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Abstract

Ferumoxytol is an intravenous iron oxide nanoparticle formulation that has been approved by the U.S.
Food and Drug Administration (FDA) for treating anemia in patients with chronic kidney disease. In
recent years, ferumoxytol has also been demonstrated to have potential for many additional biomedical
applications due to its excellent inherent physical properties, such as superparamagnetism, biocatalytic
activity, and immunomodulatory behavior. With good safety and clearance profiles, ferumoxytol has been
extensively utilized in both preclinical and clinical studies. Here, we first introduce the medical needs and
the value of current iron oxide nanoparticle formulations in the market. We then focus on ferumoxytol
nanoparticles and their physicochemical, diagnostic, and therapeutic properties. We include examples
describing their use in various biomedical applications, including magnetic resonance imaging (MRI),
multimodality imaging, iron deficiency treatment, immunotherapy, microbial biofilm treatment and drug
delivery. Finally, we provide a brief conclusion and offer our perspectives on the current limitations and
emerging applications of ferumoxytol in biomedicine. Overall, this review provides a comprehensive
summary of the developments of ferumoxytol as an agent with diagnostic, therapeutic, and theranostic
functionalities.
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Introduction

Iron oxide nanoparticles have been increasingly = nanoparticle stability in biological media and prevent

used in a variety of biomedical applications because
of their inherent multifunctional properties, such as
superparamagnetic behavior and biocatalytic activity.
These nanoparticles can possess different crystal
structures including hematite (a-Fe>Os), maghemite (y
-Fex0s), and magnetite (Fe3O4) [1]. Synthetic control
over the particle’s composition, size, morphology, and
surface chemistry has specific impacts on its
biodistribution, pharmacokinetics, and suitability for
various biomedical uses. In particular, iron oxide
nanoparticles with extremely small core sizes ranging
between 3 nm and 15 nm have broad applicability and
high translational potential [2]. Nevertheless, iron
oxide cores (particularly magnetite) are easily
oxidized in air and are insoluble in aqueous solution.
Thus, surface coatings that can maintain iron oxide

the loss of magnetism are necessary [3].

Numerous iron oxide nanoparticle formulations
have been studied in both preclinical and clinical
settings. Some of these formulations have already
appeared on the market [4-7]. It is estimated that the
global market for biomedically applied magnetic
particles will reach US $87.7 million by 2025 and will
increase by ~10% annually [8]. This is largely driven
by the growing population of patients with renal
diseases as well as increasing demands for the
diagnosis and treatment for certain diseases.
Therefore, the economic prospects for iron oxide
nanoparticles are very good. The following iron oxide
nanoparticles have been approved by the U.S. Food
and Drug Administration (FDA) for clinical use:
Feraheme® for iron deficiency; Combidex® (U.S.) and
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Sinerem® (Europe) as a magnetic resonance imaging
(MRI) agent; Nanotherm® (MagForce) for cancer
treatment; and Lumirem® as an oral gastrointestinal
tract imaging agent.

Among these iron oxide mnanoparticles,
Feraheme® (ferumoxytol injectable solution) was
approved in the U.S. in 2009, Canada in 2011, and
Europe in 2012 and has been used for treating
iron-deficiency anemia (IDA), which is often found in
renally impaired patients [9]. Moreover, ferumoxytol
holds great promise for many other biomedical
applications including MRI, drug delivery, oral
biofilm treatment, and anti-cancer and anti-
inflammatory therapies. Notably, ferumoxytol is
being used as an MRI contrast agent in ongoing
clinical trials [4, 10].

Physicochemical properties of ferumoxytol

Ferumoxytol is produced by AMAG pharma-
ceuticals, Inc. (Cambridge, MA). It is an ultrasmall
iron oxide nanoparticle that contains a superpara-
magnetic (ferri- or ferromagnetic) iron oxide core with
approximately 2000 magnetite (FesO,) formula units
and a hydrophilic carboxymethyl-dextran coating (10
kDa in molecular weight) [11]. This surface coating is
predominantly composed of linear a-(1,6)-linked
glucose polysaccharide with hydrogenated end
groups and partially carboxymethylated groups at
positions C-2, C-3, or C-4 [12]. This dextran also has a
low degree of a-(1,3) type glucose polysaccharide [12].
The coating material is about 1.7 nm thick and
provides ferumoxytol with a neutrally charged
surface. The inorganic cores of ferumoxytol are
approximately 7 nm in diameter [13] and the overall
size of ferumoxytol is approximately 17-31 nm in
diameter. Ferumoxytol maintains its structure under
physiological conditions and its dextran-derived
coating minimizes the release of labile iron until the
complex enters the reticuloendothelial system (RES)
macrophages [14]. Ferumoxytol is a sterile liquid at a
neutral pH, or an isotonic solution of mannitol [15].
When compared with other intravenous iron agents,
preliminary data shows that ferumoxytol contains less
free iron [16]. Thus, it can be considered as safe to be
administered quickly in relatively high doses [17].
After intravenous administration, ferumoxytol has a
slow dissolution rate, which is beneficial for treating
IDA, especially in patients with renal impairment,
due to a low level of free iron circulating in the blood

[18].

Administration routes of ferumoxytol

Initially, ferumoxytol was approved as an
intravenous iron formulation for the treatment of
IDA. 1t is usually administered as a rapid bolus at a

rate of 30 mg per ml per second. The dose was
determined by a prospective comparison between
placebo and ferumoxytol, where no difference in
potential serious adverse events (SAEs) was observed
[19, 20]. For MRI, contrast-enhanced images can be
obtained at doses between 1 and 7.5 mg per kg
depending on the pulse sequence and type of system
used [21]. Additionally, our group explored topical
ferumoxytol application as a nanozyme to kill bacteria
and disrupt biofilm for dental caries (tooth decay)
prevention. For this application, we administered
ferumoxytol at 1 mg per ml topically in the oral cavity
followed by 1% hydrogen peroxide exposure in a
rodent model of dental caries [13]. Recently, we
employed a similar topical treatment regimen to
target biofilms causing tooth decay in the human
mouth [22].

Multifunctionality of ferumoxytol

In general, ferumoxytol has features that are
similar to other iron oxide nanoparticles, such as
superparamagnetism and biocatalytic activity. First,
ferumoxytol can provide therapeutic effects by acting
as an iron supplement [23]. The efficiency and safety
of IDA treatment with ferumoxytol have been
reported by numerous studies. Second, ferumoxytol is
an ultrasmall superparamagnetic iron oxide
nanoparticle that can result in image contrast for MRI
via Ty, T, and T shortening. Moreover, the
carboxymethyl-dextran coating shell allows the
nanoparticle to remain in the blood circulation for a
long time (half-life ~14.5 hrs) [24]. Third, reactive
oxygen species (ROS) can be generated when
ferumoxytol is present with hydrogen peroxide [25].
Therefore, ferumoxytol is a multifunctional iron oxide
nanoparticle that can be used in various biomedical
applications (Figure 1).
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Figure 1. Scheme of ferumoxytol for diagnosis, therapy and theranostics
applications.
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Table 1. Examples of iron oxide nanoparticles that have been clinically approved or are currently in clinical trials.

Generic Name Brand Name Coating Size Applications
Ferumoxytol Feraheme® (US) Rienso® (EU) Carboxymethy-dextran 17-31 nm Iron deficiency treatment, MRI contrast
Fermoxtran-10 Combidex® (US) Sinerem® (EU) Dextran 15-30 nm MRI contrast
Ferristene Abdoscan® Polystyrene 300 nm MRI contrast
Ferumoxide Feridex® (US) Endorem® (EU) Dextran 50-100 nm MRI contrast
N.A. NanoTherm® Aminosilane 12nm Cancer treatment
Ferucarbotran Resovist® (US, EU) Ciavist™ Carboxydextran 80 nm MRI contrast
(France)
Feruglose Clariscan™ PEGylated starch 20 nm Blood pool agent
Ferumonxsil Lumirem® (US) GastroMARK™ Siloxane 300 nm Oral gastrointestinal imaging
(EU)
N.A.: Not Available
At present, the topic of iron oxide nanoparticles  could make small cargos retain  within

is well discussed in numerous review articles. Most of
them focus on synthesis, characterization, and surface
functionalization, as well as the biomedical
applications and so forth [1, 5, 26, 27]. However, to the
best of our knowledge, there is no review that
highlights the versatility and broad applicability of
ferumoxytol thus far. To bridge this gap, we will focus
on the recent advances in the diagnostic and
therapeutic applications of ferumoxytol in this
review. This will prompt us to re-evaluate the role of
ferumoxytol in biomedical uses, which, due to its
prior FDA approval, would have the potential of
being readily adopted in the clinic in the future.

Ferumoxytol hybrid structures and
applications

To expand the applications, ferumoxytol hybrid
was also explored based on the inherent structure of
ferumoxytol consisting of a superparamagnetic iron
oxide core and a shell of carboxymethyl-dextran
polymer. In general, these ferumoxytol hybrids were
developed through the chemical reaction or physical
interaction of carboxymethyl-dextran polymer with
other models. It is evidenced that there are several
strategies to form the ferumoxytol hybrid based on
chemical reactions. One is the use of carboxyl groups
on the carboxymethyl-dextran polymer, these
carboxyl groups could be further modified and
converted to amines, as well as reaction with the NHS
esters of other molecules (e.g. fluorochromes) [28].
This could be used for fluorescence labelling of
ferumoxytol for bioimaging. Another approach is
using a chelateless radiocation surface adsorption
method in which radiocations (e.g. 8Zr**, #Cu?, etc.)
could be doped on ferumoxytol [28]. This could be
used for radiolabeling of ferumoxytol for
dual-modality imaging. In addition, ferumoxytol
hybrid could be formed based on physical interaction.
The carboxyl groups on the carboxymethyl-dextran
carry the negative charge, it could cause physical
absorption with other models carrying positive
charges through weak electrostatic interaction. This

carboxymethyl-dextran coating polymer and could be
used for MRI-guided drug delivery [29]. On the other
hand, ferumoxytol could also cap onto the surface of
other big size of nanoparticles through physical
interaction and work as MRI guided delivery [30]. In
addition, we developed a hybrid system by
conjugating a natural enzyme (glucose-oxidase) to
dextran-coated iron oxide nanoparticles (similar to
ferumoxytol). This strategy resulted in dual catalytic
activity whereby the natural enzyme catalyzes
glucose (present in biofilms) into H>O,, and the iron
oxide cores catalyze the reaction of H>O:in acidic
conditions to locally generate ROS that disrupts
tooth-decay causing biofilms [31].

Diagnostic applications

MRI is a medical imaging technique that
provides high spatial resolution and good soft tissue
contrast, but does not expose patients to ionizing
radiation. Exogenous magnetic agents have been
successfully used to enhance the MRI contrast
between healthy tissue and diseased tissue [32-36].
MRI contrast agents can affect both the spin-lattice
(T1) and spin-spin (T2) relaxation times of neighboring
water protons (Figure 2A). Ti refers to the time
constant of the recovery process of magnetization
along the longitudinal plane after a radiofrequency
(RF) pulse. T; relaxation is sensitive to magnetic fields
that fluctuate at or about the operational frequency, or
the Larmor frequency. T, is the time constant of the
decay process of magnetization in the transverse
plane after an RF pulse. T» relaxation is mostly
determined by low frequency field fluctuations. Low
frequency fluctuating fields are more dominant than
those at or near the Larmor frequency in biological
tissues, and thus, T2 values are usually much smaller
than T; values. Ty" further accounts for the dephasing
effects caused by extrinsic magnetic field
inhomogeneities in addition to intrinsic molecular
interactions. T," values are always smaller than T
values in tissues since microscopic magnetic field
distributions can be generated by compartmental
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differences in magnetic susceptibility (e.g., areas
surrounding blood vessels). Furthermore,
longitudinal relaxivity (r1), transverse relaxivity (r2),
and relaxivity ratio (r2/r1) are important parameters
that determine the imaging characteristics of a MRI
contrast agent. The value of r; indicates the signal
enhancement potential of an agent, whereas the
relaxivity ratio reveals the suitability of an agent for
Ti- or To-weighted MRIL In general, an agent with a
lower relaxivity ratio (<5) should provide good
Ti-weighted contrast, while an agent with a higher
relaxivity ratio (>10) should be used for T>-weighted
contrast [37]. Currently, most of the commercial MRI
contrast agents are gadolinium-based contrast agents
(GBCAs). The paramagnetic nature of gadolinium
ions shortens the T; relaxation time of nearby protons
and increases the signal intensity, resulting in positive
contrast enhancement. Ti-weighted images are ideal
for showing detailed anatomical structures. At
clinically relevant magnetic fields, GBCAs have
similar longitudinal (r1)) and transverse (r)
relaxivities. However, recent reports have indicated
that GBCAs may cause nephrotoxicity in patients with
insufficient renal function [38, 39]. Moreover, GBCAs
have been found to deposit in neural tissues and
remain there for a long time, with unknown health
effects [40, 41].

