrelationship of numerous nanoparticle and exper-
imental parameters [169,208]. Among those considered important are
the time scales of the processes with respect to the field frequency,
and the magnetic anisotropy relative to field amplitude. The magnetic
anisotropy links the magnetization to the crystal structure (through
spin-orbit coupling), thus regulating the efficiency of both Néel and
Brown processes. For efficient Brownian rotation, a very large anisot-
ropy is required to achieve an effective torque [208]. On the other
hand, efficient Néel reversal requires the anisotropy energy density con-
stant, K, to be within specific limits to allow field-driven decoupling of
the magnetization from the lattice for magnetization reversal through
the anisotropy energy barrier. Other important parameters include
symmetry of anisotropy, nanoparticle volume, magnetic domain vol-
ume, direction of easy axis, temperature, etc. While the exact relation-
ship is more complex, a limit to K ensuring efficient Néel switching
could be estimated as Ki;qx ~ HnaxMs/2 [259].

In the past, the competition between Néel and Brown relaxation
times (7y and 73, respectively) influencing nanoparticle heating was
interpreted within the framework of the linear response theory (LRT),
which describes the heating process as dominated by the shortest relax-
ation time [254]. However, the LRT is only suitable for small particle
sizes, low field amplitudes (relative to the anisotropy field of the parti-
cles, Hk), and neglects interparticle magnetic (i.e. dipole-dipole) inter-
actions. These conditions do not occur in clinical MFH scenarios, thus
LRT and its modifications are unhelpful for MFH applications and its
use in this context should be discontinued [169,208].

Magnetic nanoparticle heating by AMF results from a magnetic field-
driven traversal of a material's magnetic moment through an irrevers-
ible path. To generate heat in an AMF, the magnetic material (ensemble
of nanoparticles) must exhibit hysteresis at the conditions defined by en-
vironment and AMF. The microscopic mechanism(s) dominating heat
generation, i.e. domain (Bloch) wall motion, Néel or Brownian

\.
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Fig. 2. Schematic of magnetic hysteresis and heating by forced hysteresis in an alternating magnetic field. (Left) A diagram of an idealized hysteresis loop showing the characteristic
parameters (Ms, Mg, Hc, and Hgg) relevant for heat generation for magnetic hyperthermia. (Right) Illustration of the microscopic origin of the global field-dependent magnetization, M
(H), of an idealized ensemble of non-interacting (single-domain) magnets (nanoparticle), some of which contain a representative cartoon of M(H) highlighting that the hysteresis loop
of each particle may significantly differ from that of other magnets. Differences depicted here arise from the relative orientations of each magnet's moment (M) about its easy-axis
orientation (represented by the yellow lines within each particle). Also depicted are the single-particle characteristic switching field (Hs), which does not apply to the left average
loop. The red vertical branches illustrate that heat is only dissipated on those irreversible portions.
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relaxation, or combination may differ, but they are all manifestations of
magnetic field-driven hysteresis losses. There is a growing consensus
that Brown relaxation provides a negligible contribution to heating by
nanoparticles embedded in cells or tissues [208,255,256]. To achieve
significant heating from Brownian relaxation requires very large cou-
pling of the magnetization to the lattice to generate adequate torque
[257,258]. Serantes et al. demonstrated that heating by Brown rotation
comparable to Néel reversal is achievable, but only with favorable con-
ditions that require significantly lower frequencies (<<100 kHz) than
currently used [263].

Significant impediments to developing MFH have been the absence
of robust theoretical models to describe hysteresis loss power among en-
sembles of interacting particles embedded in viscous media under AC
fields, and a reliance on LRT, which continues to hold appeal because of
its simplicity. Recent efforts to describe magnetic heating have yielded
improvements that incorporate nanoparticle polydispersity (i.e. size),
dipole-dipole interactions, and other complexities encountered in bio-
logical systems [169,188-190,199-203,206-208,233,234,252-263]. An
aspect of more recent attempts is a recognition that the (re-)orientation
of the nanoparticles by Brownian motion alters the local energy relation-
ship among interacting nanoparticles. This alteration inevitably changes
the accessible area of the hysteresis loop for the given field conditions,
thus creating a time-dependent loss power component [259]. Current
models and techniques rely on short-timescale techniques such as
Monte Carlo (MC) [188-190,203,260] or Landau-Lifshitz-Gilbert (LLG)
[206,247] and thus are unable to predict long experimental timescales.

Another development is the departure from single-domain
nanoparticles to synthesizing multi-domain, multi-crystallite (sin-
gle core) magnetic iron oxide nanoparticles to exploit collective as-
sociations of magnetic moments of individual crystallites within the
core to modify the amplitude dependence of hysteresis heating
[169,181,183-185,189,252,253,264-266]. Bordelon et al. hypothe-
sized that characterizing amplitude dependence of SLP revealed im-
portant clues to internal magnetic-structural properties [187].
Subsequently, Dennis et al. linked complex multi-domain
micromagnetic intra-core structures to differences in time-
dependent relaxation with the amplitude-dependent heat genera-
tion characterized in earlier studies with various magnetic and
physical methods, including polarization-analyzed small angle neu-
tron scattering [184]. Early developments exploring the utility of
collective magnetic properties of assembled, multi-crystallite (i.e.
aggregates of multiple single-domain magnets) have been ex-
tended more recently to develop magnetic nanoparticles exhibiting
exotic micromagnetic domain structures optimized for magnetic
particle imaging as well as magnetic hyperthermia [267].

