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Abstract: The aim of the present educational review on superparamagnetic iron oxide nanoparticles
(SPIONs) is to inform and guide young scientists and students about the potential use and challenges
associated with SPIONs. The present review discusses the basic concepts of magnetic resonance
imaging (MRI), basic construct of SPIONs, cytotoxic challenges associated with SPIONs, shape and
sizes of SPIONs, site-specific accumulation of SPIONs, various methodologies applied to reduce
cytotoxicity including coatings with various materials, and application of SPIONs in targeted
delivery of chemotherapeutics (Doxorubicin), biotherapeutics (DNA, siRNA), and positron emission
tomography (PET) imaging applications.
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1. Overview of Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) is a common biomedical technique used to provide images
of the soft tissues within the body that contain water [1]. This is accomplished by first placing a
patient or biomedical sample into an external magnetic field that is commonly 0.5–3 Tesla in the clinical
practice and up to 10.5 Tesla for research studies [1], causing the magnetic poles of the water protons to
align with the field. Next, a short radiofrequency (RF) pulse is applied with a frequency matching
the resonant frequency of the hydrogen nucleus. Once the RF pulse is completed, the protons in the
patient/sample emit an RF signal that is detected by the MRI machine [2] (Figure 1); this is the signal
that is used to create the MR images. A brief delay between RF pulses allows the protons to realign
(relax) parallel with the external magnetic field before disturbing the orientation again with the next
RF pulse [2]. This process is repeated many times, applying the many different spatial encodings
necessary to reconstruct an image from the emitted RF signals.
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diagnose diseases [2]. In a similar fashion, biological compounds also have characteristic T1 and T2 
relaxation times depending on the chemical structure of the compound and surrounding solvent. 
Finally, the relaxation rate of a tissue or compound is defined as (R1 = 1/T1 and R2 = 1/T2), meaning 
that a compound with a high r1 and r2 will have a low T1 and T2 [2]. 

 
Figure 1. Pictorial representation of MRI signal acquisition. 

To enhance the imaging capabilities of MRI, contrast agents such as gadolinium (Gd(II)) and 
more commonly (Gd(III)) complexes have been used to increase the speed of proton realignment 
with the magnetic field [2], acting to shorten the T1 time (increase the r1 value) of the water 
molecules surrounding the Gd complexes. This shorter T1 time leads to a brighter signal on the MRI 
images acquired to detect changes in T1 (so-called T1-weighted imaging); as such, gadolinium and 
related compounds are said to exhibit positive contrast on T1-weighted images. Unfortunately, free 
gadolinium is highly toxic to humans; accumulation of gadolinium in the tissues can cause 
nephrogenic systemic fibrosis (NSF) in patients with poor renal function [2]. NSF has been shown to 
be caused by the transmetallation or dechelation of Gd complexes in vivo [3]. Free Gd ion uptake in 
macrophages and fibrocytes may lead fibroblast growth and lead to the changes seen in skin, joints, 
and internal organs during NSF [4]. Macrocyclic Gd-based contrast agents are more stable than the 
linear agents due to greater kinetic stability, leading to less detectable gadolinium deposition [5,6]. 
Gd-chelation agents have received attention as gadolinium deposition has been seen in a 
concentration-dependent relationship in the dentate nucleus and globus pallidus regions of the 
brain, independent of patients’ renal function [7–10]. Beyond the brain, Gd-based contrast agents 
have also been observed in the bone five years post-injection [11], or in the liver, skin, spleen, and 
kidney [12]. Despite all the studies showing the accumulation of Gd in various tissues, the role of 
Gadolinium Deposition Disease causing clinical manifestations has not been clearly demonstrated 
[13]. Instead of injecting free ions, gadolinium is typically encapsulated within proteins, liposomes, 
and dendrimers where it is sequestered away from the tissues. Additional drawbacks of using Gd 
complexes also include the confinement of Gd complexes to the blood and extracellular space with 
unfavorable cellular uptake and a short blood circulation half-life [2]. Manganese(II) complexes have 
also been tested for use as a contrast agent for MRI imaging, but they are shown to exhibit high 
cardio and pulmonary toxicity with inferior thermodynamic stability, magnetization, and MRI 
signal sensitivity compared to Gd complexes [2,14]. 

2. Use of Superparamagnetic Iron Oxide Nanoparticles (SPIONs) in Magnetic Resonance 
Imaging (MRI) 

Superparamagnetic iron oxide nanoparticles (SPIONs), like Endorem and Resovist used for 
imaging liver lesions via MRI, are composed of small superparamagnetic Fe3O4 iron oxide cores and 
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The relaxation time of the tissue is defined as the time it takes for the protons to return to their
initial (baseline) configuration in the strong external magnetic field after being maximally stimulated
by the RF pulse. For human tissue and samples, two major types of relaxation are commonly used.
The time it takes for the magnetic poles on the protons in a tissue to realign with the main magnetic
field is called longitudinal (spin-lattice) relaxation and is designated as the T1 relaxation time. The time
it takes for the magnetic poles on the protons in a tissue to de-phase (e.g., spin out of phase with
each other) is called transverse (spin-spin) relaxation, and is designated as the T2 relaxation time.
Each tissue in the body has characteristic T1 and T2 relaxation times dependent upon the tissue type
and density; physicians use these relaxation differences to distinguish among different tissues and
to diagnose diseases [2]. In a similar fashion, biological compounds also have characteristic T1 and
T2 relaxation times depending on the chemical structure of the compound and surrounding solvent.
Finally, the relaxation rate of a tissue or compound is defined as (R1 = 1/T1 and R2 = 1/T2), meaning
that a compound with a high r1 and r2 will have a low T1 and T2 [2].