Compared to GBCAs, iron oxide nanoparticles
are safer and more biocompatible since iron is an

A

Ty relaxation

essential mineral for blood production and other
functions (whereas gadolinium is a heavy metal that
our bodies are not naturally exposed to).
Superparamagnetic iron oxide nanoparticles generate
large heterogeneous field gradients when subjected to
an external magnetic field. The large magnetic
moment causes efficient spin dephasing and alters the
T2 or T," relaxation time of surrounding protons [42,
43]. This leads to a decrease in signal intensity, thus
producing  images  with  negative  contrast
enhancement. Tr>-weighted images provide good
pathological information, where abnormal lesions
would appear dark due to the presence of these
nanoparticles. At clinically relevant magnetic fields,
superparamagnetic iron oxide nanoparticles have
much greater transverse relaxivities compared to
longitudinal relaxivities. In general, r» increases
linearly with magnetic strength, while r; decreases
slightly [44]. Nevertheless, these nanoparticles show
superior Ti-weighted MR enhancement at lower
magnetic field strengths [45]. Therefore, the potential
for mixed weighting effects increases with magnetic
field strength in iron oxide nanoparticle-based MRI
applications [46]. Furthermore, the core diameter of
an iron oxide nanoparticle can determine its T; and T>
shortening effects (Figure 2B). Large iron oxide
nanoparticles generally function as T>agents and have
limited use in Ti;-weighted imaging due to high
relaxivity ratio (r2/r1).

[l

T relaxation

Il

B First generation: Gd-chelates

Advantage: T, Imaging
Problem: Nephrotoxicity

Second generation: MIONs

Advantage: Non-toxic
Problem: T, Imaging

Probable next generation:
ES-MIONs

: <5nm ;
Advantage:
Non-toxic, and T, Imaging

Figure 2. (A) Ti relaxation measures the time it takes the initial longitudinal magnetic moment (Mo) to restore. T, relaxation is a measurement of the reduction of the transverse
magnetic moment (Mxy). (B) A summary of the advantages and disadvantages of first, second and the probable subsequent generations of MRI contrast agents. MIONs: magnetic
iron oxide nanoparticles; ES-MIONs: extremely small MIONs. Reproduced with permission from references [43, 48].
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On the other hand, ultrasmall iron oxide
nanoparticles with core sizes less than 10 nm can more
effectively reduce T; relaxation times and enable T,
weighted contrast detection, but at the expense of
their T> shortening capability [47, 48]. Although
ferumoxytol nanoparticles possess an ultrasmall core,
their large carbohydrate coating shell allows them to
bypass kidney filtration, resulting in prolonged
intravascular residence time and longer lasting
contrast, which can be beneficial for imaging the
blood pool and tumors [21, 49, 50]. Ferumoxytol may
be ideal for use in patients with compromised urinary
functions since there is a low likelihood for iron to
induce nephrotoxicity, unlike gadolinium or other
rare earth metals [51]. Interestingly, ferumoxytol can
be used as both a positive and negative MR contrast
material due to its inherent T; shortening properties
and strong T2" susceptibility effect. Conventional
pulse sequences and delayed MRI can be applied to
illustrate MR signal enhancement or loss. This
nanoparticle was found to extravasate via
discontinuous microvessels and produce higher Ti
enhancement of tissue in the RES and tumor sites
within few hours after administration compared to
GBCAs [52, 53]. It can increase both T; and T»
relaxation by 10-20 fold when compared with an
equivalent dose of GBCAs. For example, at 0.5 T, the
r1 and 12 relaxivities of ferumoxytol are 38 and 83
mM-1s, respectively, while those of GBCAs are only
3.8 and 4.1 mM-s, respectively [54]. At 1.5 T, the 11
and r; relaxivities of ferumoxytol are 15 and 89
mM-1s, respectively, while those of GBCAs increase
slightly [24]. Thus, the r1/r; ratio generally decreases
with increasing magnetic field strengths and is
especially pronounced for ferumoxytol nanoparticles
[55]. For example, using a rapid Ti1-weighted sequence
(turbo spin echo), ferumoxytol was found to provide
greater signal enhancement at 1.5 T than at 3 T in
patients with neural malignancies, while no
Ti1-weighted enhancement was found at 12 T [56].
Here, we will highlight examples where ferumoxytol
is used as a diagnostic imaging agent.

Stem cell tracking via MRI

Cell imaging is an important tool in the
development of cell therapies. Ferumoxytol holds
great promise as an MR cell tracking agent due to its
biocompatibility and biodegradability [57, 58].
Different cell types, such as stem cells and
macrophages, have been labeled with ferumoxytol
and tracked by MRI for weeks to months after
transplantation to monitor cell migration and
rejection response [59-61]. In particular, mesenchymal
stem cells have been a common target for ferumoxytol
labeling [62-68]. Castaneda et al. described a protocol

to label human mesenchymal stem cells, human
embryonic kidney 293 (HEK293) cells, and induced
pluripotent stem cells using protamine sulfate as a
transfection agent to facilitate phagocytic uptake of
ferumoxytol [69]. They found that as few as 10,000
ferumoxytol-labeled cells could be detected via
Tr-weighted MRI. Khurana et al. labeled
adipose-derived stem cells with ferumoxytol using
the same protocol and implanted them in rat femurs
with osteochondral defects. These labeled cells
significantly shortened T> relaxation times compared
to unlabeled cells. When tracked by T.-weighted MR],
they found that the signal-to-noise ratio (SNR) of
labeled cells fell back to baseline at four weeks post
transplantation [70].

Furthermore, Thu et al. used a combination of
heparin, protamine sulfate, and ferumoxytol (HPF) to
label neural stem cells and track them through serial
MRI scans [71]. Compared to ferumoxytol alone, HPF
increased the T» relaxivity by three folds. They
observed as few as 1000 HPF-labeled cells on
Ty-weighted MRI at eight days after intra-cerebral
implantation (Figure 3A, 3B). Moreover, the MR
signal arose from the labeled cells was corroborated
via histology and immunofluorescence (Figure 3C,
3D). Notably, this nanocomplex is comprised of three
components that are already approved by the FDA,
which may provide the basis for rapid -clinical
translation of magnetic cell labeling and MRI cell
tracking technologies. Yin et al. also used HPF to label
human adipose-derived stem cells [72]. A small
number of labeled cells (10,000) was transplanted into
the brains of a rat model of stroke and was visualized
by T>-weighted MRI. This cell labeling procedure was
further optimized by Gutova et al. [73]. They
determined the optimal ratios of HPF and amount of
iron needed to label neural stem cells successfully.
Using T.-weighted MRI, they detected hypointense
regions in the brain at four days after intravenous
injection of HPF-labeled cells. At doses higher than
expected for human use, no iron-associated safety
issues were observed at mid-term (4 weeks) and
long-term (12 weeks) after intracranial administration.

Moreover, ferumoxytol can be injected before
transplantation to preload macrophages in the RES,
then further utilized to monitor differential migration
of macrophages into stem cell transplants [59].
Daldrup-Link et al. made use of this technique to
endogenously label green fluorescent protein
expressing macrophages with rhodamine-conjugated
ferumoxytol in vivo and monitor the migration of
labeled macrophages into mesenchymal stem cell
transplants in osteochondral defects of female rats
and calvarial defects of recipient mice using MRI and
intravital ~ microscopy [74]. Compared  to
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immune-matched stem cell implants, ferumoxytol
greatly enhanced the Tr>-weighted contrast of
immune-mismatched stem cell implants, indicating
obvious recruitment of labeled macrophages into
these transplants. Ferumoxytol was likely taken up by
tissue resident macrophages from adjacent bone
marrow, spleen, or liver; however, their specific origin
could not be determined. Following this work, they
conjugated caspase-3 cleavable, fluorescent peptide
onto the surface of ferumoxytol and labeled
mesenchymal stem cells prior to transplantation [75].
When exposed to apoptotic cells, the peptide
conjugate was cleaved in the presence of activated
caspase-3, releasing fluorescent dye molecules. Thus,
this imaging probe can be used for tracking of stem
cells via T>-weighted MRI and diagnosis of immune
rejection-induced apoptosis at an early stage via
longitudinal fluorescence imaging.

Additionally, tissue-specific stem cells were also
investigated. These stem cells live in specific tissues or
organs, and can generate different cell types for where
they live. For example, Vandergriff et al. used
magnetic targeting to improve the engraftment of
transplanted cells [76]. They labeled human

cardiosphere-derived stem cells with HPF. Then, they
delivered the labeled cells by targeting them into a rat
heart with myocardial infarction using a magnet.
They observed cardiac homing of the transplanted
cells as well as increased long term cell retention in
the cardiac tissue through monitoring with MRIL
Lastly, several studies have focused on labeling and
tracking of progenitor cells, which are the early
descendants of stem cells. For example, Lamanna et
al. labeled human neural progenitor cells with
ferumoxytol and injected these cells into the spinal
cord of healthy minipigs [77, 78]. The labeled cells
were tracked by T>"-weighted MRI for up to 105 days
after transplantation. They confirmed that the labeled
cells retained the nanoparticles and long term cell
survival was not affected by ferumoxytol labeling.
They also demonstrated that MRI has the capability to
evaluate the accuracy of labeled cell engraftment in
vivo. In addition, Skelton et al. labeled cardiac
progenitor cells with ferumoxytol and transplanted
them intramyocardially into healthy pig hearts. The
localization and dispersion of these labeled cells could
be tracked by T>"-weighted MRI for up to 40 days [79].
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Figure 3. (A) In vivo MRI of the brain of a rat injected with differing numbers (103-104) of HPF-labeled bone marrow stromal cells (BMSCs) at locations 1-3 or 104 unlabeled
BMSC:s at location 4. (B) T2* map with the T>" values marked for the injection locations relevant to the slice shown in (A). (C) 3,3-diaminobenzidine-enhanced Prussian blue
enhanced micrograph of the injection site after administration of 103 HPF-labeled BMSCs. (D) Confocal image of a consecutive tissue section stained by anti-human mitochondrial
antibody immunofluorescence. (E) MRI where ferumoxytol was used to detect the macrophage content in glioblastoma. Reproduced with permission from references [71, 85].
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Recent studies have made remarkable progress
in developing protocols for labeling stem cells with
ferumoxytol as well as establishing MRI as an
informative and reliable cell tracking modality. Direct
monitoring using cell tracking techniques provides
key information on transplanted cells, such as their
localization and migration, which can enhance the
delivery accuracy and therapeutic outcomes of
cell-based therapies. However, more work should be
done to improve the long-term viability of labeled
cells to allow better quantification and monitoring of
the cell of interest. For long term cell tracking,
methods to maintain cell retention and prevent signal
loss due to exocytosis and cell division should be
further investigated. Thorough assessments of
delivered dose and safety are needed prior to clinical
translation.

MRI of the central nervous system

The wuse of ferumoxytol for imaging the
physiology and pathology of the central nervous
system with MRI has been extensively investigated
[80]. For example, contrast-enhanced MRI using
ferumoxytol can be used for the detection of brain
tumors and cerebral aneurysm [81-84]. Ferumoxytol
can slowly traverse the disrupted blood-brain barrier
around the lesions, which results in peak MRI signal
changes around 24 hours. These nanoparticles can be
largely taken up by tumor-associated macrophages,
producing strong negative contrast enhancement on
Tr-weighted images. Notably, ferumoxytol may still
be observed in brain pathologies for several days after
administration [56]. Interestingly, when comparing
the performance between GBCAs and ferumoxytol,
no significant difference in the MR contrast of
metastatic brain lesions was observed between the
two agents [21]. Furthermore, the ability of
ferumoxytol to serve as both delayed T: and T» MR
contrast agents may help to differentiate intracellular
iron from those in the extracellular space [54]. Barajas
et al. developed a novel technique named segregation
and extravascular localization of ferumoxytol imaging
(SELFI) to differentiate MR contrast signals between
extravascular and intravascular ferumoxytol pools
within treated glioblastoma at a 24-hour delayed
imaging time point (Figure 3E) [85]. SELFI was
optimized based on previous techniques by removing
intrinsic tissue and intravascular signal, as well as
serving as a more precise imaging metric of
glioblastoma-associated macrophage accumulation.

Moreover, macrophage mediated
neuroinflammation in brain lesions can be visualized
via delayed time point MRI. McConnell et al
demonstrated that ferumoxytol can enhance
neuroinflamed regions from surrounding normal

brain tissues since most of the nanoparticles were
taken up by astrocytes and proinflammatory
macrophages, but not by glioma cells [86].
Ferumoxytol has also been used to quantify
macrophages in high-grade gliomas and to detect
active inflammation sites in the central nervous
system, such as cavernomas, through
susceptibility-weighted MRI [87-89]. Importantly, it
was found that single and multiple ferumoxytol
administrations do not lead to iron deposition in the
deep gray structures of the brain of children and
young adults with arteriovenous malformations,
underscoring the potential of ferumoxytol as a safe
alternative for GBCAs [90]. Additionally, after brain
tumor treatment with chemotherapy or radiation
therapy, true tumor progression (tumor size which
indicates  failure of ongoing therapy) and
pseudoprogression can be represented by MR
contrast enhancement [91]. In the case of
pseudoprogression, the change in MRI signal
indicates an increase in blood-brain barrier
permeation and changes in inflammatory state that
are caused by adjuvant treatments. These changes are
correlated with a favorable prognosis [92].
Ferumoxytol nanoparticles have shown to be a
suitable contrast agent for MRI of central nervous
system pathologies, such as vascular malformations
and glioblastoma. The ability of ferumoxytol to assess
and quantify the inflammatory component (i.e.,
macrophages) of brain tumors has also been
demonstrated. The iron oxide cores can be further
metabolized by the human body, thus minimizing
possible health risks from long term retention of iron
in neural tissues. However, there are no studies that
assess the long-term deposition of ferumoxytol in the
human brain thus far. Therefore, future investigations
will have to determine safety and clearance of iron in
patients with impaired metabolic functions.
Furthermore, factors, such as repeated injections and
iron doses, that may lead to significant iron
deposition in the brain will have to be assessed.

