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N anotechnology provides a flexible platform for the development of effective therapeutic nanomaterials that can interact

specifically with a target in a biological system and provoke a desired response. Of the nanomaterials studied, iron oxide
nanoparticles have emerged as one of top candidates for cancer therapy. Their intrinsic superparamagnetism enables noninvasive
magnetic resonance imaging (MRI), and their biodegradability is advantageous for in vivo applications. A therapeutic
superparamagnetic iron oxide nanoparticle (SPION) typically consists of three primary components: an iron oxide nanoparticle
core that serves as both a carrier for therapeutics and contrast agent for MRI, a coating on the iron oxide nanoparticle that
promotes favorable interactions between the SPION and the biological system, and a therapeutic payload that performs the
designated function in vivo. Often, the design may incdude a targeting ligand that recognizes the receptors over-expressed on the
exterior surface of cancer cells.

The body is a highly complex system that imposes multiple physiological and cellular barriers to foreign objects. Thus, the
success of a therapeutic SPION largely relies on the design of the iron oxide core to ensure its detection in MRI and the coatings that
allow the nanoparticles to bypass these barriers. Strategies to bypass the physiological barriers, such as liver, kidneys, and spleen,
involve tuning the overall size and surface chemistry of the SPION to maximize blood half-life and facilitate the navigation in the
body. Strategies to bypass cellular barriers include the use of targeting agents to maximize uptake of the SPION by cancer cells and
the employment of materials that promote desired intracellular trafficking and enable controlled drug release.

The payload can be genes, proteins, chemotherapy drugs, or a combination of these molecules. Each type of therapeutic
molecule requires a specific coating design to maximize the loading and to achieve effective delivery and release. In this Account,
we discuss the primary design parameters in developing therapeutic SPIONs with a focus on surface coating design to overcome
the barriers imposed by the body's defense system. We provide examples of how these design parameters have been
implemented to produce SPIONSs for specific therapeutic applications.

Although there are still challenges to be addressed, SPIONs show great promise in the successful diagnosis and treatment of
the most devastating cancers. Once the critical design parameters have been optimized, these nanoparticles, combined with
imaging modalities, can serve as truly multifunctional theranostic agents that not only perform a therapeutic function but also
provide instant dlinical feedback, allowing the physician to adjust the treatment plan.

1. Introduction

Cancers are traditionally treated with surgery, radiation,
and chemotherapy. Each of these approaches bears the
risk of Killing normal cells or fatally damaging healthy tissue.
With the emergence and rapid growth of nanotechnology,
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nanomaterials are providing new opportunities that can
assist in the delivery of small-molecule drugs and biological
agents to improve the therapeutic index by driving the
therapeutic to the target site and limiting its exposure to
healthy tissue. Among many nanomaterials studied for
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FIGURE 1. Architecture of a hanotherapeutic SPION.

cancer diagnosis and therapy, superparamagnetic iron
oxide nanoparticles (SPIONs) have emerged as one of the
most appealing candidates. With superparamagnetism,
SPIONSs can be used as a contrast agent in magnetic reso-
nance imaging (MRI) for disease diagnosis and treatment
monitoring. Iron oxide is biodegradable, and the iron from
degraded SPIONs enters the body's natural iron stores such
as hemoglobin in red blood cells." In fact, several SPION
formulations have been approved for clinical use including
Ferridex LV. for liver and spleen imaging, ferumoxytol for
iron replacement therapy, and Combidex for imaging lymph
node metastases. The small size of SPIONs ensures the
overall small size of the resultant therapeutic SPION, which
facilitates their navigation in tissues, endocytosis, and intra-
cellular trafficking in cancer cells.