To enhance the imaging capabilities of MRI, contrast agents such as gadolinium (Gd(II)) and
more commonly (Gd(III)) complexes have been used to increase the speed of proton realignment with
the magnetic field [2], acting to shorten the T1 time (increase the r1 value) of the water molecules
surrounding the Gd complexes. This shorter T1 time leads to a brighter signal on the MRI images
acquired to detect changes in T1 (so-called T1-weighted imaging); as such, gadolinium and related
compounds are said to exhibit positive contrast on T1-weighted images. Unfortunately, free gadolinium
is highly toxic to humans; accumulation of gadolinium in the tissues can cause nephrogenic systemic
fibrosis (NSF) in patients with poor renal function [2]. NSF has been shown to be caused by the
transmetallation or dechelation of Gd complexes in vivo [3]. Free Gd ion uptake in macrophages
and fibrocytes may lead fibroblast growth and lead to the changes seen in skin, joints, and internal
organs during NSF [4]. Macrocyclic Gd-based contrast agents are more stable than the linear agents
due to greater kinetic stability, leading to less detectable gadolinium deposition [5,6]. Gd-chelation
agents have received attention as gadolinium deposition has been seen in a concentration-dependent
relationship in the dentate nucleus and globus pallidus regions of the brain, independent of patients’
renal function [7–10]. Beyond the brain, Gd-based contrast agents have also been observed in the
bone five years post-injection [11], or in the liver, skin, spleen, and kidney [12]. Despite all the studies
showing the accumulation of Gd in various tissues, the role of Gadolinium Deposition Disease causing
clinical manifestations has not been clearly demonstrated [13]. Instead of injecting free ions, gadolinium
is typically encapsulated within proteins, liposomes, and dendrimers where it is sequestered away
from the tissues. Additional drawbacks of using Gd complexes also include the confinement of Gd
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complexes to the blood and extracellular space with unfavorable cellular uptake and a short blood
circulation half-life [2]. Manganese(II) complexes have also been tested for use as a contrast agent
for MRI imaging, but they are shown to exhibit high cardio and pulmonary toxicity with inferior
thermodynamic stability, magnetization, and MRI signal sensitivity compared to Gd complexes [2,14].

2. Use of Superparamagnetic Iron Oxide Nanoparticles (SPIONs) in Magnetic Resonance
Imaging (MRI)

Superparamagnetic iron oxide nanoparticles (SPIONs), like Endorem and Resovist used for
imaging liver lesions via MRI, are composed of small superparamagnetic Fe3O4 iron oxide cores
and coated with biocompatible layers such as dextran or carbodextran [15,16]. Superparamagnetic
behavior is the ability of the nanoparticles to flip the orientation of the protons within their core rapidly
when exposed to and disengaged from an external magnetic field, giving SPIONs very high relaxivity
values [2]. This behavior arises due to the coupling of proton spin with unpaired 3d electrons in the
Fe3+ and Fe2+ cations within the cubic fcc lattice [2] (Figure 2). Once located within the proper tissue,
the SPIONs introduce a local field inhomogeneity to cause negative contrast on T2-weighted imaging
by shortening T2 relaxation (unlike paramagnetic agents such as gadolinium which create positive
contrast by shortening T1 relaxation [17]).
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Figure 2. Pictorial representation of Fe3O4 lattice structure and orbital electron spin of Fe3+ in iron oxide.

In the laboratory, to determine if a particle exhibits paramagnetic behavior, a hysteresis loop
is conducted where the particle is subjected to a magnetic field with increasing strength until the
particle reaches the saturation magnetization value where the particle cannot be magnetized any
further [18]. The strength of the magnetic field is then gradually removed until it becomes zero and
then increased in the opposite direction until the particle reaches the saturation magnetization value
in the opposite direction before removing the magnetic field again [18]. The magnetization of the
particle vs. the strength of the external magnetic field at various time points is plotted and examined
to observe if the particle exhibits a hysteresis curve [18] (Figure 3). A hysteresis curve shows that the
particle is ferromagnetic rather than paramagnetic and is when the particle exhibits magnetization at a
time point when the applied external field is zero [18]. Superparamagnetic particles show saturation
magnetization values that are much higher than the values for paramagnetic particles at equal magnetic
field strength [18].
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The size of the SPION and the biocompatible coating is crucial in determining the
superparamagnetic capabilities of the particle. Ideally, the SPIONs would have a narrow size
distribution along with uniform physical and chemical properties to provide a consistent and
homogenous signal via MRI [18]. For polyethylene glycol (PEG) coated SPIONs 40–50 nm in
diameter the saturation magnetization was found to be between 45 and 50 electromagnetic units per
gram (emu/g) [18], while for uncoated 16 nm particles the saturation magnetization was 67.8 emu/g [19].
The clinically available SPION Feridex IV has a hydrodynamic diameter (HD) larger than 50 nm and
distributes to the reticuloendothelial system (RES), while ultrasmall SPIONs like ferumoxtran-10 with
an HD less than 50 nm can distribute to both the RES and the lymph nodes [8]. The benefit of having a
larger diameter results in an increase in the negative contrast provided in T2-weighted images [20,21],
but may change the even biodistribution throughout the body. For SPIONs between 10 and 15 nm,
there are 62,896 atoms within each SPION and 1.71 × 1017 SPIONs within 1 g [18].