MRI of the lymphatic system

As previously mentioned, ferumoxytol can be
taken up by macrophages in the tumor
microenvironment as well as those in the RES. This
allows ferumoxytol to be utilized as a lymphotrophic
agent for imaging and mapping of benign and
metastatic lymph nodes throughout the body. Thus,
ferumoxytol has been investigated for staging and
nodal evaluation via MRI in various malignancies,
such as prostate and pancreatic cancers. It was
determined that a dose as low as 0.15 mg Fe/kg can
be used for lymph node visualization [93]. The
optimal dose of ferumoxytol for lymph node
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visualization was further studied in patients with
prostate cancer using 3 T MRI [94]. This phase I trial
recruited patients who  underwent radical
prostatectomy along with bilateral pelvic lymph node
dissection. Patients were imaged via abdominopelvic
MR lymphography at 3 T before and 24 hours after
ferumoxytol  administration using T>- and
Ty-weighted sequences. It was shown that 7.5 mg
Fe/kg ferumoxytol was effective and safe for
enhanced imaging of benign lymph nodes.
Furthermore, the detection of metastatic lymph nodes
was evaluated in patients with prostate, bladder, and
kidney cancer in phase II trial studies [95]. MR
lymphography using ferumoxytol yielded high
detection sensitivity of metastatic lymph nodes in
these cancer types. There is no difference in contrast
enhancement between benign and malignant lymph
nodes at 24 and 48 hours, indicating that imaging can
be achieved safely within 24 or 48 hours of
ferumoxytol administration. In addition, McDermott
et al. investigated metastatic nodal involvement
preoperatively in patients with pancreatic ductal
adenocarcinoma via T2-weighted, ferumoxytol-
enhanced MRI [96]. Compared to conventional MRI,
this imaging method allowed malignant lymph nodes
to be identified on a node-by-node basis with much
higher accuracy (0-42% for conventional MRI vs. 76%
for contrast enhanced MRI), specificity, and detection
sensitivity. Therefore, ferumoxytol-enhanced MRI can
safely and accurately determine nodal status in
several primary tumors, as well as improve
preoperative management options. Additionally, the
use of ferumoxytol for lymph node detection was
studied in pediatric patients since the cellular
composition of benign lymph nodes in children is
different from that in adults. It was found that
pediatric patients have less lymphocytes and more
vascularized lymph nodes compared to adult patients
[97, 98].

Ferumoxytol has performed well as a
lymphotrophic nanoparticle that can identify
metastatic nodes and stage them on a nodal basis via
MRI. However, the efficacy of this agent still needs to
be validated in larger trials since most of the current
clinical findings are based on limited patient samples.
In addition, specificity of ferumoxytol-enhanced MRI
might be biased due to the small number of malignant
lymph nodes.

MRI of the vascular system

Ferumoxytol has recently been applied in both
pediatric and adult patients for vascular MRI of
various parts of the body, such as the chest and
abdomen [99]. As previously mentioned, ferumoxytol
has a prolonged blood residence time of

approximately 14 hours due to its size and coating.
This long intravascular half-life extends the vascular
signal, which is ideal for imaging the blood pool, and
allows for repeated and delayed imaging without
additional injections of contrast material [100].
Ferumoxytol administration has shown hyperintense
intravascular enhancement on Ti-weighted images
without causing any nephrotoxicity or nephrogenic
issues [101]. In addition, ferumoxytol can be
phagocytosed by macrophages after a delay, which
enables the imaging of inflammation in the vessel wall
or macrophage burden in atherosclerotic plaques
[102]. Li et al. evaluated the feasibility of first-pass
ferumoxytol-enhanced MR angiography (MRA) in
humans [103]. MRA is generally preferred in younger
patients since this technique does not utilize ionizing
radiation. They examined different vessels including
carotid arteries, peripheral arteries, thoracic aorta, and
abdominal aorta. First-pass ferumoxytol-enhanced
MRA demonstrated prolonged steady-state arterial
enhancement and selective venous enhancement on
delayed acquisitions, which allows arteries and veins
to be depicted in a single imaging exam. Wilson et al.
found that ferumoxytol has the potential to conduct
3-D MRA of all abdominal vessels in a single
breath-hold acquisition [104].

Furthermore, Nguyen et al. showed the
possibility of ferumoxytol-enhanced MRA for
vascular mapping in renally impaired patients who
underwent transcatheter aortic valve replacement
[105]. In this study, ferumoxytol administration could
minimize the dose of iodine-based contrast material
used, thereby reducing the potential risk of acute
nephropathy. In addition, Walker et al. assessed the
feasibility of ferumoxytol-enhanced MRA in patients
with peripheral artery disease (PAD), who typically
have a higher incidence of renal insufficiency than the
general population [106]. This pilot study was
performed using acquisition parameters similar to
those used for imaging GBCAs. The resulting images
demonstrated good depiction of suspected lower
extremity vasculature and were consistent with MRA
performed with GBCAs. Thus, this technique can
effectively avoid risk of contrast related complications
and be used by vascular surgeons for making clinical
decisions in patients with PAD. Stoumpos et al.
compared MRA for vascular mapping between
ferumoxytol and duplex US [107]. Ferumoxytol-
enhanced MRA can identify central vessel pathologies
and PAD, which could not be recognized by duplex
US. This suggested that ferumoxytol was more
predictive than duplex US when considering the
outcome of arteriovenous fistula surgery. Lastly,
Yilmaz et al. demonstrated that infiltrating
macrophages in injured myocardium can be detected
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by ferumoxytol via Ty-weighted MRI, thereby
providing more detailed characterization of
myocardial infarct pathology [108].

Ferumoxytol has been shown to provide strong
vascular contrast over a long period of time. This
feature has been exploited for venous imaging,
repeated imaging, and delayed imaging. These
imaging sequences may be beneficial for evaluating
key vascular regions, such as aorta and lower
extremity arteries. Future studies will have to include
larger patient samples and determine the optimal
dosing strategy of ferumoxytol for vascular imaging
with MRA in children, as well as those with
compromised renal functions. The systemic side
effects of iron will have to be thoroughly assessed,
especially in pediatric patients.

Combination of MRI and other imaging
modalities

Integration of multiple imaging modalities has
been used in numerous preclinical and clinical
settings for disease detection and other applications.
Multi-modal  imaging can combine various
techniques, such as positron emission tomography
(PET), MRI, computed tomography, and magnetic
resonance spectroscopy. For examples, PET/MR
imaging can be beneficial for attenuation correction
(AC) of PET data based on MRI information that has
been processed into an MR-derived attenuation map
(mu-map), thus enabling the quantification of PET
information [109]. Consequently, there has been
interest in combing ferumoxytol with other contrast
generating materials to form novel nanohybrids for

multimodality imaging. Yuan et al. developed
ferumoxytol =~ nanocomposites  for PET  or
single-photon  emission computed tomography

(SPECT) imaging using a heat-induced radiolabeling
method (Figure 4) [28]. Radioisotope cations that are
widely used in clinical settings, including $°Zr%* or
64Cu2* for PET and '1In3* for SPECT, were attached to
ferumoxytol through a chelateless radiocation surface
adsorption method. In addition, ferumoxytol could be

Table 2. Examples of different intravenous iron formulations

rendered fluorescent by conjugation of Cy5.5 via a
diamine linker. The radiocations have minimal
influence on the physical and biological properties of
the ferumoxytol [110]. It was found that the accuracy
of PET measurements can be influenced by
MR-related temporal changes when PET imaging and
MRI are conducted simultaneously [109]. Moreover, a
single dose of ferumoxytol can decrease the uptake
values of 2-deoxy-2-['8F] fluoro-D-glucose (8F-FDG)
up to 53% when whole-body 8F-FDG PET imaging
was performed with MRI [111]. This finding suggests
that MRI based AC is needed prior to the
administration of the hybrid agent. Following this
work, Muehe et al. investigated whether the
standardized uptake values in normal organs can be
changed by the administration of ferumoxytol prior to
18E-FDG PET/MRI scan [112]. They studied 613
lymph nodes from children with cancer. They found a
marked hypointense hilum in benign lymph nodes on
Tr-weighted scans, which indicated that ferumoxytol
enhancement patterns of benign lymph nodes in
children were different from adult patients. The
distribution of ferumoxytol nanoparticle at the hilum
can be applied to diagnose a benign lymph node for
pediatric patients. It was shown that this
administration would not change standardized
uptake values of solid extra-cerebral organs. Thus,
ferumoxytol administration prior to a PET/MRI
procedure was used for accelerating the image
acquisition times. Additionally, ferumoxytol was also
used to image lymph nodes in pediatric cancer
patients via 8F-FDG PET/MRI [113]. A difference in
nodal patterns between children and adults was
observed from ferumoxytol-enhanced MRI,
underscoring the ability of benign lymph nodes to be
diagnosed by ferumoxytol accumulation in the hilum.

In future studies, we expect to see more progress
made in engineering ferumoxytol nanohybrids with
other radiotracers (or radiocations) and contrast
generating materials to enable imaging of additional
diseases via different modality combinations.

Formulation Brand Name Carbohydrate

Ferumoxytol Feraheme® (US) Rienso®

Polyglucose sorbitol

(EU) carboxymethylether

Ferric isomaltoside Monoferric® (US) Isomaltoside
Monofer® (EU)

Ferric carboxymaltose

(EU)
Low molecular weight iron INFeD® (US) Cosmofer®
dextran (EU) dextran
Sodium ferric gluconate Ferrlecit® Gluconate
Iron sucrose Fermed® Venofer® Sucrose

Injectafer® (US) Ferinject® Carboxymaltose

Low molecular weight iron

Manufacturer Concentration of iron (mg/ml)
AMAG Pharmaceuticlas 30

Pharmacosmos A/S 100

American Regent 50

Watson Pharmaceuticals 50

Sanofi-Aventis 12.5
American Regent 20
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permission from reference [28].

Therapeutic Applications

Iron deficiency treatment

Iron is critical for many physiological processes
in the body. Low levels of iron can lead to anemia,
which currently affects 1.2 billion people in the world
and is the most prevalent nutritional deficiency [114].
IDA occurs when the iron content in the body is low
or when iron is withheld from serum plasma as a
result of ongoing inflammation [115]. This health
issue is common in young children, pregnant women
or patients with inflammation. IDA is traditionally
treated by oral iron supplements, however, oral iron
agents are often ineffective due to gastrointestinal side
effects, poor adherence, and impaired absorption [116,
117]. Therefore, intravenous iron therapy serves as an
alternative to oral iron therapy since it can increase
hemoglobin levels, and reduce the dose of
erythropoiesis stimulating agents [118]. Ideally,
intravenous iron agents should have low adverse
effects, ease of administration, and low free-iron
toxicity [19]. Currently, there are several intravenous
iron agents developed for iron therapies, including
ferumoxytol, ferric isomaltoside, and ferric
carboxymaltose, which are detailed in Table 2
[119-122]. All of them consist of an iron core that is
coated and stabilized by a shell of carbohydrates. The
surrounding carbohydrates play an important role in
slowing the release of iron in vivo and keeping the iron
oxide nanoparticles in a colloidal suspension [123].
After intravenous administration, the complexed iron
is taken up by phagocytic cells in the RES organs,
which is then incorporated into ferritin. These

iron-containing  proteins  could be  stored
intracellularly or could be bound to transferrin and
delivered as erythroid precursors for subsequent
hemoglobin synthesis.

In clinical settings, ferumoxytol is intravenously
injected at an infusion rate of 30 mg per ml per second
(or 510 mg in 17 ml for a duration of seventeen
seconds) [19, 20]. The same iron dose may be
administered again approximately 3-8 days after the
first injection. Compared with oral iron agents,
ferumoxytol was reported to be more effective and
well tolerated in patients with IDA. Provenzano et al.
enrolled 230 IDA patients and administered
ferumoxytol to one half of these patients and oral
irons to the other half [124]. IDA patients who
received two doses of ferumoxytol (administered one
week apart) showed higher levels of hemoglobin
compared to those who received oral irons.
Ferumoxytol was well tolerated in these patients with
no  significant  occurrence of  anaphylaxis.
Additionally, in a phase III study, it was found that
IDA patients who were treated with ferumoxytol have
increased hemoglobin levels and feel more energetic
and less fatigued [125].

Since the composition of ferumoxytol is similar
to other intravenous iron agents, a direct comparison
of ferumoxytol with other iron formulations has been
conducted. Ferumoxytol exhibits tighter iron binding
and lower amounts of labile free iron when compared
to iron agents, such as iron sucrose, ferric gluconate,
and iron dextran. These properties allow ferumoxytol
to be administered at a much higher dose. Macdougall
et al. compared the safety profiles between
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ferumoxytol and iron sucrose in patients with chronic
kidney disease [126]. It was shown that the SAE
profiles between the two formulations were quite
similar. In addition, the hemoglobin concentration
increased in a similar manner between the two
treatment groups. According to this result,
ferumoxytol and iron sucrose have equivalent efficacy
and SAE rates. Adkinson el al. also compared the
efficacy  between  ferumoxytol and  ferric
carboxymaltose for the treatment of IDA [118, 127].
The patients were administered either ferumoxytol
(510 mg) or ferric carboxymaltose (750 mg), and each
iron agent was administrated on days 1 and 8 or 9.
These two iron formulations demonstrated
comparable efficacy in raising hemoglobin levels
despite a difference in the iron dose.