Figure 1 illustrates the architecture of a typical multifunc-
tional SPION system. A SPION core is coated with a biocom-
patible coating that allows integration of multiple function-
alities into a single particle. The large surface-area-to-volume
ratio allows high-capacity drug loading and attachment of
targeting ligands for tumor-specific drug delivery and mem-
brane-permeating molecules for intracellular trafficking. By
presentation of a target-sensitive biomolecule at the SPION
surface, itis possible to create a library of novel, personalized
therapeutics that can be used to treat a variety of diseases.
One of the most exciting areas of the development is in
combination with gene therapies. Use of many emerging
biological drugs, such as siRNA and plasmid DNA, has been
hindered by the inability to pass the therapeutics to the
cellular compartment of target cells without first being da-
maged by nucleases. Nanoparticle-based carriers can be
used to transport these genes and release them at the sites
where their therapeutic effects are intended. In addition, the
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superparamagnetic core itself can be used for therapy through
hyperthermia.

2. Design Considerations

At the core of nanotherapeutic agent design is the identifica-
tion of materials and techniques that can be used to create
the end-product that meets the rigorous requirements for in
vivo trafficking, monitoring, and therapeutic function. The
component materials for a nanotherapeutic agent are nor-
mally chosen for biocompatibility, including that of the
degradation products, while being able to perform their
designated functions. This can be a complex process be-
cause these materials are to interact with biological systems,
and our current understanding in material—biosystem inter-
action is limited. The techniques and approaches used to
assemble these materials together must maintain the integ-
rity of the end-product during its navigation through the
body until it reaches target tissue or cells. The interplay of
these components can substantially complicate the design
implementation. Here we discuss the principal design con-
siderations in development of therapeutic SPIONs.

2.1. Superparamagnetic Core. The miniaturization of
iron oxide from the bulk (macroscale) to nanoscale effects
unique physical properties. Specifically, iron oxide nanopar-
ticles become superparamagnetic when each particle con-
sists of a single magnetic domain and thermal energy is high
enough to overcome the energy barrier of magnetic flipping
(typically, <20 nm). In MRI, the SPIONs generate local in-
homogeneities in the magnetic field decreasing the signal.
Therefore, regions in the body that contain SPIONs appear
darker in MR images. This information can be used to
monitor the uptake of SPIONSs to predict treatment efficacy.?
Hyperthermia can be achieved with SPIONs using a rapidly
alternating magnetic field.>* Heat is generated through the
rapid rotation of the SPION itself (Brownian fluctuations,
minor contribution) and the fluctuation of the magnetic
moment within the SPION crystal lattice (Néel fluctuations,
major contribution). Cells containing SPIONs will heat up
inducing apoptosis.

The magnetic properties of the superparamagnetic core
are affected by size, shape, and defect concentration, so they
can be tuned to achieve the desired property. The magnet-
ism engineering work by Lee et al. shows that cobalt- and
nickel-doped SPIONs have reduced mass magnetizations
compared with pure SPIONs.” Interestingly, they also show
that the mass magnetization of manganese-doped SPIONs is
significantly higher. Therefore controlling dopant type and
concentration in the SPION core can dramatically affect its
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FIGURE 2. Physiological barriers encountered by a typical therapeutic nanoparticle.

magnetic properties. The shape and size of SPIONs also
affects magnetic properties.® As the aspect ratio of SPIONs
is increased from spherical to rod-like, the coercivity drama-
tically increases resulting in improved MRI contrast and
hyperthermic effects. Also, smaller SPIONs, which have
higher surface area to volume ratios, provide smaller mass
magnetizations than larger SPIONs owing to the increased
contribution of the magnetically “dead” layer on the surface.
Thus, larger SPIONSs are desirable for their magnetic proper-
ties alone, but the physiological and cellular barriers im-
posed by the body restrict the usable sizes of SPIONSs.

2.2. SPION Coating. Biological barriers encountered by
therapeutic SPIONs in the body must be bypassed to prolong
the blood half-life and improve the likelihood of reaching
target cells. This can be achieved through careful coating
design to improve SPION stability in biological milieus. Here,
we first discuss the barriers encountered by intravenously
injected SPIONs including the barriers before (physiological
barriers) and after (cellular barriers) they reach the cancer
cell. We also discuss common matetials used to bypass each
of these barriers.