In addition to the unique superparamagnetic behavior of SPIONs, their small size also allows
them to display useful distribution behavior throughout the body. Along with possessing a superior T1
contrast and having a nontoxic nature [22], SPIONs also provide details on the mechanisms of disease
progression and therapeutic efficiency of drugs better than the traditional Gd based contrast agents
Gd-DPTA and Gd-DOTA due to the ability of SPIONs to become phagocytosed instead of remaining
in the extracellular space [23]. By becoming phagocytosed by macrophages, SPIONs can measure
Rheumatoid arthritis severity due to its correlation with the abundance/activation of macrophages [23].
However, it has been shown that the location of the SPION injection may have a significant impact on
SPION distribution as well. Intravenous (I.V.) injected SPIONs with a polyvinyl alcohol (PVA) coating
showed specific uptake in the arthritic joint without uptake in the control contralateral joint for seven
days, while intra-articular (I.A.) injection did not show specific uptake and remained in the synovial
lining of both joints for 14 days [24]. In addition to phagocytosis, SPIONs may also undergo a process
that occurs more rapidly called nanoparticle-induced endothelial leakiness where the SPION induces
gaps of over 10 µm in size between endothelial cells by rearranging the cytoskeleton via the binding
and phosphorylation of VE-cadherin [25] (Figure 4a).
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SPIONs have also been shown to be useful in targeting cancerous tissue through a condition called
the enhanced permeation retention (EPR) effect. The EPR effect arises due to the perforated vasculature
and weak lymphatic drainage of tumor tissue, which allows intravenously injected nanoparticles to
extravasate and preferentially accumulate in the tumor tissue [26] (Figure 4b). However, the EPR
effect may not always be relied upon to passively target tumors, because the vasculature permeability
varies between different tumors and even within areas of the same tumor [26] resulting in the usual
distribution of 95% or more of the injected dose per tumor in normal tissues [27]. Due to this, iron
oxide nanoparticles (IONPs) in clinical use typically remain in the blood from 1 to 24–36 h before being
cleared by the RES [28].

3. Toxicity and Modification of SPIONs

3.1. Oxidative Damage

A large concern with the use and safety of SPIONs involves the possible cytotoxic effects of the
particles caused by IONP-induced oxidative stress. After phagocytosis and the further fusion of the
phagosome with a lysosome, IONPs are degraded due to the acidic environment and may release
free Fe2+ into the cell’s lysosome or cytoplasm [29]. This free Fe2+ can then lead to the induction of
DNA damage or inflammatory responses through the generation of reactive oxygen species (ROS)
via the Fenton reaction [30]. Under normal conditions, the frequency of ROS generation via coupling
conditions in the mitochondrion is low enough to be easily neutralized by glutathione (GSH) and
antioxidant enzymes [31].

When the ratio of GSH to oxidized glutathione is low, oxidative stress occurs and the cells respond
by creating protective or injurious responses [31–34]. When cells are at a low level of oxidative stress,
the transcription factor Nrf-2 causes the induction of antioxidant and detoxification enzymes but at
higher levels of oxidative stress, the cell response is less protective and more cytotoxic leading to
inflammation through the mitogen-activated protein kinase (MAPK) and nuclear factor kB (NF-kB)
cascades [34]. To help combat the excess of catalytically active iron, the cells rely on a variety of
proteins to regulate the internal concentration of iron (Figure 5). Divalent Metal Transporter 1 (DMT1)
assists the import of free iron into the cell, while transferrin is imported into the cell through CD71 and
Ferritin (FTH) sequester iron within the cell and reduce the ability of the iron to form free radicals [35].
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To eliminate iron, Ferroportin (FPN) and ZRT-IRE like proteins are used to export iron from the cell [35].
While these proteins function well under normal conditions to control the internal concentration of iron,
the ability of IONPs to diffuse directly into the labile iron pool via the phagosome to lysosome route
gives the potential for IONPs to overload these regulatory proteins [36]. Since high ROS production
has the potential to lead to cell injury and death [37] along with the oxidation of proteins, DNA, and
lipids [38] researchers evaluating the safety of emerging IONPs should closely monitor the biomarkers
of oxidative stress including lipid peroxidation, reduced glutathione, superoxide dismutase, and
the antioxidant enzymes including catalase, glutathione S transferase, glutathione peroxidase, and
glutathione reductase to determine the cytotoxicity of various IONPs [39]. Confirming that this
cytotoxicity is due to free iron released from IONPs and not another component of the nanoparticle,
the effects of increased LDH, ROS, and DNA damage were all avoided after using an iron chelator [40].
While studies have shown that uncoated IONPs show significant oxidative stress in rats [39], it is
important to note that the type of macrophages chosen has a significant effect as well with mouse
alveolar macrophages showing low activity vs. the peritoneal macrophages [41].
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3.2. Unique Size/Shape Toxicity