When treating IDA patients with ferumoxytol,
safety is always an important consideration. This has
prompted many investigations through clinical trials.
For example, Singh et al. recruited patients with
chronic kidney disease, and about half of them were
given ferumoxytol, while the other half was given
placebo [128]. During this study, 420 adverse events
were reported (i.e., 21.3% with ferumoxytol and 16.7%
with placebo). The most observed adverse events
were dizziness, pruritus, headache, fatigue, and
nausea. Only 0.1% of the patients who had
ferumoxytol reported more serious adverse events
including anaphylaxis. It was demonstrated that
ferumoxytol is well tolerated and can be
administrated safely in anemic patients with impaired
renal functions. However, it is worth noting that there
were several post-marketing reports of SAEs
stemming from the use of ferumoxytol [129]. As a
consequence, ferumoxytol was removed from the
European market in 2015 [114]. The FDA and Health
Canada then increased the infusion duration from 17
seconds to 15 minutes to reduce the frequency of
hypersensitivity reactions [130]. Overall, based on the
preponderance of published evidence, ferumoxytol is
safe for the treatment of IDA in the presence of renal
insufficiency. Importantly, the safe use of ferumoxytol
for IDA treatment in pregnant women was reported
recently [131]. In the future, more research will be
done to assess the safety and efficacy of ferumoxytol
for treating IDA in pediatric patients.

Treatment based on ROS generation

Iron has crucial roles in supporting physiological
functions such as oxygen transport through
hemoglobin, which is an essential process associated
with respiration, DNA repair, and DNA synthesis
[132]. However, under certain circumstances, iron can
also trigger oxidative stress based on its pro-oxidative
capability for treatments. Among them, one of these

treatments is based on ferroptosis. First, intracellular
iron can generate a large amount of ROS via the
Fenton reaction. Then, intercellular ROS can
propagate lipid peroxidation burst to promote
ferroptosis that results in cellular damages. In
addition, intracellular iron levels may influence the
activity of other ROS-generating enzymes, such as
nicotinamide adenine dinucleotide phosphate
oxidases (NOXs), lipoxygenases, and mitochondrial
electron transport complexes, resulting in ferroptosis
[133-136]. Thus, this mechanism induced by iron can
be applied to immunotherapy as well as
anti-leukaemia, which we describe below.

Ferumoxytol-based immunotherapy

Iron oxide nanoparticles have various effects on
the immune system [137]. Many preclinical studies
and clinical trials have indicated that iron oxide
nanoparticles can interact with immune cells and
improve cancer treatments through immunomodu-
latory activities [138-140]. Iron oxide nanoparticles
have been found to stimulate a ‘pro-inflammatory’
immune cell phenotype in macrophages [140-142].
Zanganeh et al. investigated ferumoxytol therapy on
early mammary cancers and lung cancer metastases
[140] (Figure 5). Hydrogen peroxide and hydroxyl
radicals were elevated in co-cultures of macrophages,
cancer cells and ferumoxytol (Figure 5B). It was
shown that adenocarcinoma cells caspase-3 activity
was enhanced after incubation with ferumoxytol-
containing  macrophages. In  addition, the
macrophages exhibited increased mRNA associated
with pro-inflammatory Thl-type responses after
incubation with ferumoxytol. Furthermore, the
growth of subcutaneous adenocarcinomas in mice
was significantly inhibited by ferumoxytol (Figure
5C-5E) and accompanied by an enhanced presence of
pro-inflammatory M1 macrophages in the tumor
tissues. This therapeutic effect of ferumoxytol on
cancer growth was achieved by inducing
tumor-associated macrophage (TAM) polarization
into the pro-inflammatory M1 phenotype. These
macrophages release hydrogen peroxide, which
subsequently is converted to ROS by iron to result in
cancer cell cytotoxicity. In addition, the MRI
contrasting properties of ferumoxytol allowed its
metabolism in the tumors to be tracked over time
(Figure 5F, 5G). Therefore, ferumoxytol can trigger
ferroptosis in cancer cells by inducing TAM
transformation to the M1 subtype.

Ferumoxytol was also combined with a toll-like
receptor 3 (TLR3) agonist to activate macrophages for
halting melanoma growth [143]. The TLR3 agonist, or
polyinosinic-polycytidylic acid (PIC), was exploited
for cancer treatment due to its potential capability to
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enhance immune

system activity [144, 145].
Ferumoxytol not only protects PIC from degradation,

but also amplifies the immune-stimulatory properties

of macrophages for the treatment of both
subcutaneous and pulmonary metastasis in
melanoma. In another study, the surface of

ferumoxytol was modified with p-glucan to form a

[146]. This nanocomposite was confirmed to prevent
melanoma growth efficiently through stimulating the
macrophages into the proinflammatory M1
phenotype. The mechanism for this macrophage
polarization induction was mainly associated with the
activation of mitogen-activated protein kinase
(MAPK) and spleen associated tyrosine kinase

nanocomposite that regulates macrophage phenotype  (Syk)/nuclear factor kappa-B (NF-xB) signaling
and produces a synergistic effect on tumor regression  pathways.
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Figure 5. (A) The mechanism of cancer cell killing using ferumoxytol through altering the polarization of tumor associated macrophages. (B) Quantification of hydrogen peroxide
(left) and hydroxyl radicals (right), which indicating their heightened levels in macrophage, cancer cell and ferumoxytol co-cultures. (C) Various concentrations of ferumoxytol
suppressed tumor growth when compared with untreated controls. (D) Tumor growth was significantly inhibited by two types of iron formulations (ferumoxytol and
ferumoxytran-10) while dextran alone did not. (E) To exclude cross-talk of two tumors in the same mouse, tumor growth was compared for cancer cells that were inoculated
in the mammary fat pad unilaterally and bilaterally, with no significant difference in tumor volume being observed. (F) Analysis of MRI of cancer inoculation sites treated and
untreated with ferumoxytol. Paraspinal muscle data is included as internal control. (G) Corresponding T>"-weighted MRI of a mouse inoculated with cancer cells with (right, red
arrow) or without (left, black arrow) ferumoxytol. Reproduced with permission from references [140, 173].
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In addition to stimulating macrophages,
ferumoxytol can modulate immune properties in
tumors through myeloid-derived suppressor cells
(MDSCs). MDSCs are a type of immature myeloid cell
that has potent immune suppressive capacity. Xu et
al. revealed the immunomodulatory properties of
ferumoxytol on MDSCs and determined the
mechanism of action [147]. In this study, they found
that the immunosuppressive function of MDSCs is
reduced by ferumoxytol, resulting in significantly
lower levels of Arg-1 and ROS. In vivo studies showed
that lipopolysaccharide induced immunosuppression
in the late stage of sepsis can be improved by
ferumoxytol due to decreased immunosuppressive
properties of T cells and MDSCs.

Ferumoxytol-based anti-leukaemia treatments

Recently, excessive iron has been reported to
selectively kill leukaemic cells and spare normal
hematopoietic cells [148]. Trujillo-Alonso et al.
reported that ferumoxytol exhibits anti-leukaemic
effects [149, 150] (Figure 6). In this work, they found
that ferumoxytol can increase the intracellular iron
content in leukaemic cells with low amounts of
ferroportin (FPN) in vitro, thus enhancing the levels of
intracellular ROS (Figure 6B). Then, they investigated
the efficacy of ferumoxytol treatment in vivo using a
murine model of acute leukaemia (Figure 6C-6E).
After treating the mice with ferumoxytol, tumor
burden was greatly reduced and survival was
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significantly prolonged. In this case also, the
anti-cancer effect of ferumoxytol is considered to be
mediated by ROS generation. However, this study
relies on the rare naturally occurring low expression
of ferroptosis-related genes such as FPN, which may
not actively lower the expression of these genes in
tumors of patients. Thus, this ferumoxytol-induced
ferroptosis therapy may not be broadly applied to
other types of cancers.

Ferumoxytol-based anti-biofilm treatments

In 2007, iron oxide nanoparticles were found to
have intrinsic catalytic activity that is similar to
horseradish peroxidase (HRP) under acidic conditions
[25]. Nanoparticles that exhibit high catalytic activity
have been termed nanozymes and are considered as
an alternative to natural enzymes since they
demonstrate better catalytic performance and are
lower in cost. Iron oxide-based nanozymes may
exhibit more than one type of catalytic activity. They
can display catalase-like biocatalytic activity under
neutral pH, which can convert hydrogen peroxide
into oxygen and water, thus relieving cellular
oxidative stress. In addition, they can switch to a
peroxidase-like pattern and convert hydrogen
peroxide into hydroxyl radicals (OHe®) under acidic
pH. This is useful for ROS-induced cellular or
bacterial killing and has potential to improve
ROS-dependent therapies. Therefore, iron
oxide-based nanozymes can provide different
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Figure 6. (A) A schematic depiction of how ferumoxytol induces selective cell death for leukaemic cells with low FPN expression. (B) ROS staining in cytoplasm and
mitochondria indicate enhanced ROS levels in cell lines with low FPN expression. (C) Schematic depiction of the design of the experiment to investigate the effect of ferumoxytol
on the survival rate in a mouse model of leukaemia. (D) Effect of ferumoxytol treatment on leukaemic blast levels. (E) The survival plot for mice administrated using saline or

ferumoxytol. Reproduced with permission from reference [149, 150].
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functionalities based on the target disease
applications [151-155]. Over the past vyears,
nanozymes have been explored for various

therapeutic applications such as tumor prevention,
biofilm disruption, anti-oxidation, and so forth as
reviewed previously [156-160]. Recently, our group
has made use of the catalytic activity (peroxidase-like)
of iron oxide nanoparticles for treating dental biofilms
via activation of hydrogen peroxide and ROS
generation. It was found that iron oxide nanoparticles
can penetrate and retain within biofilms following
topical application, and locally activate hydrogen
peroxide to both degrade exopolysaccharides and
eliminate bacterial pathogens in the acidic
microenvironment within the biofilm [13, 31, 157,
161]. Moreover, ferumoxytol can also disrupt
pathogenic oral biofilms and prevent tooth decay
(dental caries) via similar intrinsic peroxidase-like
activity [13] (Figure 7). Notably, the catalytic activity
of ferumoxytol is greater at low pH, which provides
selectivity for pathogenic biofilms since they create
acidic pH microenvironments (Figure 7A, 7B). It was

A oo o

shown that ferumoxytol can localize within the
biofilm and produce ROS in the presence of hydrogen
peroxide, causing in situ bacterial death and
exopolysaccharides degradation. As shown in an in
vivo study, topical oral treatment with ferumoxytol
and hydrogen peroxide can efficiently prevent the
onset of severe tooth decay in a rodent model (Figure
7C). In addition, no adverse effects were observed
from oral microbiome and histological analyses. The
catalytic activity of ferumoxytol has been further
evaluated clinically. It was found that ferumoxytol
can specifically kill Streptococcus mutans (a cariogenic
pathogen) via in situ ROS generation and suppress
tooth-decay in an intra-oral human disease model.
Ferumoxytol has high specificity for S. mutans due to
preferential binding to specific glucan binding
proteins on the bacterial membrane, which allows
precise targeting (and localized catalysis) of this
pathogen instead of other types of oral bacteria,
including commensals. This is the first study that
demonstrates the potential therapeutic application of
ferumoxytol as anti-infective agent in humans [22].
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lesions (tooth-decay) on two different dental surfaces (smooth and sulcal surfaces); n.d. means non-detected. Ferumoxytol activation of H2O; effectively inhibit the development
of tooth-decay, completely preventing cavitation (extensive lesion). Fer: ferumoxytol. Reproduced with permission from reference [13].
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Figure 8. (A) Size distribution of ferumoxytol loaded with the cargoes noted (vehicle is unloaded ferumoxytol). (B) The fluorescence emission of DiR loaded ferumoxytol in fetal
bovine serum, with the lack of change indicating its stability. (C, D) Doxorubicin optical signals in (C) an inner chamber containing the nanoparticle-drug complex and (D) an outer
chamber containing only media, in different pH conditions. The change in intensity at the lower pH values indicates drug release. (E) Fluorescence imaging of tumor inoculated
mice injected with DiR-loaded ferumoxytol indicating tumor accumulation. (F, G) Ferumoxytol loaded with doxorubicin significantly decreased tumor sizes in mice bearing (F)
human prostate and (G) human breast xenografts. (H) T2 and (I) T2" MRI of ferumoxytol and ferumoxytol-doxorubicin injected tumor bearing mice. (J) Quantification of the T,
signal allowed the monitoring of drug release over time, since the drug loading affected the transverse relaxivity of ferumoxytol. (K) Quantification of T>* values (which are
unaffected by drug loading) indicated that there was no difference in the tumor uptake of the unloaded and loaded nanoparticles. Reproduced with permission from reference

[29].

Table 3. Examples of ferumoxytol in diagnostic, therapeutic, and theranostic applications.