2.2.1. Physiological Barriers. The physiological barriers
include the blood, liver and spleen, kidneys, blood—brain
barrier, and tumor vasculature (Figure 2). Blood is a complex,
electrolyte-filled fluid composed of charged proteins such as
albumin, enzymes, cells such as erythrocytes and leuko-
cytes, and small molecules such as sugars, amino acids,
hormones, and lipids. An improperly designed SPION coat-
ing can result in early release or degradation of therapeutic
payload and destabilization causing particle aggregation
and potential embolism. The coating shields the SPION
surface from adsorption of blood components and improves
colloidal stability. Poly(ethylene glycol) (PEG) is one of most

commonly used shielding materials. Zwitterionic materials
are used for the same purpose.

To avoid elimination by clearance organs (i.e., liver,
kidneys, and spleen), the hydrodynamic size of the nano-
particle (combined size of the core and coating) should
remain small. The reticuloendothelial system (RES) readily
takes up materials greater than 100 nm. Also, the basal
lamina of the kidneys has pores of approximately 10 nm, so
materials larger than this will not be filtered out of the blood.
SPIONs with hydrodynamic sizes between 10 and 100 nm
show greatly reduced liver and kidney uptake and so are
given the greatest opportunity to specifically interact with
target cells.”

Circulating SPIONs must extravasate from the blood
vessels to reach the target cells. Depending on the target
tissue type, the junction between endothelial cells in the
blood vessels can vary in size. This is especially true of the
blood—brain barrier (BBB) where endothelial cells in the
brain form tight junctions that severely limit the permeabil-
ity of water-soluble compounds. Different strategies have
been developed for gaining access to brain tissue through
the BBB. The vascular permeability of the BBB can be
increased by administration of vasodilators, such as brady-
kinin and histamine, or hypertonic solution of mannitol to
osmotically shrink endothelial cells. These methods are
risky since the brain's natural defenses against harmful
bloodborne molecules are disrupted. Attaching BBB per-
meating molecules to SPIONs, such as PEG, CLPFFD (an
amphipathic peptide), chitosan, and chlorotoxin (CTX),2~'°
that are actively transported into the brain through transcy-
tosis, absorption, or receptor-mediated endocytosis could
provide a safer means of gaining access to cells in brain. In
this case, the SPION coating must display these molecules to
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FIGURE 3. Cellular barriers encountered by a typical therapeutic
nanoparticle.

allow the interaction with receptors on endothelial cells of
the BBB. Passive extravasation can only occur in discontin-
uous capillaries, which is the case with the enhanced per-
meation and retention (EPR) effect in rapidly growing
tumors. Leaky blood vessels combined with a lack of lymph
vessels promote the accumulation of delivered SPIONs of
30—-100 nm at the tumor site.

2.2.2. Cellular Barriers. Once SPIONs reach the tumor,
they must distribute throughout the tumor, be taken up by
tumor cells, and localize to their intracellular site of action to
perform the therapeutic function. The size and surface coat-
ing alone of the SPION have a determinant effect on the
distribution and uptake. Nanoparticles with hydrodynamic
sizes larger than 60 nm show limited penetration into tumor
cells."" Furthermore, experiments with nanoparticles and
mathematical modeling reveal that cationic nanoparticles
have better cell uptake but poor distribution throughout the
tumor, while anionic nanoparticles distribute very well in the
tumor but have poor cellular uptake.'® The better distribu-
tion of anionic nanoparticles in the tumor can be combined
with high cell uptake associated with cationic nanoparticles
through elegant coating design. For example, the charge-
reversal strategy allows an anionic SPION to deeply pene-
trate a tumor and become cationic at the low pH of the tumor
environment for high cell uptake.'>'* Once distributed
throughout the tumor, there are three tiers of barriers that
SPIONs must bypass for intracellular therapy: the cell mem-
brane, the endosome/lysosome, and intracellular traffick-
ing. Figure 3 illustrates these cellular barriers encountered by
a typical therapeutic SPION.