The small size exhibited by SPIONs leads to a large surface area to mass ratio and more groups on
the particle surface that may react and induce cytotoxic effects [42]. This cytotoxicity vs. particle size
effect is even pronounced among different SPIONs, where smaller SPIONs show increased cytotoxicity
on a per mass basis [43,44]. Contrary to this behavior, rod-shaped nanoparticles with less surface area
have been shown to be more toxic than spherical nanoparticles, suggesting that the amount of surface
area is not always the most important factor in determining the degree of cytotoxicity [45]. Other factors
that have also been shown to affect the cytotoxicity of SPIONs include the pH of the dosing media [46]
particle composition, shape, surface coatings, and overall charge of the SPIONs [47]. Together these
cytotoxic effects may combine to induce a 15% decrease in cell viability in human fibroblasts along with
increased ROS generation for 50 nm Fe2O3 concentrations of only 2 µg/cm2, while the 10 and 50 µg/cm2

concentrations induced DNA damage [48]. Although clustered nanoparticles provide enhanced r2
values [49], care should also be taken to prevent large aggregations of IONPs. When Fe2O3 is allowed
to aggregate in large sizes up to 934 to 1444 nm, double-stranded DNA breaks can be seen at IONP
concentrations as low as 3.03 µg/cm2 [50]. The cytotoxicity of IONPs becomes even more severe when
using the highly soluble Fe3O4 composition instead of the commonly used and less soluble Fe2O3 [41].
Studies evaluating the cytotoxicity of IONPs have also found no cytotoxicity or DNA damage for
α-Fe2O3 in sizes 87, 238, or 1100 nm and concentrations of 20–100 µg/cm2 [51]. This seems to largely
contradict the studies included above; however, IONPs have been shown to possess the ability to
interfere with cytotoxicity assays [52] cytokine secretion assays [53], as well as other possible assays.



J. Nanotheranostics 2020, 1 111

The size of SPIONs along with the surface chemistry and charge can also be altered to affect
the clearance from the body as well as cytotoxicity due to the altering of phagocytosis of SPIONs
by cells and binding of SPIONs to proteins. By modifying the size and charge of SPIONs before
injection, the adsorption and opsonization by serum proteins can also be altered [47]. After a SPION is
adsorbed or opsonized by a serum protein, its hydrodynamic diameter increases to cause a lower rate
of glomerular filtration and a longer blood and whole body half-life [47] due to the small effective pore
sizes of 5 nm in the vascular endothelial layer and 6 nm in the lymphatic vessel endothelial layer in the
glomerulus [54,55]. In addition to serum proteins, nanoparticles can also bind to other proteins to form
a complex with increased tissue penetration and altered function from the catalytically driven splitting
of intramolecular or intermolecular bonds on the nanoparticle surface [42]. Together, these changes
lead to the potential for injurious responses by allowing SPIONs to travel throughout the body with
increased endocytosis while penetrating organs and tissues that they would not normally be able to
without a SPION-protein complex being formed [42].

3.3. Site-Specific Accumulation

The excretion of SPIONs primarily occurs through either the renal pathway or the hepatobiliary
system. Since the hepatobiliary system has a greater potential for cytotoxicity due to the intracellular
enzymatic modification pathway of excretion, the renal pathway is commonly preferred to avoid
cytotoxicity [47]. To optimize SPIONs for excretion through the renal pathway they must be able to
pass through the fenestrate, glomerular basement, and filtration slits with a combined physiologic
pore size of only 4.5 to 5 nm in diameter [56,57]. While this allows for the easy excretion of particles
less than 4.5 nm through the renal pathway, cationic particles with HD from 6–8 nm may still pass
through the pores [56]. Care must be taken however to ensure that SPIONs are not entirely cationic or
anionic, which will cause the HD to be increased by charge-related adsorption by serum proteins [54].
This shifts the pathway of excretion from the kidneys to the liver, which is commonly used to clear
virus sized particles between 10 to 20 nm from the blood stream [54].

Another aspect to take into consideration for the toxicity of SPIONs is that they do not distribute
evenly throughout the body by preferentially accumulating in specific organs or tissues (Figure 6).
To promote longer blood circulation times for best imaging results, SPIONs should be less than 200 nm
to avoid mechanical filtration and sequestration in the spleen while still remaining larger than 10 nm to
avoid rapid clearance through the kidneys [58]. While this size works well for blood circulation times,
this small size of SPION can also become problematic for achieving an even distribution throughout the
body and avoiding cytotoxicity. Due to the small size and large hydrophobic surface area, SPIONs tend
to agglomerate before being taken up by macrophages in the liver called Kupffer cells as well as other
plasma proteins of the body’s reticuloendothelial system (RES) [18]. Once activated, macrophages
produce and secrete inflammatory molecules to recruit cells from the innate and adaptive immune
system along with cells that are designed to kill ingested microbes through the generation of ROS
called an “oxidative burst” [59]. A remarkable property of macrophages is that after macrophages
engulf foreign particles such as SPIONs they may distribute throughout the body and enter any tissue
before specializing to become Kupffer cells in the liver, osteoclasts in the bone, microglial cells in the
brain, alveolar macrophages in the lungs, or mesangial cells in the kidney [59]. A common approach
to enhance the EPR effect and avoid the SPION cytotoxicity caused by uptake via cells of the RES is
to cover SPIONs with amphiphilic polymeric surfactants like poly(ethylene glycol) (PEG) that also
selectively provide increased interaction with the cell membranes of cells in the target tissue18, which
will be discussed in further detail.
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3.4. Pulmonary Exposure Results

While many studies have focused on the intratracheal installation of iron oxide and pulmonary
exposure, extrapulmonary cytotoxicity can also be observed in these studies due to the small size of
IONPs that allows them to enter the bloodstream in less than 10 min before settling in the liver, spleen,
and kidney [60]. Human studies measuring the cytotoxicity following pulmonary exposure to iron
oxide dust however are difficult to draw conclusions from due to the presence of other particles in the
air such as quartz or silica and the unregulated size of the iron oxide particles [36].