7. Cancer nanomedicine: Summary and perspectives
7.1. Nanomedicine paradigms versus clinical reality

Worldwide, most deaths from cancer result from treatment refrac-
tory disease recurrence and/or metastasis [84]. The historical reality of
cancer research and development (R&D) is that the majority of product
concepts fail to translate to the clinic. Development of small-molecule
cancer therapeutics has yet to overcome the challenges presented by
metastatic disease, and this realization has produced increased de-
mands of rigorous clinical validation of preclinical data.

By contrast, expectations for cancer nanomedicine remain high for
breakthrough treatments. The notion that nanoengineering can pro-
duce devices or drug delivery vehicles able to distinguish tumor from
normal tissue to improve efficacy, limit toxicity, and increase survival
(even ‘cure’) is seductive and persists. The breakthroughs have not ma-
terialized. In reality, nearly 25 years after the approval of the first cancer
nanomedicine (Doxil®), only about a dozen other nanomedicine for-
mulations (most based on a variation of Doxil®) achieved approval,
and none has yet recapitulated in humans the increased OS

demonstrated in mice. Compared against expectations, and measured
by the number of approved products and overall clinical performance,
success is modest. Consequently, some question whether the return
has justified the investment while others maintain that cancer
nanomedicine is underappreciated and its successes downgraded by
unrealistic expectations [7]. If the experience with iron oxide nanopar-
ticle parenteral anemia therapies is a guide, several iterations or ‘gener-
ations’ of clinical products will be needed to acquire the relevant
knowledge and sufficient experience with end-use requirements.

7.2. Oversold or underappreciated?

Technology advances by innovating, and optimizing successful de-
signs because these embody an integration of viable solutions to numer-
ous barriers. Failures in product development identify gaps between
product design, based on defined specifications, and the intended end
use. Product specifications, in turn, arise from the application of scien-
tific paradigms and engineering principals, which if erroneous, inevita-
bly lead to product failure. Thus, the perception that cancer
nanomedicine has not lived up to expectations indicates that critical
gaps in scientific knowledge exist, that paradigm(s) must be revised,
and that the focus of development failed to incorporate realistic end-
use considerations.

Perhaps the early (preclinical) successes of cancer drug-delivery
nanomedicines were oversold, with promises that exceeded the pace
of the science, prompting a range of reactions [7,9,27-32,37,268-274].
On the other hand, other successes are underappreciated - the wealth
of clinical experience gained from nearly one century and ‘3 genera-
tions’ of successful iron oxide nanoparticle formulations is underappre-
ciated, if only to demonstrate the time and effort required to achieve
success. Even with this long clinical history, new discoveries of complex
biological interactions with iron oxide nanoparticles demonstrate our
inadequate understanding of complexities of cancer. Perhaps a lesson
to be gained from iron oxide nanoparticles and magnetic hyperthermia
experiences is that nanoparticle interactions with biological systems re-
main poorly understood, and that more significant potential exists to in-
corporate these interactions into the design and function of cancer
nanomedicines than to engineer avoidance.

The reality of cancer research and product development is that pre-
clinical data are not a universally reliable measure of clinical benefit.
Cancer is a family of complex diseases that exhibits considerable hetero-
geneity among its subsets, among individuals within a disease subset,
and within an individual patient [84,275,276]. Data also demonstrate
that the tumor microenvironment is heterogeneous, dynamic, and com-
plex [84]. Spontaneous tumors, such as those arising in patients, repre-
sent the culmination of complex biological developments taking place
over many years or decades that incorporate complex genetic, cellular,
and immune processes [275,276]. Evidence also demonstrates that be-
havioral and environmental exposure, along with a patient's own
microbiome interacting with the immune system can affect disease eti-
ology, disease progression, and response to treatment [277-279].

7.3. Iron oxide magnetic nanoparticle hyperthermia: a wealth of informa-
tion and opportunity

Much of ‘cancer nanomedicine’ has focused on developing drug de-
livery platforms that attempt to evade the host (patient) immune sys-
tem. After nearly one century of clinical experience and successes with
parenteral iron therapies, designed to interact with the host immune
system to achieve their intended therapeutic objective, it is surprising
that cancer nanomedicine development has persisted so long on its
present course. Preclinical and clinical results of iron oxide nanoparti-
cles clearly indicate that nanoparticle-immune interactions are com-
plex, depend on host disposition as well as nanoparticle properties,
and that they are likely unavoidable. Further, a significant body of liter-
ature demonstrates that if understood properly, nanoparticle
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engineering can exploit nanoparticle-immune interactions to enhance
cancer (immune) therapies.