The cell membrane consists of a negatively charged
phospholipid bilayer embedded with cholesterol, glycoli-
pids, and glycoproteins and acts as a physical barrier. The
SPION coating needs to provide a mechanism to enable the
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uptake of the SPION by the cell through either transcytosis
across the cell membrane or endocytosis. Transcytosis
across the cell membrane can be achieved with arginine-
rich coatings.'> Endocytosis can be receptor-mediated
through ligand—receptor interaction, adsorptive through
nonspecific interactions between the cell membrane and
SPION, or fluid phase where bulk uptake of solutes occurs.
Transcytosis provides direct access to the cytoplasm of the
cell, but endocytosis involves uptake into an endosomal
vesicle in which the pH is reduced to activate degradative
enzymes.

The SPION coating requires a means to escape the endo-
some before degradative enzymes become active. Lipids
have been shown to escape the endosome by fusing with
and translocating through the lipid bilayer at reduced pH.
Similarly, fusogenic peptides, a class of amphiphilic mole-
cules, escape the endosome through interaction with and
disruption of the hydrophobic bilayer of the endosome at
reduced pH. A different mechanism of release from the
endosome is through the proton sponge effect wherein a
material buffers the influx of protons into the endosome,
which causes osmotic swelling and eventually rupture of the
endosome, releasing its contents into the cytoplasm of the
cell. Materials that can be used as proton sponges, such as
polyethyleneimine (PEI), generally contain tertiary amines,
which have a pK, around 5. These materials can be inte-
grated into the SPION coating to endow the endosomal
escape property. Finally, once the SPION is free in the
cytoplasm of the cell, it must be delivered to the subcellular
organelle to elicit its function. DNA must localize into the
nucleus to be transcribed into mRNA. siRNA functions out-
side the nucleus on mRNA so nuclear entry is not needed.
Small-molecule drugs have various intracellular therapeutic
targets, and should be transported to those sites. Similarly,
therapeutic proteins have different sites of action, so appro-
priate intracellular trafficking needs to be employed.

2.3. Tumor Targeting. Tumor targeting refers to the
selective accumulation and uptake of therapy in the tumor.
Targeting of tumor cells can be achieved passively through
the EPR effect or actively through use of a targeting agent.
While passive tumor targeting significantly enhances up-
take of nanosized therapies, active targeting provides both
better uptake and distribution in the tumor. Generally, a
targeting SPION is prepared by attaching a ligand that
recognizes specific receptors highly expressed only on can-
cer cells.'® The increased metabolic function of cancer cells
can also be exploited for targeting through attachment of
molecules such as glucose or folicacid.'”'® Here, the specific
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FIGURE 4. Targeting SPIONs in the tumor microenvironment. (a) Coronal MR image of a mouse bearing xenograft tumors. (b) MR images of NP-CTX
and NP-RGD treated mice. () Histological analysis of tumors showing the selective localization of NP-RGD with neovasculature and NP-CTX
throughout the tumor. Color scheme for panel c: green, anti-CD31 (mature endothelial cell marker); blue, anti-CD61 (neovasculature marker); red,
nanoparticles. Panels b and c adapted with permission from ref 22. Copyright 2010 Future Medicine.

interactions between the targeting ligand and cell surface
receptors must outweigh the nonspecific interactions be-
tween the SPION and cells. Thus, the SPION core should be
sufficiently coated to prevent nonspecific cell binding of the
SPION. Further, the coating must be near charge-neutral to
prevent nonspecific electrostatic interactions between cells
and the SPION. PEG is commonly used as the coating
material of SPIONS since it improves circulation time in blood
and displays targeting agents on its termini for cell recognition.

Studies have shown that targeting agents improve the
uptake of nanoparticles by tumors in both xenograft and
transgenic mouse models. Recent findings indicate that some
targeting agents do not actually increase particle up-
take into the tumor but improve particle distribution in the
tumor and within the tumor cells.'® Both targeted anionic*® and
cationic*' nanoparticles have shown this effect indicating that
the improved tumor distribution and cell uptake is not asso-
ciated with the surface charge. This improved patrticle distribu-
tion provides significant advantages for imaging and drug
delivery: tumor boundaries can be better delineated and the
delivered therapy can affect a larger proportion of tumor cells.