Type of applications ~ Applications Indications Route Ref.
Diagnosis HPF was used to label neural stem cells for MRI Glioma i.v. injection [71, 73]
Segregation and extravascular localization of ferumoxytol Globlastoma i.v. injection [85]
imaging for differentiating extravascular-from-intravascular
MRI
Ferumoxytol for MR lymphography Prostate Cancer i.v. injection [94, 95]
Ferumoxytol-enhanced MRI for vascular applications Evaluating vascular pathology,  i.v. injection [101]
presurgical planning
Multi-modal imaging integrating MRI and PET Pediatric Cancer i.v. injection [112, 113]
Therapy Iron supplement for anemic patients Chronic kidney disease i.v. injection [19, 20]
Ferumoxytol induced selective cell death in cells that express Leukaemia i.p. injection [149]
low levels of ferroportin
Ferumoxytol changes the polarization of tumor-associated MMTV-PyMT cancer, melanoma i.v. injection [140, 143]
macrophages to a pro-inflammatory M1 phenotype
Bacterial pathogen killing and biofilm disruption Dental caries Topical oral [13]
delivery
Theranostics Ferumoxytol acted as nanovehicle to load drug and monitor ~ Prostate cancer, breast cancer i.v. injection [29]

drug release using MRI

Theranostic Applications

In recent years, iron oxide nanoparticles have
been applied as a multifunctional nanovehicle that
possesses both therapeutic and diagnostic properties
[162-164]. More specifically, ferumoxytol can act as a

carrier for chemotherapeutic drugs and a contrast
agent for MRI to monitor the distribution of the
therapeutical molecules and provide diagnostic
information. For example, Kaittanis et al. utilized
ferumoxytol to efficiently deliver various drugs to
tumor sites [29] (Figure 8). Small therapeutic
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molecules can be retained within the carboxymethyl-
dextran coating via weak electrostatic interactions and
be released under slightly lower pH (Figure 8A-8D).
Doxorubicin could be released from ferumoxytol at
slight acidic condition (Figure 8C). Treatment with
ferumoxytol-drug combinations led to better tumor
control than free drug alone, in both breast and
prostate cancers (Figure 8F, 8G). Moreover, the drug
loading level is proportional to both transverse T> and
longitudinal T1 nuclear magnetic resonance proton
relaxation times. Thus, loading and releasing of drugs
can be monitored through the changes in MRI signal
intensity (Figure 8H-8K). In an interesting example,
Choi et al. developed a theranostic agent that
provides MRI-guided immunotherapy of prostate
cancer via immune checkpoint blockade [30]. The
agent, which is consisted of a mesoporous silica
nanoparticle loaded with anti-programmed cell death
ligand 1 (PD-L1) antibodies and capped with
ferumoxytol (Fer-ICB-UPMSNP), was administered
following cabazitaxel (Cbz) based chemotherapy. The
large pores of the mesoporous silica nanoparticles
allowed high loading of PD-L1 antibodies.
Ferumoxytol capping not only enabled MRI-guided
delivery, but also sustained release of PD-L1
antibodies. Cbz chemotherapy was found to induce
immunogenic cell death, promote dendritic cell
maturation, and increase PD-L1 level in cancer cells.
In vivo studies showed that the tumor growth was
significantly reduced as a result of sequential
MRI-guided local delivery of Fer-ICB-UPMSNP after
Cbz treatment. This treatment regime initiated a
tumor specific adaptive immune response by
effectively activating T cell infiltration and decreasing
the number of regulatory T cells. Furthermore,
Mohanty et al. used ferumoxytol-based MRI to
monitor tumor associated macrophage (TAM)
response to CD47 monoclonal antibodies (mAb)
therapy in osteosarcomas [165]. CD47 mADb can block
CD47-SIRPa  interactions, thus resulting in the
activation of TAMs and phagocytosis of both tumor
and ferumoxytol. The uptake of ferumoxytol further
enhances T, contrast generation and allows for the
monitoring of CD47 mediated immune response.
Notably, ferumoxytol-based MRI has distinct
advantage over biopsies because it can avoid
sampling errors by depicting TAM distribution in the
entire tumor. Ferumoxytol-based MRI was also used
to quantify TAM in mouse models of anaplastic
thyroid cancer [166]. The imaging results showed
greater uptake of ferumoxytol by TAMs in orthotopic
thyroid tumors compared to pulmonary lesions. It
was also found that B-Raf kinase inhibitor and PD-L1
antibody combination treatment greatly reduced core
TAM accumulation. Recently, ferumoxytol was also

explored to detect pathogenic dental biofilms via
catalytic activation of hydrogen peroxide in the
presence of chromogenic substrate for facile
colorimetric visualization [22].

Ferumoxytol has been used as a diagnostic
companion for nanoliposomal irinotecan in a clinical
pilot study. Nanoliposomal irinotecan is a
chemotherapeutic drug that can be delivered to the
tumor sites via discontinuous tumor vasculature.
Therefore, MRI using ferumoxytol can indicate
nanoparticle uptake in tumors prior to nanoliposomal
irinotecan treatment. Preliminary data suggest that T>"
MRI allowed for quantitation of iron particle levels in
plasma, reference tissue, and tumor lesions in
patients, which can be considered as a predictive
biomarker of nanoliposomal irinotecan. It was shown
that higher ferumoxytol levels as quantified by MRI
were correlated with greater reduction in lesion size,
demonstrating the potential clinical application of
ferumoxytol as a companion diagnostic [167-169].
This approach was further used in a Phase I study to
investigate the correlation between ferumoxytol
quantitation in tumor lesions and response to
nanoliposomal irinotecan in patients with metastatic
breast cancer [170].

Conclusions

Ferumoxytol, in addition to being an FDA
approved iron oxide nanoparticle for iron-deficiency
anemia treatment, possesses many unique properties
and is extensively used in biomedical research. Here,
we summarize the developments of ferumoxytol in
various biomedical applications including diagnosis,
therapy and theranostics (see Table 3 for examples).

First, ferumoxytol is frequently employed as an
“off-label” MR contrast agent. Ferumoxytol-based
MRI has been used for stem cell tracking and imaging
of various pathologies and body structures.
Furthermore, ferumoxytol exhibits affinity toward
macrophages, which allows for MRI of metastasis in
the lymph nodes as well as inflammation in the brain
and vasculature. Ferumoxytol has shown to be an
effective contrast agent for both Ti- and T>-weighted
MRI with minimal long-term retention in neural
tissues. In addition, ferumoxytol has a long
intravascular half-life and is generally regarded as
nontoxic. Therefore, ferumoxytol may be more
beneficial than clinically approved gadolinium-based
chelates as a potential MR contrast agent. However,
long-term deposition of ferumoxytol in patients for
MRI still needed to be investigated even though the
safety profile was assessed [171, 172]. Second,
ferumoxytol is an approved intravenous iron
formulation for treating IDA patients who have an
intolerance to oral iron agents. In particular, several
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clinical trials have studied the safety and efficacy of
ferumoxytol in IDA patients with chronic kidney
disease as well as in pediatric population. However,
further studies should be done in children with IDA
since not much is known about the effects of
ferumoxytol on this patient population. Third, ROS
generation via iron-based Fenton reaction and from
catalytic activation of hydrogen peroxide as enzyme
mimics (also termed nanozyme) can be used to treat
various diseases. Ferumoxytol can interact with
immune cells and alter the polarization of tumor
related macrophages to ‘pro-inflammatory” immune
cell phenotypes. In turn, ferumoxytol increases the
production of ROS, which results in oxidative damage
to cancer cells. In this process, ferumoxytol play a role
on macrophage activation and ROS production. It
provides a new strategy to induce cell death for more
effective cancer treatments. Moreover, leukaemia cells
with low FPN expression have little ability to export
iron and are susceptible to iron-based oxidative stress,
which results in leukaemia cell damage after
ferumoxytol administration. This suggests that
ferumoxytol can be considered as a feasible strategy
for anti-leukaemia therapy. Additionally, the catalytic
property of ferumoxytol has been demonstrated,
which can generate ROS from hydrogen peroxide via
peroxidase-like activity under acidic pH found in
pathological conditions associated with dental caries
(tooth-decay). It can be used as a nanozyme for
pathogen killing and biofilm disruption via selective
bacterial binding-activation mechanism to precisely
target virulent biofilms associated with severe caries
as determined in rodents and in humans. Hence,
ferumoxytol-mediated  catalytic  activation  of
hydrogen peroxide may be a promising strategy for
treating oral infectious diseases. Lastly, the surface
coating of ferumoxytol can interact with small
molecules through weak electrostatic interactions and
accommodate drugs with varying molecular weights.
Importantly, MRI can be performed simultaneously to
monitor the distribution of ferumoxytol-drug
conjugates, while assessing the therapeutic outcome.
Thus, ferumoxytol is a theranostic nanoparticle that is
both active for MRI and also provides therapeutic
effects.

Overall, ferumoxytol has been extensively
utilized in biomedical applications both as diagnostics
and therapeutics in the last few decades and we
expect to see additional advancements of this
technology in the near future, particularly as a
promising theranostic approach. The research
community have been highly inventive in finding
ways to use ferumoxytol that go far beyond its
originally intended uses. The FDA-approved status
can facilitate clinical evaluation of new therapeutic

uses in patients. In particular, we expect to see further
exploration of ferumoxytol as nanocatalysts for both
therapeutics and diagnostics as well as its
combinations with other drugs. It may be the case that
other FDA-approved iron oxide nanoparticles, such as
ferumoxsil, could be similarly repurposed for
additional applications, which would be a benefit to
the field. Alternatively, other types of FDA-approved
nanoparticles, such as Abraxane or Doxil, could see
more extensive modification and repurposing.
However, further work on the new applications of
ferumoxytol and its derivatives needs to be
conducted, including additional efficacy and
mechanistic studies in humans. In addition, the safety
profile of new uses of ferumoxytol need to be
investigated in detail. The alternative biomedical
applications of ferumoxytol including immuno-
therapy, anti-leukaemia, anti-biofilm, drug delivery
among others are mostly at proof-of-concept stage
although robust in vivo and some clinical data have
been generated. Thus, more research on its
therapeutic  benefits, potential toxicity, and
mechanisms of action needs to be done. We expect
that a rich vein of research on this topic will continue
to flourish for many years to come, which may lead to
additional clinical applications of this versatile
multifunctional nanoparticle.

Acknowledgments

This work was supported in part by the National
Institutes of Health/National Institute of Dental and
Craniofacial Research (R01DE025848). JCH is
supported by The Brody Family Medical Trust Fund
Fellowship in “Incurable Diseases” of The
Philadelphia Foundation.

Competing Interests

DC and HK are named as inventors of a patent
on the use of iron oxide nanoparticles as anti-biofilm
agents.

References

1. WuW,WuZ YuT, Jiang C, Kim WS. Recent progress on magnetic iron oxide
nanoparticles: synthesis, surface functional strategies and biomedical
applications. Sci Technol Adv Mater. 2015; 16: 023501.

2. Ling D, Lee N, Hyeon T. Chemical synthesis and assembly of uniformly sized
iron oxide nanoparticles for medical applications. Acc Chem Res. 2015; 48:
1276-85.

3. Wu W, He Q, Jiang C. Magnetic iron oxide nanoparticles: synthesis and
surface functionalization strategies. Nanoscale Res Lett. 2008; 3: 397-415.

4. Sakamoto JH, van de Ven AL, Godin B, Blanco E, Serda RE, Grattoni A, et al.
Enabling individualized therapy through nanotechnology. Pharmacol Res.
2010; 62: 57-89.

5. Dadfar SM, Roemhild K, Drude NI, von Stillfried S, Knuchel R, Kiessling F, et
al. Iron oxide nanoparticles: Diagnostic, therapeutic and theranostic
applications. Adv Drug Deliv Rev. 2019; 138: 302-25.

6. Xu C, Sun S. New forms of superparamagnetic nanoparticles for biomedical
applications. Adv Drug Deliv Rev. 2013; 65: 732-43.

7. Iv M, Telischak N, Feng D, Holdsworth SJ, Yeom KW, Daldrup-Link HE.
Clinical applications of iron oxide nanoparticles for magnetic resonance
imaging of brain tumors. Nanomedicine (Lond). 2015; 10: 993-1018.

https://www.thno.org



Theranostics 2022, Vol. 12, Issue 2

813

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Abarca-Cabrera L, Fraga-Garcia P, Berensmeier S. Bio-nano interactions:
binding proteins, polysaccharides, lipids and nucleic acids onto magnetic
nanoparticles. Biomater Res. 2021; 25: 12.

Abdulrehman J, Tang GH, Auerbach M, Santesso N, Sholzberg M. The safety
and efficacy of ferumoxytol in the treatment of iron deficiency: a systematic
review and meta-analysis. Transfusion. 2019.

Tassa C, Shaw SY, Weissleder R. Dextran-coated iron oxide nanoparticles: a
versatile platform for targeted molecular imaging, molecular diagnostics, and
therapy. Acc Chem Res. 2011; 44: 842-52.

Blumenstein I, Shanbhag S, Langguth P, Kalra PA, Zoller H, Lim W. Newer
formulations of intravenous iron: a review of their chemistry and key safety
aspects - hypersensitivity, hypophosphatemia, and cardiovascular safety.
Expert Opin Drug Saf. 2021.

Neiser S, Rentsch D, Dippon U, Kappler A, Weidler PG, Gottlicher J, et al.
Physico-chemical properties of the new generation IV iron preparations
ferumoxytol, iron isomaltoside 1000 and ferric carboxymaltose. Biometals.
2015; 28: 615-35.

Liu Y, Naha PC, Hwang G, Kim D, Huang Y, Simon-Soro A, et al. Topical
ferumoxytol nanoparticles disrupt biofilms and prevent tooth decay in vivo
via intrinsic catalytic activity. Nat Commun. 2018; 9: 2920.

Shao Y, Luo W, Xu H, Zhang L, Guo Q. The Efficacy of Ferumoxytol for Iron
Deficiency Anemia: A Meta-Analysis of Randomized Controlled Trials. Acta
Haematol. 2019; 142: 125-31.

Su Y, Zhao B, Zhou L, Zhang Z, Shen Y, Lv H, et al. Ferroptosis, a novel
pharmacological mechanism of anti-cancer drugs. Cancer Lett. 2020; 483:
127-36.

Spinowitz BS, Kausz AT, Baptista ], Noble SD, Sothinathan R, Bernardo MV, et
al. Ferumoxytol for treating iron deficiency anemia in CKD. ] Am Soc Nephrol.
2008; 19: 1599-605.

Spinowitz BS, Schwenk MH, Jacobs PM, Bolton WK, Kaplan MR, Charytan C,
et al. The safety and efficacy of ferumoxytol therapy in anemic chronic kidney
disease patients. Kidney Int. 2005; 68: 1801-7.