3.4.1. Mechanisms

To activate lung immune cells and remove the foreign material, an inflammatory response occurs
immediately after a foreign particle is introduced into the lungs via inhalation [36]. This response is seen
by the elevated levels of proinflammatory cytokines IL-6 and IL-8 [61] and the ability of macrophages
to switch from the anti-inflammatory subtype M1 to the pro-inflammatory macrophage subtype
M2 after incubation with nanoparticles [62,63]. While under normal circumstances this response
would effectively minimize tissue injury and damage [36], IONPs have the ability to induce chronic
inflammation [64] that can lead to cancer, fibrosis [36,65], or a pulmonary allergic reaction [66,67] if the
particle is not cleared from the lungs. The induction of pulmonary fibrosis is a well-studied result
of cytokines being released during the inflammatory response with TGF-β leading to the increase in
collagen production via alveolar fibroblasts [68]. If this process becomes excessive or dysregulated,
the increased collagen tissue in the lungs causes irreversible scarring and reduces the elasticity and
volume of pulmonary air intake [36].

3.4.2. Animal Studies

Animal studies performed to assess the cytotoxicity of iron oxide particles have largely used
rats and mice. When ICR mice are given a single intratracheal instillation of 5.3 nm Fe3O4 up to
0.02 mg/mouse there is an acute inflammatory response one-day post exposure, and lower but still
significantly elevated inflammatory cytokine levels up to 28 days post exposure [69]. In addition to this,
other measurements of this study also found increased expression of genes related to inflammation
and tissue damage along with a reduction in glutathione and the formulation of micro granulomas [69].
Contrary to these cytotoxicity findings, one study showed that when the diameter was kept below
50 nm for Wistar rats intratracheally instilled at 1 or 5 mg/kg body weight, only weak signs of pulmonary
fibrosis and no cytotoxicity outside of the lungs was observed 30 days after exposure [70]. It has also
been demonstrated that a single 2 mg/kg intratracheal instillation of 209 nm agglomerated particles
may remain in the lungs even longer after exposure by observing them engulfed within alveolar
macrophages at 90 days post exposure to ultimately initiate a Th1 polarized immune response [64].
Pulmonary inflammation along with hepatic enzymes in the blood indicating liver damage was also
seen for smaller sized Fe2O3 particles given with a higher number of doses where 20 mg/kg of 20 nm
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Fe2O3 was intratracheally instilled seven times every other day [71]. Instead of dosing via intratracheal
instillation, Windstar rats were also dosed for 4 h via head and nose inhalation of Fe3O4 particles
that were 15 to 20 nm in size at a concentration of 640 mg/m3 of air [72]. This showed increased
levels of the biomarkers related to cytotoxicity and inflammatory responses such as LDH, neutrophil
infiltration, and pro-inflammatory cytokines. IONP induced oxidative stress was also indicated by a
reduction in GSH and antioxidant enzyme activities [72]. Interestingly, IONPs can also cause a decrease
in inflammation-most likely due to ROS-induced cell death [67]. A lower number of neutrophils,
eosinophils, and lymphocytes were observed when Fe2O3 was intratracheally instilled at 2.5 mg/kg
into Balb/c mice that were previously sensitized with ovalbumin (OVA) [67]. This IONP regulated
effect on inflammation was shown to be controlled by the concentration of IONP when the allergic
response induced by OVA was inhibited by middle and high doses of IONPs but was enhanced at the
lowest dose used for treatment [66].

3.4.3. Genotoxicity

While pulmonary fibrosis and oxidative stress are serious potential consequences of IONP
exposure, a few studies involving exposure to IONPs have shown even more severe cytotoxicity
such as genotoxicity leading to the formation or promotion of cancer. The covalent coupling of
DNA linked to a carcinogenic compound is known as DNA adducts, which was seen only 24 h after
intratracheal instillation of 10 nm Fe3O4 in concentrations of 0.05 mg per ICR mice [73]. At the same
concentration and particle size, gpt delta mice showed DNA damage through increased gpt mutations
as well as lipid peroxidation-related DNA adducts, inflammatory cell infiltration, and the formation
of focal granulomas [73]. When examining the effects of long term chronic exposure to iron oxide,
the induction of primary lung tumors 800 days post exposure was seen for groups of 8 to 10 mice
compared to controls [74]. These mice were exposed to 0.5 g Fe2O3·H2O that was uncharacterized in
size for 6 h a day, five days a week, over an entire year to simulate an occupational exposure to iron
oxide particles [74]. Another long-term exposure study demonstrated that cells treated with IONPs at
0.6 µg/cm2 continuously for 10 weeks showed significant features of cancer cells including an increase in
cell proliferation, formation of anchorage-independent colonies, and immortalization [50]. In addition
to DNA lesions, an increase in expression of genes related to cation/metal binding, membrane formation,
and morphogenesis was also seen in zebrafish when exposed to 4.6 mg/L IONP that were coated in
meso-2, 3-dimercaptosuccinic acid (DMSA) [75]. When the concentration of IONPs becomes as high as
200 mg/kg, a decrease in acetylcholinesterase activity and the induction of apoptosis is seen within the
brain of zebrafish [76].