Iron oxide nanoparticles are also clinically approved agents for mag-
netic nanoparticle hyperthermia. The concept of heating magnetic iron
oxide particles suspended in fluid and exposed to alternating magnetic
fields was first described in 1957. Magnetic fields interact with the iron
oxide nanoparticles to generate heat, predominantly via magnetic hys-
teresis. The heat transfers through the tissue by conduction and convec-
tion. While the physics of hysteresis and heat is reliable and generally
understood, complexities introduced by the fluidic and individual na-
ture of magnetic iron oxide nanoparticles suspended in a carrier fluid
and interacting with each other and with a living biological system cre-
ate complexities and opportunities.

Hyperthermia in general is a cancer therapy having the objective to
raise the local tumor temperature to either kill cancer cells or sensitize
them to other treatments. The history of hyperthermia is deeply
intertwined with the early cancer immune therapies, indicating the im-
portant relationship between immune function, cancer and fever. Heat
is a pleiotropic damaging agent, depending on applied temperature
and duration, various biological effects are triggered: inhibition or abro-
gation of DNA repair mechanisms, initiation of apoptosis or other cell
death mechanisms, cell lysis etc. The clinical benefits of hyperthermia
originate from its ability to disrupt or denature DNA-damage repair pro-
teins, reverse tumor hypoxia, increase metabolic rate and induce other
physiologic changes; as well as to induce heat shock and immune re-
sponses. Fever-range hyperthermia modulates the immune system: in-
creased trafficking and licensing of CD8* T cells, cytokine release,
increased T cell receptor signaling and differentiation of naive T cells
to effector cells, increased NK cell cytotoxicity, and increased macro-
phage and dendritic cell activity. Fever-range hyperthermia may there-
fore be a broad-spectrum adjuvant that influences the tumor
microenvironment with significant immune-modulating potential.

The greatest challenge of hyperthermia is to achieve precise energy
delivery and control to the tumor region, while avoiding non-specific
heating of normal tissues. Hyperthermia treatments of deep-seated tu-
mors therefore remain challenging. Magnetic iron oxide nanoparticle
hyperthermia offers the potential for precise dose control and true tis-
sue specificity.

Magnetic nanoparticle hyperthermia results in the same thermal
and immune features as general hyperthermia. Additionally, the afore-
mentioned nanoparticle-immune interactions can be exploited or mod-
ulated to enhance cancer immune therapy. Iron oxide nanoparticles are
consequently true agents of thermal and immune cancer therapies.

Magnetic nanoparticles embedded in the tumor need generate suffi-
cient heat to achieve therapeutic temperatures in the tumor. Therefore,
the main challenges of magnetic nanoparticle hyperthermia are the de-
livery and energy deposition. Systemic deliveries are generally desir-
able, but might not result in a sufficient nanoparticle concentration in
tumors. Direct deliveries enable reliable delivery of nanoparticles to
the tumor, but they require more invasive procedures and offer no di-
rect therapy for metastatic disease. To deliver enough energy, one
might consider simply increasing magnetic field amplitude and fre-
quency. However, due to Faraday's law of induction, the interaction be-
tween AMFs and electrically conductive materials (such as biological
tissues) increases non-specific heating. Active research is devoted to
balance magnetic iron oxide nanoparticle properties to achieve the de-
sired energy deposition. Finally, the intricate interplay between iron
oxide nanoparticles, the tumor microenvironment and the immune sys-
tem will continue to challenge scientists to exploit the unique features
of iron oxide nanoparticles.

It is clear that magnetic iron oxide nanoparticle hyperthermia offers
considerable potential as thermal and immune therapies. The therapy is
however inherently interdisciplinary and complex. Clinicians and pa-
tients will continue to choose less complex treatments having
established records of accomplishment, unless magnetic iron oxide
nanoparticle hyperthermia demonstrates distinct advantages. This

raises the bar for thermal and immune nanomedicine products to dem-
onstrate superior clinical benefits earlier in the development process.

74. Perspectives

In general, the stage at which a product concept fails identifies the
flaws in product design and development - but it does not necessarily
invalidate the innovation or the idea. In other words, testing with
models can only validate the product design to the limitations of the
model, making it impossible to predict whether the concept or product
design will ultimately perform as conceived. The corollary is that opti-
mizing a product to demonstrate satisfactory performance in a chosen
model can only lead to heightened expectations and probable failure
in the intended end use, unless the model is an accurate representation
of the intended end use. The wealth of clinical data, accumulated across
multiple nanomedicine products provides ample material to revise the
approach and to discard obsolete or erroneous paradigms.

Certainly, the data demonstrate a need for greater care in selection of
preclinical animal models and judicious evaluation of preclinical results.
Nanoparticles harbor incredible potential to interact and modify host
immune-biology in the context of disease to affect treatment outcome.
A deeper understanding of the biology of cancer-immune and
nanoparticle-immune interactions should lead to more effective cancer
nanomedicines. Iron oxide nanoparticles have proven to be beneficial
and versatile for medial applications. There is significant potential to ad-
vance cancer nanomedicine, however with a different perspective and a
multi-disciplinary approach.
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