Depending on the targeting ligand used, SPIONSs can be
targeted to spedcific cells of the tumor microenvironment.
RGD is a commonly used tumor targeting peptide that reco-
gnizes o,f3 integrins overexpressed on cancer cell and
associated endothelial cell surfaces. CTX is a peptide that
recognizes MMP-2 overexpressed on the surface of cancer
cells. PEG-coated SPIONs activated with CTX (NP-CTX) or

RGD (NP-RGD) both provide significant contrast in MRI, but
NP-RGD localizes to neovasculature whereas NP-CTX distri-
butes throughout the tumor (Figure 4).22 Thus, the choice of
targeting ligand for delivery of therapeutic drugs or biomo-
lecules needs to match the target of the delivered therapy.

3. Therapeutic SPIONs in Cancer Treatment

In this section, we present several examples of therapeutic
SPIONs and discuss how the design considerations shown
above are implemented in their structures for gene therapy,
chemotherapy, protein therapy, and magnetic hyperther-
mia-based therapy. Most SPION formulations are still in
preclinical stages of development; the majority of them
were tested in rodents with xenograft tumors.

3.1. Gene Therapy. Gene therapy, to its simplest approx-
imation, can mediate cancer by treating the root of the
disease, namely, DNA damage that leads to aberrant ex-
pression of proteins involved in key regulatory pathways.
Normal cell behavior can be restored through DNA delivery
to replace the damaged gene. Similarly, overexpression of
oncogenes that promote carcinogenesis can be down-regu-
lated through RNA interference (RNAI) by delivery of small
interfering RNAs (siRNAs). Of the many materials used to
make nonviral vectors (e.g,, liposomes, cationic polymers,
dendrimers), solid core nanoparticles such as SPIONSs pro-
vide the advantage of small, controllable size. The SPION
core serves as a template for organization of the polymeric
coating that will bind or encapsulate the nucleic acid.
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FIGURES5. CTX-targeted gene delivery using SPIONs. (a) SPION activated with CTX for siRNA delivery in vitro and DNA delivery in vivo. (b) Fluorescence
images of GFP-expressing cells treated with nanoparticles. Color scheme: blue, nucleus; green, membrane; red, siRNA; light green, GFP. (c) Photograph
of a typical xenograft mouse used for in vivo DNA delivery experiments. (d) R2 map of xenograft brain tumors in mice treated with control (NP:DNA)
and targeting (NP:DNA-CTX) SPIONS. (e) Prussian blue stained xenograft brain tumors and (f) fluorescence images of xenograft brain tumors, both
showing that the wider distribution of NP:DNA-CTX corresponds to higher expression of the delivered GFP gene. Scale bars correspond to 20 ym.
Adapted with permission from refs 21 and 24. Copyright 2010 American Chemical Society and 2010 Elsevier.

Nanoparticles designed for gene therapy are generally
cationic since the positively charged nanopatrticles interact
with negatively charged nucleic acids to form stable com-
plexes. This is especially true for delivery of plasmid DNA,
which is relatively large (~100 nm) even when compacted
(~10nm). On the other hand, siRNA, which is small and rigid,
is less restrictive on polymer coating. Once the nucleic acid
bound SPION is internalized, DNA delivery requires access to
the nucleus for successful transfection whereas siRNA only
needs access to the cytoplasm to inhibit translation of mRNA.
Cationic materials generally show good nuclear localization,
and peptides that promote localization to the nucleus are also
used. SPIONSs for gene therapy are still in preclinical stages of
development.