Tekade R. Basic fundamentals of drug delivery. 1st edition. ed. Cambridge,
MA: Elsevier; 2018.

Rosner MH, Auerbach M. Ferumoxytol for the treatment of iron deficiency.
Expert Rev Hematol. 2011; 4: 399-406.

Auerbach M, Chertow GM, Rosner M. Ferumoxytol for the treatment of iron
deficiency anemia. Expert Rev Hematol. 2018; 11: 829-34.

Toth GB, Varallyay CG, Horvath A, Bashir MR, Choyke PL, Daldrup-Link HE,
et al. Current and potential imaging applications of ferumoxytol for magnetic
resonance imaging. Kidney Int. 2017; 92: 47-66.

Liu Y, Huang Y, Kim D, Ren Z, Oh MJ, Cormode DP, et al. Ferumoxytol
Nanoparticles Target Biofilms Causing Tooth Decay in the Human Mouth.
Nano Lett. 2021.

Kowalczyk M, Banach M, Rysz J. Ferumoxytol: a new era of iron deficiency
anemia treatment for patients with chronic kidney disease. ] Nephrol. 2011; 24:
717-22.

Weinstein JS, Varallyay CG, Dosa E, Gahramanov S, Hamilton B, Rooney WD,
et al. Superparamagnetic iron oxide nanoparticles: diagnostic magnetic
resonance imaging and potential therapeutic applications in neurooncology
and central nervous system inflammatory pathologies, a review. ] Cereb Blood
Flow Metab. 2010; 30: 15-35.

Gao L, Zhuang ], Nie L, Zhang ], Zhang Y, Gu N, et al. Intrinsic
peroxidase-like activity of ferromagnetic nanoparticles. Nat Nanotechnol.
2007; 2: 577-83.

Zhao S, Yu X, Qian Y, Chen W, Shen J. Multifunctional magnetic iron oxide
nanoparticles: an advanced platform for cancer theranostics. Theranostics.
2020; 10: 6278-309.

Lee N, Yoo D, Ling D, Cho MH, Hyeon T, Cheon J. Iron Oxide Based
Nanoparticles for Multimodal Imaging and Magnetoresponsive Therapy.
Chem Rev. 2015; 115: 10637-89.

Yuan H, Wilks MQ, Normandin MD, El Fakhri G, Kaittanis C, Josephson L.
Heat-induced radiolabeling and fluorescence labeling of Feraheme
nanoparticles for PET/SPECT imaging and flow cytometry. Nat Protoc. 2018;
13:392-412.

Kaittanis C, Shaffer TM, Ogirala A, Santra S, Perez JM, Chiosis G, et al.
Environment-responsive nanophores for therapy and treatment monitoring
via molecular MRI quenching. Nat Commun. 2014; 5: 3384.

Choi B, Jung H, Yu B, Choi H, Lee ], Kim DH. Sequential MR Image-Guided
Local Immune Checkpoint Blockade Cancer Immunotherapy Using
Ferumoxytol Capped Ultralarge Pore Mesoporous Silica Carriers after
Standard Chemotherapy. Small. 2019; 15: €1904378.

Huang Y, Liu Y, Shah S, Kim D, Simon-Soro A, Ito T, et al. Precision targeting
of bacterial pathogen via bi-functional nanozyme activated by biofilm
microenvironment. Biomaterials. 2021; 268: 120581.

Peng XH, Qian X, Mao H, Wang AY, Chen ZG, Nie S, et al. Targeted magnetic
iron oxide nanoparticles for tumor imaging and therapy. Int ] Nanomedicine.
2008; 3: 311-21.

Israel LL, Galstyan A, Holler E, Ljubimova JY. Magnetic iron oxide
nanoparticles for imaging, targeting and treatment of primary and metastatic
tumors of the brain. ] Control Release. 2020; 320: 45-62.

Pouliquen D, Perdrisot R, Ermias A, Akoka S, Jallet P, Le Jeune JJ.
Superparamagnetic iron oxide nanoparticles as a liver MRI contrast agent:
contribution of microencapsulation to improved biodistribution. Magn Reson
Imaging. 1989; 7: 619-27.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Bellin MF, Roy C, Kinkel K, Thoumas D, Zaim S, Vanel D, et al. Lymph node
metastases: safety and effectiveness of MR imaging with ultrasmall
superparamagnetic iron oxide particles--initial clinical experience. Radiology.
1998; 207: 799-808.

Murakami K, Kotani Y, Suzuki A, Takaya H, Nakai H, Matsuki M, et al.
Superparamagnetic iron oxide as a tracer for sentinel lymph node detection in
uterine cancer: a pilot study. Sci Rep. 2020; 10: 7945.

Caravan P, Ellison JJ, McMurry TJ, Lauffer RB. Gadolinium(III) Chelates as
MRI Contrast Agents: Structure, Dynamics, and Applications. Chem Rev.
1999; 99: 2293-352.

Perazella MA. Current status of gadolinium toxicity in patients with kidney
disease. Clin ] Am Soc Nephrol. 2009; 4: 461-9.

Ma XH, Gong A, Xiang LC, Chen TX, Gao YX, Liang X], et al. Biocompatible
composite nanoparticles with large longitudinal relaxivity for targeted
imaging and early diagnosis of cancer. ] Mater Chem B. 2013; 1: 3419-28.
McDonald R], McDonald ]S, Kallmes DF, Jentoft ME, Murray DL, Thielen KR,
et al. Intracranial Gadolinium Deposition after Contrast-enhanced MR
Imaging. Radiology. 2015; 275: 772-82.

Kanda T, Ishii K, Kawaguchi H, Kitajima K, Takenaka D. High signal intensity
in the dentate nucleus and globus pallidus on unenhanced T1-weighted MR
images: relationship with increasing cumulative dose of a gadolinium-based
contrast material. Radiology. 2014; 270: 834-41.

Stephen ZR, Kievit FM, Zhang M. Magnetite Nanoparticles for Medical MR
Imaging. Mater Today (Kidlington). 2011; 14: 330-8.

Jeon M, Halbert MV, Stephen ZR, Zhang M. Iron Oxide Nanoparticles as T1
Contrast Agents for Magnetic Resonance Imaging: Fundamentals, Challenges,
Applications, and Prospectives. Adv Mater. 2021; 33: e1906539.

Blockley NP, Jiang L, Gardener AG, Ludman CN, Francis ST, Gowland PA.
Field strength dependence of R1 and R2* relaxivities of human whole blood to
ProHance, Vasovist, and deoxyhemoglobin. Magn Reson Med. 2008; 60:
1313-20.

Hunt MA, Bago AG, Neuwelt EA. Single-dose contrast agent for
intraoperative MR imaging of intrinsic brain tumors by using ferumoxtran-10.
AJNR Am ] Neuroradiol. 2005; 26: 1084-8.

Muldoon LL, Sandor M, Pinkston KE, Neuwelt EA. Imaging, distribution, and
toxicity of superparamagnetic iron oxide magnetic resonance nanoparticles in
the rat brain and intracerebral tumor. Neurosurgery. 2005; 57: 785-96;
discussion -96.

Wei H, Bruns OT, Kaul MG, Hansen EC, Barch M, Wisniowska A, et al.
Exceedingly small iron oxide nanoparticles as positive MRI contrast agents.
Proc Natl Acad Sci U S A. 2017; 114: 2325-30.

Shen Z, Wu A, Chen X. Iron Oxide Nanoparticle Based Contrast Agents for
Magnetic Resonance Imaging. Mol Pharm. 2017; 14: 1352-64.

Bashir MR, Bhatti L, Marin D, Nelson RC. Emerging applications for
ferumoxytol as a contrast agent in MRIL. ] Magn Reson Imaging. 2015; 41:
884-98.

Daldrup-Link HE, Theruvath AJ, Rashidi A, Iv M, Majzner RG, Spunt SL, et al.
How to stop using gadolinium chelates for magnetic resonance imaging:
clinical-translational experiences with ferumoxytol. Pediatr Radiol. 2021.
Vasanawala SS, Nguyen KL, Hope MD, Bridges MD, Hope TA, Reeder SB, et
al. Safety and technique of ferumoxytol administration for MRI. Magn Reson
Med. 2016; 75: 2107-11.

Siedek F, Muehe AM, Theruvath AJ, Avedian R, Pribnow A, Spunt SL, et al.
Comparison of ferumoxytol- and gadolinium chelate-enhanced MRI for
assessment of sarcomas in children and adolescents. Eur Radiol. 2020; 30:
1790-803.

Daldrup-Link HE. Ten Things You Might Not Know about Iron Oxide
Nanoparticles. Radiology. 2017; 284: 616-29.

Aghighi M, Golovko D, Ansari C, Marina NM, Pisani L, Kurlander L, et al.
Imaging Tumor Necrosis with Ferumoxytol. PLoS One. 2015; 10: e0142665.
Rohrer M, Bauer H, Mintorovitch J, Requardt M, Weinmann HJ. Comparison
of magnetic properties of MRI contrast media solutions at different magnetic
field strengths. Invest Radiol. 2005; 40: 715-24.

Neuwelt EA, Varallyay CG, Manninger S, Solymosi D, Haluska M, Hunt MA,
et al. The potential of ferumoxytol nanoparticle magnetic resonance imaging,
perfusion, and angiography in central nervous system malignancy: a pilot
study. Neurosurgery. 2007; 60: 601-11; discussion 11-2.

Jasmin, de Souza GT, Louzada RA, Rosado-de-Castro PH, Mendez-Otero R,
Campos de Carvalho AC. Tracking stem cells with superparamagnetic iron
oxide nanoparticles: perspectives and considerations. Int ] Nanomedicine.
2017; 12: 779-93.

Sehl OC, Gevaert JJ, Melo KP, Knier NN, Foster PJ. A Perspective on Cell
Tracking with Magnetic Particle Imaging. Tomography. 2020; 6: 315-24.
Khurana A, Nejadnik H, Gawande R, Lin G, Lee S, Messing S, et al.
Intravenous ferumoxytol allows noninvasive MR imaging monitoring of
macrophage migration into stem cell transplants. Radiology. 2012; 264: 803-11.
Nejadnik H, Tseng ], Daldrup-Link H. Magnetic resonance imaging of stem
cell-macrophage interactions with ferumoxytol and ferumoxytol-derived
nanoparticles. Wiley Interdiscip Rev Nanomed Nanobiotechnol. 2019; 11:
€1552.

Aghighi M, Pisani L, Theruvath AJ, Muehe AM, Donig J, Khan R, et al.
Ferumoxytol Is Not Retained in Kidney Allografts in Patients Undergoing
Acute Rejection. Mol Imaging Biol. 2018; 20: 139-49.

https://www.thno.org



Theranostics 2022, Vol. 12, Issue 2

814

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Liu L, Tseng L, Ye Q, Wu YL, Bain D], Ho C. A New Method for Preparing
Mesenchymal Stem Cells and Labeling with Ferumoxytol for Cell Tracking by
MRI. Sci Rep. 2016; 6: 26271.

Lee NK, Kim HS, Yoo D, Hwang JW, Choi S], Oh W, et al. Magnetic Resonance
Imaging of Ferumoxytol-Labeled Human Mesenchymal Stem Cells in the
Mouse Brain. Stem Cell Rev Rep. 2017; 13: 127-38.

Liu L, Ho C. Mesenchymal Stem Cell Preparation and Transfection-free
Ferumoxytol Labeling for MRI Cell Tracking. Curr Protoc Stem Cell Biol. 2017;
43:2B71-2B7 14.

Nejadnik H, Pandit P, Lenkov O, Lahiji AP, Yerneni K, Daldrup-Link HE.
Ferumoxytol Can Be Used for Quantitative Magnetic Particle Imaging of
Transplanted Stem Cells. Mol Imaging Biol. 2019; 21: 465-72.

Theruvath AJ, Nejadnik H, Lenkov O, Yerneni K, Li K, Kuntz L, et al. Tracking
Stem Cell Implants in Cartilage Defects of Minipigs by Using
Ferumoxytol-enhanced MRI. Radiology. 2019; 292: 129-37.

Bryant LH, Jr., Kim SJ, Hobson M, Milo B, Kovacs ZI, Jikaria N, et al.
Physicochemical characterization of ferumoxytol, heparin and protamine
nanocomplexes for improved magnetic labeling of stem cells. Nanomedicine.
2017; 13: 503-13.

Henning TD, Gawande R, Khurana A, Tavri S, Mandrussow L, Golovko D, et
al. Magnetic resonance imaging of ferumoxide-labeled mesenchymal stem
cells in cartilage defects: in vitro and in vivo investigations. Mol Imaging. 2012;
11: 197-209.

Castaneda RT, Khurana A, Khan R, Daldrup-Link HE. Labeling stem cells
with ferumoxytol, an FDA-approved iron oxide nanoparticle. J Vis Exp. 2011:
3482,

Khurana A, Nejadnik H, Chapelin F, Lenkov O, Gawande R, Lee S, et al.
Ferumoxytol: a new, clinically applicable label for stem-cell tracking in
arthritic joints with MRI. Nanomedicine (Lond). 2013; 8: 1969-83.

Thu MS, Bryant LH, Coppola T, Jordan EK, Budde MD, Lewis BK, et al.
Self-assembling nanocomplexes by combining ferumoxytol, heparin and
protamine for cell tracking by magnetic resonance imaging. Nat Med. 2012; 18:
463-7.

Yin Y, Zhou X, Guan X, Liu Y, Jiang CB, Liu J. In vivo tracking of human
adipose-derived stem cells labeled with ferumoxytol in rats with middle
cerebral artery occlusion by magnetic resonance imaging. Neural Regen Res.
2015; 10: 909-15.