3.5. Human Studies

Human studies to assess the in vivo cytotoxicity have largely revolved around occupational
exposure to iron oxide particles found in the air. Underground iron ore miners with poor ventilation
are at high risk for this exposure and were found to have around a 75% increased risk of lung cancer
related death [77]. The limits of this study, however, were the presence of radon daughters and the
uncharacterized IONP size within the circulating air. Another occupational group that is at high risk
for iron oxide particle exposure is welders who showed increased fibrotic lesions and elevated lung
iron levels as well as iron oxide, manganese oxide, and chromium oxide particulates internalized
within alveolar macrophages [78].

4. Coatings

Care should be taken when evaluating new SPION formulations as they can interact with
the enzymatic cascades in the blood including coagulation pathways, complement system, and
kallikrein-kinin system (KKS). When a foreign material enters a host, a process called opsonization
occurs rapidly where the foreign material accumulates a layer of host proteins before the arrival of
inflammatory cells. Adsorbed fibrinogen, crucial to the accumulation of phagocytes, can be recognized
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by phagocytes as a fibrin clot and lead the phagocytes to trigger responses designed to initiate wound
healing at a site of vascular injury [79]. Adsorbed fibrinogen causes platelet adherence and may be
displaced by high-molecular-weight-kininogen and FXII of the clotting cascade [80]. The unfolding
of adsorbed fibrinogen during opsonization can also lead to changes in antibody binding or epitope
exposure, further driving coagulation and inflammation [81]. Inflammatory responses introduced
by SPIONs can alter the hemocoagulation equilibrium by either favoring thrombosis or bleeding.
When an inflammatory response occurs, tissue factor (TF) is expressed intravascularly on monocytes
and endothelial cells are activated by proinflammatory cytokines. Activated TF may then complex
with activated FVII to activate FX and FIX [82]. The kallikrein-kinin system assists in activating
the intrinsic coagulation pathway and alters the activated partial thromboplastin time (APTT) [82].
Negatively charged materials including glass, kaolin, and celite can stimulate the KKS leading to
FXII autoactivation. Activated FXII then forms a positive feedback loop and activates prekallikrein
to kallikrein. This may manifest clinically as hypotension, angioedema, hyperfibrinolysis, and the
stimulation of the complex inflammatory response [82]. Dextran-coated SPIONs should be evaluated
with caution as the binding of plasma prekallikrein and high-molecular weight-kininogen (HK) to
uncoated sites of the iron oxide core of dextran-coated SPIONs may occur, leading to the activation of
the kallikrein-kinin system [83,84]. Polyvinyl alcohol (PVA) coated SPIONs were previously shown
to raise the levels of the inflammatory cytokine IL1β, but this effect was minimized after eliminating
free-floating PVA and reducing the zeta potential of the coated SPIONs [85].

When comparing polyacrylic acid (PAA), hyaluronic acid (HA), and chitosan (CS) as coatings for
SPIONs there was increased interaction demonstrated between blood and PAA-coated SPIONs [86]. This
presented with RBC hemolysis rates of 23% compared to 7.5% for HA and 5.1% for CS. The PAA-coated
SPIONs also demonstrated the highest degree of RBC membrane damage, aggregated platelets, and
significantly lengthened prothrombin time, activated partial thromboplastin time, and thrombin time
compared to HA and CS coatings [86]. While the prolonged coagulation time was due to the loss of one
or several coagulation factors, the increase in activated C3 of the classical pathway of the complement
system was theorized to be due to the abundant -OH and -COOH groups of PAA [86].

In a separate study, PEG coating of IONPs showed increased adsorption and activation of the
complement system with an increased concentration of the C3a, C4a, C5a, C5b-9, IL-1B, IL-6, and TNF-α
compared to polyvinylpyrrolidone and uncoated IONPs. The soluble byproducts of complement
activation C3a, C4a, and C5a are known as anaphylatoxins. They work by inducing inflammation
either locally or in other tissues. C5b-9 binds and polymerizes many copies of C9 to form a pore in the
cell membrane allowing free diffusion of molecules in and out of the cell, leading to cell death [87].
Together, these studies emphasize the importance of the coating when evaluating the safety and
biocompatibility of SPIONs. Although IONPs of small size show very little to no cytotoxicity at
concentrations below 100 mg/mL [88], this behavior has the potential to change for aggregates due
to the increased size of the particles. Since uncoated SPIONs have a large tendency to aggregate or
precipitate in saline at concentrations of 3 mg/mL for SPIONs 16 nm in size [19], a large amount of
research has gone into developing coatings for SPIONs to prevent this aggregation and precipitation
while avoiding cytotoxicity. These coatings may be composed of a variety of materials including
PEG [18], chitosan [89], dextran [90], as well as other polymers [91]. The high molecular weight
coatings PEG, PVA, and dextran work to prevent aggregation of SPIONs by interfering with the strong
magnetic dipole-dipole interactions between the iron oxide cores [92] (Figure 7a). An additional
advantage of encapsulating SPIONs in coatings is the ability to increase relaxation times for better
imaging results [93] and prevent or delay the release of Fe2+ when exposed to the lysosome [94,95].
For the best design of a biocompatible coating, the coating should be able to be broken down into
particles with diameters less than 5 nm allowing excretion through the renal system with minimal
cytotoxicity [25]. By modifying the surface coating of the SPION to have a cationic surface, the cell
labeling efficiency can also be increased compared to negatively charged or neutral surface coatings [49]
(Figure 7b).
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4.1. Dextran