SPIONSs coated with a copolymer of PEI, PEG, and chitosan
(namely, NP-CP-PEI) are able to stably bind plasmid DNA,
protect it from external molecules such as nucleases, and
deliver it to the nucleus for transfection.** The combination
of PEl and chitosan improves the low transfection efficiency
associated with chitosan and suppresses the toxicity asso-
ciated with PEI, and PEG passivates the SPION surface for
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improved stability and further diminishes PEI toxicity. Further-
more, this copolymer coating allows the SPIONSs to retain their
magnetic properties even when DNA is bound. These SPIONs
are able to deliver green fluorescent protein encoding plasmid
DNA to brain tumor cells in vivo for transfection through the
EPR effect.

Targeted gene therapy can dramatically improve trans-
fection efficiencies and treat a higher proportion of cells.
Attachment of the targeting ligand, CTX, to NP-CP-PEI in-
creases the transfection efficiency 3-fold.?** The targeting
SPION provides improved therapeutic efficacy even though
both nontargeting and targeting SPIONs show similar con-
trast enhancement in MRI (Figure 5). Similarly, attachment of
the peptide EPPT, which recognizes the tumor-specific anti-
gen uMUC-1, to SPIONs improves siRNA delivery to breast
cancer cells.?® Cross-linked dextran is used as the particle
coating to provide sufficient functional groups for covalent
attachment of siRNAs and targeting agents. This SPION is
able to deliver a therapeutic dose of anti-BIRC5 siRNA to
human breast cancer xenograft tumors while being mon-
itored through MRI.
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FIGURE 6. Charge-reversal strategy for dual RNAi and cell-killing therapy. (a) Proposed mechanism of charge-reversal strategy. (b) Cell viability after
treatment with various SPION formulations at neutral pH and acidic pH. (c) GFP expression in cells treated with the CTX-targeted SPION under the two
pH conditions. Adapted with permission from ref 13. Copyright 2010 American Chemical Society.

The charge-reversal strategy can improve accumulation
of SPIONs throughout the tumor and also provide secondary
therapy. PEI is highly toxic due to its high proportion of
amine groups but becomes nontoxic when these amine
groups are blocked. We attached pH-labile blocked PEI to
SPIONSs along with anti-GFP siRNA and CTX."® Under acidic
pH, such as in the tumor microenvironment, the amine
groups on PEI become unblocked and toxic (Figure 6a)
leading to higher tumor cell kill and greater gene knock-
down due to greater uptake of the SPION (Figure 6b and ¢).

3.2. Chemotherapy. Chemotherapy aims to inhibit can-
cer cell growth through delivery of small molecule inhibitors
of cell function. Many chemotherapeutic drugs inhibit DNA
replication or repair, so they need access to the nucleus for
function. Others inhibit mitochondrial activity, cell matility,
and the components of the cell division pathway. Intracel-
lular trafficking of these delivered drugs to their site of action
significantly improves therapeutic potency.

Failure of chemotherapy is generally caused by the
limited dose that can be applied due to off-target toxicity
and acquired drug resistance in cancer cells. The use of
nanoparticles for delivery of chemotherapies can provide
significant advantages over drug alone. The multifunction-
ality of nanoparticles offers better biodistribution of drug

allowing for administration of higher doses.?® Furthermore,
drug attached to nanoparticles can overcome multidrug
resistance (MDR) by many cancers in which drug efflux
pumps are overexpressed on their surfaces. When attached
to nanoparticles, the drug is no longer a substrate for these
efflux pumps. A hydrophobic polymer coating on the SPION
can be employed for loading of hydrophobic drug, or if the
drug has a functional group, it can be covalently linked to
SPIONS.

Hydrophobic drug loading onto SPIONs can provide high
drug loading efficiencies and increase drug stability under
physiological conditions. For example, Jain et al. attached
Pluronic F127, a PEO—PPO diblock copolymer, on oleic acid
coated SPIONs,? wherein the oleic acid/PPO layer provides a
hydrophobic region for high-capacity drug loading. The
passive uptake of these SPIONSs in xenograft tumors through
the EPR effect can be monitored using MRI.