Gutova M, Frank JA, D'Apuzzo M, Khankaldyyan V, Gilchrist MM, Annala
AJ, et al. Magnetic resonance imaging tracking of ferumoxytol-labeled human
neural stem cells: studies leading to clinical use. Stem Cells Transl Med. 2013;
2:766-75.

Daldrup-Link HE, Chan C, Lenkov O, Taghavigarmestani S, Nazekati T,
Nejadnik H, et al. Detection of Stem Cell Transplant Rejection with
Ferumoxytol MR Imaging: Correlation of MR Imaging Findings with Those at
Intravital Microscopy. Radiology. 2017; 284: 495-507.

Li K, Chan CT, Nejadnik H, Lenkov OD, Wolterman C, Paulmurugan R, et al.
Ferumoxytol-based Dual-modality Imaging Probe for Detection of Stem Cell
Transplant Rejection. Nanotheranostics. 2018; 2: 306-19.

Vandergriff AC, Hensley TM, Henry ET, Shen D, Anthony S, Zhang J, et al.
Magnetic targeting of cardiosphere-derived stem cells with ferumoxytol
nanoparticles for treating rats with myocardial infarction. Biomaterials. 2014;
35: 8528-39.

Lamanna JJ, Urquia LN, Hurtig CV, Gutierrez J, Anderson C, Piferi P, et al.
Magnetic Resonance Imaging-Guided Transplantation of Neural Stem Cells
into the Porcine Spinal Cord. Stereotact Funct Neurosurg. 2017; 95: 60-8.
Lamanna JJ, Gutierrez J, Urquia LN, Hurtig CV, Amador E, Grin N, et al.
Ferumoxytol Labeling of Human Neural Progenitor Cells for Diagnostic
Cellular Tracking in the Porcine Spinal Cord with Magnetic Resonance
Imaging. Stem Cells Transl Med. 2017; 6: 139-50.

Skelton RJ, Khoja S, Almeida S, Rapacchi S, Han F, Engel J, et al. Magnetic
Resonance Imaging of Iron Oxide-Labeled Human Embryonic Stem
Cell-Derived Cardiac Progenitors. Stem Cells Transl Med. 2016; 5: 67-74.
Netto JP, lliff J, Stanimirovic D, Krohn KA, Hamilton B, Varallyay C, et al.
Neurovascular Unit: Basic and Clinical Imaging with Emphasis on
Advantages of Ferumoxytol. Neurosurgery. 2018; 82: 770-80.

Dosa E, Guillaume DJ, Haluska M, Lacy CA, Hamilton BE, Njus JM, et al.
Magnetic resonance imaging of intracranial tumors: intra-patient comparison
of gadoteridol and ferumoxytol. Neuro Oncol. 2011; 13: 251-60.

Horvath A, Varallyay CG, Schwartz D, Toth GB, Netto JP, Barajas R, et al.
Quantitative comparison of delayed ferumoxytol T1 enhancement with
immediate gadoteridol enhancement in high grade gliomas. Magn Reson Med.
2018; 80: 224-30.

Hasan D, Chalouhi N, Jabbour P, Dumont AS, Kung DK, Magnotta VA, et al.
Early change in ferumoxytol-enhanced magnetic resonance imaging signal
suggests unstable human cerebral aneurysm: a pilot study. Stroke. 2012; 43:
3258-65.

Hasan DM, Chalouhi N, Jabbour P, Magnotta VA, Kung DK, Young WL.
Imaging aspirin effect on macrophages in the wall of human cerebral
aneurysms using ferumoxytol-enhanced MRI: preliminary results. ]
Neuroradiol. 2013; 40: 187-91.

Barajas RF, Jr., Schwartz D, McConnell HL, Kersch CN, Li X, Hamilton BE, et
al. Distinguishing Extravascular from Intravascular Ferumoxytol Pools within
the Brain: Proof of Concept in Patients with Treated Glioblastoma. AJNR Am J
Neuroradiol. 2020; 41: 1193-200.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

McConnell HL, Schwartz DL, Richardson BE, Woltjer RL, Muldoon LL,
Neuwelt EA. Ferumoxytol nanoparticle uptake in brain during acute
neuroinflammation is cell-specific. Nanomedicine. 2016; 12: 1535-42.

Dosa E, Tuladhar S, Muldoon LL, Hamilton BE, Rooney WD, Neuwelt EA.
MRI using ferumoxytol improves the visualization of central nervous system
vascular malformations. Stroke. 2011; 42: 1581-8.

Iv M, Samghabadi P, Holdsworth S, Gentles A, Rezaii P, Harsh G, et al.
Quantification of Macrophages in High-Grade Gliomas by Using
Ferumoxytol-enhanced MRI: A Pilot Study. Radiology. 2019; 290: 198-206.

Iv M, Choudhri O, Dodd RL, Vasanawala SS, Alley MT, Moseley M, et al.
High-resolution 3D volumetric contrast-enhanced MR angiography with a
blood pool agent (ferumoxytol) for diagnostic evaluation of pediatric brain
arteriovenous malformations. ] Neurosurg Pediatr. 2018; 22: 251-60.

Iv M, Ng NN, Nair S, Zhang Y, Lavezo ], Cheshier SH, et al. Brain Iron
Assessment after Ferumoxytol-enhanced MRI in Children and Young Adults
with Arteriovenous Malformations: A Case-Control Study. Radiology. 2020;
297: 438-46.

Brandsma D, Stalpers L, Taal W, Sminia P, van den Bent MJ. Clinical features,
mechanisms, and management of pseudoprogression in malignant gliomas.
Lancet Oncol. 2008; 9: 453-61.

Gahramanov S, Muldoon LL, Varallyay CG, Li X, Kraemer DF, Fu R, et al.
Pseudoprogression of glioblastoma after chemo- and radiation therapy:
diagnosis by using dynamic susceptibility-weighted contrast-enhanced
perfusion MR imaging with ferumoxytol versus gadoteridol and correlation
with survival. Radiology. 2013; 266: 842-52.

Sankineni S, Smedley J, Bernardo M, Brown AM, Johnson L, Muller B, et al.
Ferumoxytol as an intraprostatic MR contrast agent for lymph node mapping
of the prostate: a feasibility study in non-human primates. Acta Radiol. 2016;
57:1396-401.

Turkbey B, Agarwal HK, Shih ], Bernardo M, McKinney YL, Daar D, et al. A
Phase I Dosing Study of Ferumoxytol for MR Lymphography at 3 T in Patients
With Prostate Cancer. AJR Am ] Roentgenol. 2015; 205: 64-9.

Turkbey B, Czarniecki M, Shih JH, Harmon SA, Agarwal PK, Apolo AB, et al.
Ferumoxytol-Enhanced MR Lymphography for Detection of Metastatic
Lymph Nodes in Genitourinary Malignancies: A Prospective Study. AJR Am J
Roentgenol. 2020; 214: 105-13.

McDermott S, Thayer SP, Fernandez-Del Castillo C, Mino-Kenudson M,
Weissleder R, Harisinghani MG. Accurate prediction of nodal status in
preoperative patients with pancreatic ductal adenocarcinoma using next-gen
nanoparticle. Transl Oncol. 2013; 6: 670-5.

Hadamitzky C, Spohr H, Debertin AS, Guddat S, Tsokos M, Pabst R.
Age-dependent histoarchitectural changes in human lymph nodes: an
underestimated process with clinical relevance? ] Anat. 2010; 216: 556-62.
Gomez CR, Boehmer ED, Kovacs EJ. The aging innate immune system. Curr
Opin Immunol. 2005; 17: 457-62.

Ruangwattanapaisarn N, Hsiao A, Vasanawala SS. Ferumoxytol as an off-label
contrast agent in body 3T MR angiography: a pilot study in children. Pediatr
Radiol. 2015; 45: 831-9.

Hope MD, Hope TA, Zhu C, Faraji F, Haraldsson H, Ordovas KG, et al.
Vascular Imaging With Ferumoxytol as a Contrast Agent. AJR Am ]
Roentgenol. 2015; 205: W366-73.

Bowman AW, Gooch CR, Alexander LF, Desai MA, Bolan CW. Vascular
applications of ferumoxytol-enhanced magnetic resonance imaging of the
abdomen and pelvis. Abdom Radiol (NY). 2021; 46: 2203-18.

Kooi ME, Cappendijk VC, Cleutjens KB, Kessels AG, Kitslaar PJ, Borgers M, et
al. Accumulation of ultrasmall superparamagnetic particles of iron oxide in
human atherosclerotic plaques can be detected by in vivo magnetic resonance
imaging. Circulation. 2003; 107: 2453-8.

Li W, Tutton S, Vu AT, Pierchala L, Li BS, Lewis JM, et al. First-pass
contrast-enhanced magnetic resonance angiography in humans using
ferumoxytol, a novel ultrasmall superparamagnetic iron oxide (USPIO)-based
blood pool agent. ] Magn Reson Imaging. 2005; 21: 46-52.

Wilson S, Culp WTN, Wisner ER, Cissell DD, Finn JP, Zwingenberger AL.
Ferumoxytol-enhanced ~ magnetic ~ resonance  angiography provides
comparable vascular conspicuity to CT angiography in dogs with intrahepatic
portosystemic shunts. Vet Radiol Ultrasound. 2021; 62: 463-70.

Nguyen KL, Moriarty JM, Plotnik AN, Aksoy O, Yoshida T, Shemin R], et al.
Ferumoxytol-enhanced MR Angiography for Vascular Access Mapping before
Transcatheter Aortic Valve Replacement in Patients with Renal Impairment: A
Step Toward Patient-specific Care. Radiology. 2018; 286: 326-37.

Walker JP, Nosova E, Sigovan M, Rapp ], Grenon MS, Owens CD, et al.
Ferumoxytol-enhanced magnetic resonance angiography is a feasible method
for the clinical evaluation of lower extremity arterial disease. Ann Vasc Surg.
2015; 29: 63-8.

Stoumpos S, Tan A, Hall Barrientos P, Stevenson K, Thomson PC, Kasthuri R,
et al. Ferumoxytol MR Angiography versus Duplex US for Vascular Mapping
before Arteriovenous Fistula Surgery for Hemodialysis. Radiology. 2020; 297:
214-22.

Yilmaz A, Dengler MA, van der Kuip H, Yildiz H, Rosch S, Klumpp S, et al.
Imaging of myocardial infarction using ultrasmall superparamagnetic iron
oxide nanoparticles: a human study using a multi-parametric cardiovascular
magnetic resonance imaging approach. Eur Heart J. 2013; 34: 462-75.
Hofmann M, Pichler B, Scholkopf B, Beyer T. Towards quantitative PET/MRI:
a review of MR-based attenuation correction techniques. Eur ] Nucl Med Mol
Imaging. 2009; 36 Suppl 1: S93-104.

https://www.thno.org



Theranostics 2022, Vol. 12, Issue 2

815

110.

111.

sy

11

113.

114.

115.

o

11

117.

118.

®©

119.

120.

=]

121.

122.

N

123.

124.

12!

12

127.

128.

129.

e

130.

=}

131.

13

133.

134.

135.

136.

137.

N

o

o

S

N

Boros E, Bowen AM, Josephson L, Vasdev N, Holland JP. Chelate-free metal
ion binding and heat-induced radiolabeling of iron oxide nanoparticles. Chem
Sci. 2015; 6: 225-36.

Borra RJ, Cho HS, Bowen SL, Attenberger U, Arabasz G, Catana C, et al.
Effects of ferumoxytol on quantitative PET measurements in simultaneous
PET/MR whole-body imaging: a pilot study in a baboon model. EINMMI
Phys. 2015; 2: 6.

Muehe AM, Yerneni K, Theruvath AJ, Thakor AS, Pribnow A, Avedian R, et al.
Ferumoxytol Does Not Impact Standardized Uptake Values on PET/MR
Scans. Mol Imaging Biol. 2020; 22: 722-9.

Muehe AM, Siedek F, Theruvath A]J, Seekins J, Spunt SL, Pribnow A, et al.
Differentiation of benign and malignant lymph nodes in pediatric patients on
ferumoxytol-enhanced PET/MRI. Theranostics. 2020; 10: 3612-21.

Al-Naseem A, Sallam A, Choudhury S, Thachil J. Iron deficiency without
anaemia: a diagnosis that matters. Clin Med (Lond). 2021; 21: 107-13.

Pasricha SR, Tye-Din ], Muckenthaler MU, Swinkels DW. Iron deficiency.
Lancet. 2021; 397: 233-48.

Fishbane S, Maesaka JK. Iron management in end-stage renal disease. Am J
Kidney Dis. 1997; 29: 319-33.

Kooistra MP, Niemantsverdriet EC, van Es A, Mol-Beermann NM,
Struyvenberg A, Marx JJ. Iron absorption in erythropoietin-treated
haemodialysis patients: effects of iron availability, inflammation and
aluminium. Nephrol Dial Transplant. 1998; 13: 82-8.

Adkinson NF, Strauss WE, Bernard K, Kaper RF, Macdougall IC, Krop JS.
Comparative safety of intravenous Ferumoxytol versus Ferric Carboxymaltose
for the Treatment of Iron Deficiency Anemia: rationale and study design of a
randomized double-blind study with a focus on acute hypersensitivity
reactions. ] Blood Med. 2017; 8: 155-63.

Auerbach M, Ballard H. Clinical use of intravenous iron: administration,
efficacy, and safety. Hematology Am Soc Hematol Educ Program. 2010; 2010:
338-47.