Dextran is the coating used in the FDA approved Sinerem® and Endorem® SPIONs and has
demonstrated great biocompatibility with no signs of inflammation or cytotoxicity at concentrations
of 11.3 µg/mL [96]. Safety for the use of Dextran-coated SPIONs has been further demonstrated
by the observation that Dextran is slowly degraded showing 89% excretion through the urine by
56 days, while the iron from the core of SPIONs enters the body iron stores before being incorporated
into hemoglobin [97]. In addition to the great biocompatibility, Dextran-coated SPIONs have also
shown versatility in their ability to target multiple different systems within the body. The use of
Dextran-coated SPIONs is not limited to the selective imaging of macrophages in arthritic joints [23]
but also can be functionalized to image human lymphocytes [98], myocardial infarct [99], tracking of T
cells [100], and for the early detection of allograft chronic rejection [101].

4.2. Poly(ethylene)glycol (PEG)

Another common coating used to reduce interactions with cells or proteins and to neutralize
the SPION surface is the hydrophilic and zwitterionic coating PEG, which has the advantage of the
highest solubility and smallest HD among the common SPION coatings [54]. This allows PEG-coated
SPIONs from 10 to 15 nm in diameter to become only 40 to 50 nm after PEGylation depending
upon the molecular weight of PEG [18,102] while retaining the ability to provide strong T2 and T2*
relaxation-based contrast in MR images [102]. While T2 is commonly referred to as “true” T2 and
caused by atomic/molecular interactions, T2* is referred to as “observed” T2 and reflects true T2 as well
as magnetic field inhomogeneities. The equation for T2* is (1/T2* = 1/T2true + 1/T2inhomogeneities).
T2* weighted imaging uses certain MR sequences to accentuate local magnetic homogeneity effects
to aid in the detection of deoxygenated hemoglobin, methemoglobin, or hemosiderin lesions in
tissues [103]. This PEGylation effectively eliminates cytotoxicity as high as 1 mg/mL and provides
protection against sedimentation for over two months at room temperature compared to only a week
for uncoated SPIONs [18]. It was also shown that although the size of the SPION increases directly as
the weight of the PEG increases from 1900 Da to 20,000 Da, the blood circulation time increased as
well [104]. Further supporting the importance of coating material, it was also found that when the size
of IONPs was less than 40 nm, the coating material had a stronger effect on biodistribution and blood
half-life than the particle size [105]. Additional evidence of the protective effects of PEGylation was
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demonstrated by the ability of the 23 nm PEGylated SPION incubated in mouse serum to retain 75%
of 69Ge within the iron oxide core for 24 h compared to less than 60% retention in 6 h of the 10 nm
uncoated SPIONs [106]. However, caution should still be taken to limit the size of SPIONs coated with
PEG. When the size of the PEGylated SPIONs was increased as far as 129.3 nm and attached with
positive or negatively charged functionalization groups, an increase in inflammatory biomarkers, lipid
peroxidation, and DNA damage was seen compared to the control mice [107]. SPIONS can be clustered
together within a single PEG coating to become PEG-SPION nanoclusters with superior MRI contrast
results and saturation magnetization values of 44.4 emu/g compared to 2.4 emu/g for the clinically
approved SPION Resovist [108]. These PEG-SPION nanoclusters were able to provide the same r2
relaxivity of Resovist at one-tenth of the concentration of Resovist [108].

4.3. Silica

The use of silica for SPION coating has also demonstrated great capabilities due to the
biocompatibility, low cost, and tolerance of a wide range of pHs [109,110]. The protective effects of
silica have been demonstrated by a fewer number of Fe3+ ions released from SPIONs and a slower
metabolism and excretion rate of SPIONs, while at the same time not reducing the rate of uptake [94].
Porous silica gel encapsulations provide intimate contact between the water molecules and the iron
oxide core for enhancement of MRI contrast while eliminating the toxicity of SPIONs and providing a
framework for attaching many different types of ligands to SPIONs such as 64Cu and 111In for PET
imaging [111]. The silica shell may be even further functionalized to increase endocytosis by binding
Cu2+ to the surface of clustered SPIONs in silica to make the surface charge less negative, but this also
results in a lower r2 value and T2 contrast strength via MRI [49]. This causes the SPION relaxivity to
become inferior to the relaxivity value provided by the dextran-coated and clinically used Feridex
nanoparticles [49]. To offset this decrease in relaxivity value and match Feridex, multiple SPIONs may
be clustered within a single silica shell to increase both the relaxivity value and effective size of the
particle [49].