Direct conjugation of drug to SPIONs can provide better
control over drugloading and release, but loading capacity is
low due to the small number of functional groups on the
surface of SPIONs compared with hydrophobic regions in
hydrophobic coatings. To achieve higher drug loading a
docking molecule can be used to bind large amounts of
drug before attaching to SPIONs. We utilized PEl as a docking
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FIGURE 7. DOX-loaded SPIONSs for overcoming MDR. (a) Cartoon showing that drug-resistant glioma cells (C6-ADR) overexpressing efflux pumps are
able to pump out free DOX whereas DOX attached to SPIONs remains inside the cell. DOX is then released from the SPION to intercalate DNA in the
nucleus, killing the cell. (b) Fluorescence images of C6-ADR cells treated with free DOX (top) and NP-DOX (bottom). (c) Resistance factor for free DOX
and NP-DOX. Reproduced with permission from ref 27. Copyright 2011 Elsevier.

molecule for DOX attachment to SPIONs, which accommo-
dates over 1000 DOX molecules per SPION.?” We showed
that this SPION—DOX conjugate (NP-DOX) is able to over-
come MDR in glioblastoma by preventing drug efflux and
provides a higher intracellular concentration of DOX for
improved cell kill (Figure 7). Free DOX is much less effective
in Killing drug-resistant cells compared with drug-sensitive
cells with a resistance factor of around 55. On the other
hand, NP-DOX is much less sensitive to drug resistance with
a resistance factor of only ~5. A high resistance factor sug-
gests high sensitivity toward drug resistance.

3.3. Protein Therapy. The goal of protein therapy is to
deliver a sufficient dose of therapeutic protein into cancer
cells, which is considered one of the most direct and safe
approaches for treating cancer. Protein therapy can include
blocking a cell surface receptor involved in carcinogenesis or
intracellular delivery of proteins involved in cell signaling to
either slow cell growth and invasion or induce apoptosis.
However, delivery of proteins can be very challenging.
Therapeutic proteins are often metabolized or cleared in
vivo before reaching target cells. Nanoparticles can signifi-
cantly improve protein delivery by protecting them from
protease degradation and acting as a vehicle for intracellular
access and trafficking. Furthermore, the therapy can be
enhanced through the multivalent effect wherein protein
molecules are arranged on the surface of the nanoparticle so
that the effect is stronger than a single protein. For example,
CTX-labeled SPIONs have been shown to hinder the inva-
siveness of glioblastoma cells to a greater extent than free
CTX owing to the multivalent effect.®

Cell surface receptor inhibition for cancer therapy has
been achieved with epidermal growth factor receptor var-
iant Il (EGFRVIII) antibody labeled SPIONSs.*® These SPIONs
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are able to specifically inhibit the function of EGFRVIII to
induce apoptosis in glioma cells in vitro, which translated
into improved time of survival in vivo after convection
enhanced delivery of SPIONSs into the brain.

SPIONs can also deliver therapeutic doses of protein
intracellularly; however, these SPIONs are still in early stages
of development, and many have not been tested in cells. For
example, cytochrome ¢ induces apoptosis once it is inter-
nalized but is poorly taken up by cells. Cytochrome ¢ protein
loaded into nanoparticles increases its cytoplasmic concen-
tration and induces apoptosis in breast cancer cells.?®
SPIONs have also been used to adsorb cytokines such as
interferon gamma (IFNy) for potential cancer immuno-
therapy.3® The surface of these SPIONS was engineered to
be highly anionic for adsorption of cationic IFNy. This stra-
tegy enables efficient protein loading and release of active
cytokine.