Cancado RD, Munoz M. Intravenous iron therapy: how far have we come?
Rev Bras Hematol Hemoter. 2011; 33: 461-9.

Auerbach M, Gafter-Gvili A, Macdougall IC. Intravenous iron: a framework
for changing the management of iron deficiency. Lancet Haematol. 2020; 7:
e342-e50.

Schaefer B, Meindl E, Wagner S, Tilg H, Zoller H. Intravenous iron
supplementation therapy. Mol Aspects Med. 2020; 75: 100862.

Auerbach M, Ballard H, Glaspy J. Clinical update: intravenous iron for
anaemia. Lancet. 2007; 369: 1502-4.

Provenzano R, Schiller B, Rao M, Coyne D, Brenner L, Pereira BJ. Ferumoxytol
as an intravenous iron replacement therapy in hemodialysis patients. Clin J
Am Soc Nephrol. 2009; 4: 386-93.

Vadhan-Raj S, Strauss W, Ford D, Bernard K, Boccia R, Li J, et al. Efficacy and
safety of IV ferumoxytol for adults with iron deficiency anemia previously
unresponsive to or unable to tolerate oral iron. Am ] Hematol. 2014; 89: 7-12.
Macdougall IC, Strauss WE, McLaughlin ], Li Z, Dellanna F, Hertel . A
randomized comparison of ferumoxytol and iron sucrose for treating iron
deficiency anemia in patients with CKD. Clin ] Am Soc Nephrol. 2014; 9:
705-12.

Adkinson NF, Strauss WE, Macdougall IC, Bernard KE, Auerbach M, Kaper
RF, et al. Comparative safety of intravenous ferumoxytol versus ferric
carboxymaltose in iron deficiency anemia: A randomized trial. Am ] Hematol.
2018; 93: 683-90.

Singh A, Patel T, Hertel ], Bernardo M, Kausz A, Brenner L. Safety of
ferumoxytol in patients with anemia and CKD. Am ] Kidney Dis. 2008; 52:
907-15.

Auerbach M, Deloughery T. Single-dose intravenous iron for iron deficiency: a
new paradigm. Hematology Am Soc Hematol Educ Program. 2016; 2016:
57-66.

Auerbach M, Macdougall 1. The available intravenous iron formulations:
History, efficacy, and toxicology. Hemodial Int. 2017; 21 Suppl 1: S83-592.
Gerb ], Strauss W, Derman R, Short V, Mendelson B, Bahrain H, et al.
Ferumoxytol for the treatment of iron deficiency and iron-deficiency anemia of
pregnancy. Ther Adv Hematol. 2021; 12: 20406207211018042.

Crichton RR. Iron metabolism : from molecular mechanisms to clinical
consequences. 4th edition. ed. Chichester, West Sussex, United Kingdom: John
Wiley and Sons, Inc.; 2016.

Wang S, Luo ], Zhang Z, Dong D, Shen Y, Fang Y, et al. Iron and magnetic:
new research direction of the ferroptosis-based cancer therapy. Am J Cancer
Res. 2018; 8: 1933-46.

Zheng H, You J, Yao X, Lu Q, Guo W, Shen Y. Superparamagnetic iron oxide
nanoparticles promote ferroptosis of ischemic cardiomyocytes. J Cell Mol
Med. 2020; 24: 11030-3.

Jaganjac M, Borovic Sunjic S, Zarkovic N. Utilizing Iron for Targeted Lipid
Peroxidation as Anticancer Option of Integrative Biomedicine: A Short Review
of Nanosystems Containing Iron. Antioxidants (Basel). 2020; 9.

Xue CC, Li MH, Zhao Y, Zhou J, Hu Y, Cai KY, et al. Tumor
microenvironment-activatable Fe-doxorubicin preloaded amorphous CaCO3
nanoformulation triggers ferroptosis in target tumor cells. Sci Adv. 2020; 6:
eaax1346.

Soetaert F, Korangath P, Serantes D, Fiering S, Ivkov R. Cancer therapy with
iron oxide nanoparticles: Agents of thermal and immune therapies. Adv Drug
Deliv Rev. 2020; 163-164: 65-83.

138.

e3)

139.

140.

141.

=

142.

14

144.

145.

146.

147.

14

14

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

16

164.

165.

166.

167.

W

®

©

1

Lebrun F, Klastersky J, Levacq D, Wissam Y, Paesmans M. Intravenous iron
therapy for anemic cancer patients: a review of recently published clinical
studies. Support Care Cancer. 2017; 25: 2313-9.

Pfeifhofer-Obermair C, Tymoszuk P, Petzer V, Weiss G, Nairz M. Iron in the
Tumor Microenvironment-Connecting the Dots. Front Oncol. 2018; 8: 549.
Zanganeh S, Hutter G, Spitler R, Lenkov O, Mahmoudi M, Shaw A, et al. Iron
oxide nanoparticles inhibit tumour growth by inducing pro-inflammatory
macrophage polarization in tumour tissues. Nat Nanotechnol. 2016; 11: 986-94.
Korangath P, Barnett JD, Sharma A, Henderson ET, Stewart ], Yu SH, et al.
Nanoparticle interactions with immune cells dominate tumor retention and
induce T cell-mediated tumor suppression in models of breast cancer. Sci Adv.
2020; 6: eaay1601.

Li K, Lu L, Xue C, Liu J, He Y, Zhou ], et al. Polarization of tumor-associated
macrophage phenotype via porous hollow iron nanoparticles for tumor
immunotherapy in vivo. Nanoscale. 2020; 12: 130-44.

Zhao ], Zhang Z, Xue Y, Wang G, Cheng Y, Pan Y, et al. Anti-tumor
macrophages activated by ferumoxytol combined or surface-functionalized
with the TLR3 agonist poly (I: C) promote melanoma regression. Theranostics.
2018; 8: 6307-21.

De Waele ], Marcq E, Van Audenaerde JR, Van Loenhout ], Deben C,
Zwaenepoel K, et al. Poly(I:C) primes primary human glioblastoma cells for an
immune response invigorated by PD-L1 blockade. Oncoimmunology. 2018; 7:
€1407899.

Kyi C, Roudko V, Sabado R, Saenger Y, Loging W, Mandeli J, et al.
Therapeutic Immune Modulation against Solid Cancers with Intratumoral
Poly-ICLC: A Pilot Trial. Clin Cancer Res. 2018; 24: 4937-48.

Liu X, Xu Y, Li Y, Pan Y, Zhao S, Hou Y. Ferumoxytol-beta-glucan Inhibits
Melanoma Growth via Interacting with Dectin-1 to Polarize Macrophages into
M1 Phenotype. Int ] Med Sci. 2021; 18: 3125-39.

Xu 'Y, Xue Y, Liu X, Li Y, Liang H, Dou H, et al. Ferumoxytol Attenuates the
Function of MDSCs to Ameliorate LPS-Induced Immunosuppression in
Sepsis. Nanoscale Res Lett. 2019; 14: 379.

Grignano E, Birsen R, Chapuis N, Bouscary D. From Iron Chelation to
Overload as a Therapeutic Strategy to Induce Ferroptosis in Leukemic Cells.
Front Oncol. 2020; 10: 586530.

Trujillo-Alonso V, Pratt EC, Zong H, Lara-Martinez A, Kaittanis C, Rabie MO,
et al. FDA-approved ferumoxytol displays anti-leukaemia efficacy against
cells with low ferroportin levels. Nat Nanotechnol. 2019; 14: 616-22.

Torti SV, Torti FM. Winning the war with iron. Nat Nanotechnol. 2019; 14:
499-500.

Cormode DP, Gao L, Koo H. Emerging Biomedical Applications of
Enzyme-Like Catalytic Nanomaterials. Trends Biotechnol. 2018; 36: 15-29.
Jiang D, Ni D, Rosenkrans ZT, Huang P, Yan X, Cai W. Nanozyme: new
horizons for responsive biomedical applications. Chem Soc Rev. 2019; 48:
3683-704.

Gao L, Fan K, Yan X. Iron Oxide Nanozyme: A Multifunctional Enzyme
Mimetic for Biomedical Applications. Theranostics. 2017; 7: 3207-27.

Singh S. Nanomaterials Exhibiting Enzyme-Like Properties (Nanozymes):
Current Advances and Future Perspectives. Front Chem. 2019; 7: 46.

Golchin J, Golchin K, Alidadian N, Ghaderi S, Eslamkhah S, Eslamkhah M, et
al. Nanozyme applications in biology and medicine: an overview. Artif Cells
Nanomed Biotechnol. 2017; 45: 1-8.

Huo M, Wang L, Chen Y, Shi ]J. Tumor-selective catalytic nanomedicine by
nanocatalyst delivery. Nat Commun. 2017; 8: 357.

Gao L, Liu Y, Kim D, Li Y, Hwang G, Naha PC, et al. Nanocatalysts promote
Streptococcus mutans biofilm matrix degradation and enhance bacterial
killing to suppress dental caries in vivo. Biomaterials. 2016; 101: 272-84.

Sun H, Gao N, Dong K, Ren ], Qu X. Graphene quantum dots-band-aids used
for wound disinfection. ACS Nano. 2014; 8: 6202-10.

Liu CP, Wu TH, Lin YL, Liu CY, Wang S, Lin SY. Tailoring Enzyme-Like
Activities of Gold Nanoclusters by Polymeric Tertiary Amines for Protecting
Neurons Against Oxidative Stress. Small. 2016; 12: 4127-35.

Li M, Zhang H, Hou Y, Wang X, Xue C, Li W, et al. State-of-the-art iron-based
nanozymes for biocatalytic tumor therapy. Nanoscale Horiz. 2020; 5: 202-17.
Naha PC, Liu Y, Hwang G, Huang Y, Gubara S, Jonnakuti V, et al.
Dextran-Coated Iron Oxide Nanoparticles as Biomimetic Catalysts for
Localized and pH-Activated Biofilm Disruption. ACS Nano. 2019; 13: 4960-71.
Zhou ], Xue C, Hou Y, Li M, Hu Y, Chen Q, et al. Oxygenated theranostic
nanoplatforms with intracellular agglomeration behavior for improving the
treatment efficacy of hypoxic tumors. Biomaterials. 2019; 197: 129-45.
Vangijzegem T, Stanicki D, Laurent S. Magnetic iron oxide nanoparticles for
drug delivery: applications and characteristics. Expert Opin Drug Deliv. 2019;
16: 69-78.

El-Boubbou K. Magnetic iron oxide nanoparticles as drug carriers:
preparation, conjugation and delivery. Nanomedicine (Lond). 2018; 13: 929-52.
Mohanty S, Yerneni K, Theruvath JL, Graef CM, Nejadnik H, Lenkov O, et al.
Nanoparticle enhanced MRI can monitor macrophage response to CD47 mAb
immunotherapy in osteosarcoma. Cell Death Dis. 2019; 10: 36.

Ng TSC, Gunda V, Li R, Prytyskach M, Iwamoto Y, Kohler RH, et al. Detecting
Immune Response to Therapies Targeting PDL1 and BRAF by Using
Ferumoxytol MRI and Macrin in Anaplastic Thyroid Cancer. Radiology. 2021;
298: 123-32.

Kalra AV, Spernyak ], Kim J, Sengooba A, Klinz S, Paz N, et al. Magnetic
resonance imaging with an iron oxide nanoparticle demonstrates the

https://www.thno.org



Theranostics 2022, Vol. 12, Issue 2

816

16

16

17

171

17

17.

174.
175.

®

°

S

N

@

preclinical feasibility of predicting intratumoral uptake and activity of
MM-398, a nanoliposomal irinotecan (nal-IRI). Cancer Res. 2014; 74.
Ramanathan RK, Korn RL, Sachdev JC, Fetterly GJ, Marceau K, Marsh V, et al.
Pilot study in patients with advanced solid tumors to evaluate feasibility of
ferumoxytol (FMX) as tumor imaging agent prior to MM-398, a nanoliposomal
irinotecan (nal-IRI). Cancer Res. 2014; 74.

Ramanathan RK, Korn RL, Raghunand N, Sachdev JC, Newbold RG, Jameson
G, et al. Correlation between Ferumoxytol Uptake in Tumor Lesions by MRI
and Response to Nanoliposomal Irinotecan in Patients with Advanced Solid
Tumors: A Pilot Study. Clin Cancer Res. 2017; 23: 3638-48.

Sachdev JC, Munster P, Northfelt DW, Han HS, Ma C, Maxwell F, et al. Phase I
study of liposomal irinotecan in patients with metastatic breast cancer:
findings from the expansion phase. Breast Cancer Res Tr. 2021; 185: 759-71.
Muehe AM, Feng D, von Eyben R, Luna-Fineman S, Link MP, Muthig T, et al.
Safety Report of Ferumoxytol for Magnetic Resonance Imaging in Children
and Young Adults. Invest Radiol. 2016; 51: 221-7.

Nguyen KL, Yoshida T, Kathuria-Prakash N, Zaki IH, Varallyay CG, Semple
SI, et al. Multicenter Safety and Practice for Off-Label Diagnostic Use of
Ferumoxytol in MRI. Radiology. 2019; 293: 554-64.

Tarangelo A, Dixon SJ. Nanomedicine: An iron age for cancer therapy. Nat
Nanotechnol. 2016; 11: 921-2.

Bowen WH. Rodent model in caries research. Odontology. 2013; 101: 9-14.
Horev B, Klein MI, Hwang G, Li Y, Kim D, Koo H, et al. pH-activated
nanoparticles for controlled topical delivery of farnesol to disrupt oral biofilm
virulence. ACS Nano. 2015; 9: 2390-404.

https://www.thno.org