3.4. Magnetic Hyperthermia. The magnetic properties of
SPIONs can be exploited to induce a therapeutic response
through hyperthermia. In an alternating magnetic field,
SPIONs generate heat primarily through Néel fluctuations,
which canresult in very high local temperatures. Jordan et al.
exploited this property for cancer therapy.®> They showed
that aminosilane-coated SPIONs are able to increase survi-
val in rats with orthotopic brain tumors through intratumoral
injection of SPIONs and subsequent thermotherapy. The
aminosilane coating likely promotes electrostatic interac-
tion between the SPION and cell membrane to prevent
leakage out of the tumor. However, the high concentration
of SPIONs needed in the tumor tissue currently limits the
broad application of this technology to solid tumors that can
be accessed through injection. The tolerability of this ther-
apy in glioblastoma patients has been shown in a phase |
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FIGURE 8. Magnetically activated release system (MARS) for breast cancer cell treatment. (a) MARS schematic. (b) Fluorescent images (top row) and
fluorescent images with differential interference contrast (bottom row) of cancer cells treated with DOX-loaded MARS without AC field (1, 2), empty
MARS with AC field (3, 4), and DOX-loaded MARS with AC field (5, 6). Color scheme: green, fluorescently labeled MARS; red, doxorubicin (DOX). The
black arrows in image 6 indicate the location of apoptotic cells. (c) Cell kill associated with each treatment. Adapted with permission from ref 32.
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clinical trial suggesting it could work well in these solid
tumors.?’!

Alternatively, magnetic hyperthermia can be used to
selectively release drug. Thomas et al. loaded mesoporous
silica nanoparticles with DOX and SPIONs and capped the
pores of the silica with a heat labile molecule (Figure 8a).3% At
room temperature, there is no drug release since the pores of
the mesoporous silica remain capped, but at increased
temperatures obtained through magnetic hyperthermia,
decapping occurs releasing most of the drug. This controlled
release provides 7-times higher cell kill than without hy-
perthermicrelease in vitro (Figure 80¢). In a clinical setting, this
nanodrug could provide a significant advantage over cur-
rent chemotherapies since drug release could be limited to
the extent of the alternating magnetic field to prevent
deleterious off-target effects.

4. Conclusion and Perspective

SPIONs have been extensively studied as MRI contrast agents
and drug cartiers both in vitro and in vivo. The design para-
meters are critical to the success of resultant imaging and
therapeutic SPIONs. The size, shape, and crystallinity of the
iron oxide core all play a role in providing high contrastin MR],
and the polymer coating dictates the particle stability and the
end-use of the SPION for targeted therapy. Various surface
engineering strategies have been utilized to achieve improved
treatment specificity and therapeutic index of the SPIONs.

The ability of SPIONSs to serve as an MRI contrast agent and
the prolonged accumulation of SPIONs in tumors (e.g., weeks)
allows physicians to noninvasively and continuously assess
tumor-targeted therapeutic delivery, distribution, and uptake
and predict response in patients immediately after treatment
so that dosing can be personalized for more effective treat-
ment. With the potential of detecting single cells labeled with
SPIONs under high magnetic strength, very specific informa-
tion on delivery can be obtained.

Currently, several SPION formulations such as Ferridex
V. and Combidex are approved for use in the clinic,
but they are nontargeted and provide only diagnostic in-
formation. These formulations do, however, act as a step-
ping stone onto which other SPION nanomedicine
formulations can be developed since the safety profile of
the base SPION core has been established. SPIONs combined
with clinically used drugs are expected to be the forerunner
for the translation of laboratory results to clinical use.

Highly reproducible synthesis of multifunctional SPIONs
and integration of multiple design components remain
challenging. For eventual translation to the clinic, the focus
must be placed on the homogeneity of developed SPIONSs so
that desired properties, such as size and shape of SPION,
numbers of functional groups present, and drug loading and
release, can be well-controlled. To accommodate multiple
types of biomolecules in one nanoparticle design, one
component that can serve multiple functions is preferable
to simplify implementation and would have fewer hurdles to
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get FDA approval. Moreover, in vivo nanopatticle targeting
to achieve therapeutic efficacy should be demonstrated in
large animals because targeted expetiments in rodents may
not be readily reproduced in larger animals or humans.
Future emphasis should be placed on surface engineering
of SPIONSs to reduce nonspecific SPION uptake by nontar-
geted organs and increase their uptake by target tumors.
Finally, a rigorous characterization of SPIONs with focus on
addressing the potential regulatory issues would be needed
to achieve their speedy translation to the clinic.
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