4.4. Polyvinyl Alcohol (PVA)

Polyvinyl alcohol (PVA) coatings for SPIONs are unique due to the availability of amino or
carboxyl groups to both regulate the charge of the coating as well as provide a point of attachment
for peptides, proteins, antibodies, fluorescent dyes, and drugs [112] (Figure 8). By coating 14 nm
SPIONs with PVA, a small aggregation of SPIONs forms inside the coating and the hydrodynamic
size increases to 45 nm [113]. A study examining the cytotoxicity found that while the low dose of
6 µg of Fe per mouse knee did not induce an immune response when the concentration injected of
PVA-coated SPION is as high as 24 µg of Fe per mouse knee, an acute inflammatory response marked
by the upregulation of IL-1β, IL-6 and KC was seen [24]. However, this response was more severe in
naïve mice compared to arthritic mice and decreased after two days with no significant cytotoxicity
seen up to 14 days after injection [24]. Interestingly, this inflammatory response decreased when the
injection was given locally vs. intravenously and the injection of PVA alone provoked a short-term
inflammatory response that was more severe than the response from the PVA-coated SPION [24].
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4.5. Lipids

Researchers have also made developments in using lipids as coatings of SPIONs. The two
different types of lipid-coatings are supported by lipid bilayers (SLBs) and hybrid lipid
bilayers (HLBs) [114]. SLBs include an identical hydrophilic outer and inner surface of the
lipid bilayer, which can be created by simply mixing the NPs with lipid vesicles such as
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine
(POPC), or 1,2-miristoyl-sn-glycero-3-phosphocholine (DMPC). To facilitate the vesicle fusion process,
anionic phospholipid 1,2-dioleoyl-sn-glycero-3-phosphoserine (DOPS) or the cationic lipid DOTAP may
be used to target the charged surface of previously silica-coated NPs [115–119]. The use of HLB initially
involves a capping agent that interacts with the NP surface to halt the growth of the NP and prevent
precipitation and aggregation, leading to uniform size and distribution of NPs. The outer surface of
the NP-bound capping agent is typically hydrophobic allowing for solubility in non-polar solvents,
replacement by another layer of molecules, or coating with another layer of amphiphilic molecules [114].
Capping agents that have been used include oleylamine and oleic acid [120], as well as thiol, carboxyl,
and amino-functional groups [121]. By adding a cyclohexane dispersion of SPIONs capped with
oleylamine and oleic acid to an aqueous solution of lysophophatidycholine (LPC) molecules and
sonicating at 50 ◦C to evaporate the organic solvent, an HLB with an inner leaflet of oleylamine and
oleic acid and an outer leaflet of LPC may be formed on the SPION surface [122]. The avoidance of
SPION aggregation was best demonstrated by using the 18LPC which had the lowest critical micelle
concentration. Lipid coating of NPs gives the advantage of increased penetration of cell membranes,
which is strongly dependent on the cholesterol content of the cell membrane, while not disturbing the
overall membrane structure [123]. They also demonstrate high biocompatibility [124,125], enhanced
MRI signal [126], and only a small increase in NP size as the typical thickness of the NP coating is only
2–6 nm depending on the length of lipids and capping agents used [114].

SPIONs have also been formulated with a lipid coating by first encapsulating within a silica
shell and then mixing with 1,2-dipalmitoyl-sn-glycero-3-phosphocholine/cholesterol (DPPC/Ch).
This significantly reduced the saturation magnetization values compared to the bare SPIONs from
64 emu g−1 to 5 emu g−1 and increased the size from 5–20 nm for bare SPIONs to 200 nm for silica and
lipid-coated SPIONs [127]. However, this coating significantly reduced SPION toxicity by increasing
cell viability from <70% to 87% and allowed for the multimodal therapeutic use of SPIONs, which will
be discussed in further detail [127].

4.6. Other Coatings

Other coatings used to enhance the biocompatibility of nanoparticles as well as enhance their
functionality come from a variety of compounds (Table 1). The use of chitosan oligosaccharide as a
coating increases hydrophilicity and biocompatibility to reduce cytotoxicity, ROS production, and
degradation of SPION, resulting in a slower release of iron ions [128]. Other hydrophilic coatings that
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can be used to avoid uptake by the RES to remain in the blood circulation for a prolonged amount of
time are Pluronic [129] and the surfactant Tween 80 which showed no cytotoxicity for 30 nm SPIONs
at a concentration of 100 µg/mL for 6 h of exposure [59]. If a hydrophilic coating of the nanoparticle is
not able to be accomplished, another approach is to confine the iron oxide core within a cage. While
fullerene cages have been used to confine the traditional MRI contrast agent gadolinium [130], gold
nanocages present the ability to confine particles that are larger than 1 nm. Gold nanocages with inert
nature, extreme resistance to oxidation, and considerable biocompatibility are able to be produced
in sizes similar to SPIONs with diameters consisting of 40 nm and a wall thickness of 3.3 nm [131].
Another approach to mitigate the effects of cytotoxicity instead of reducing the leeching of iron ions is
to coat IONPs with poly (Trolox ester) to counteract the pro-oxidant effects of IONPs [132]. It is also
important to consider the effects that the coating has on IONP uptake in specific areas of the body.
It was shown that while albumin, lecithin, PEG, polysorbital 80, or peptide attachments can enhance
nanoparticle uptake into cells, PEG interferes in nanoparticle uptake in the liver [133]. While some
groups have focused on using oleic acid as a biocompatible coating for SPIONs, it was shown to be
rapidly removed from the core by the differing biodistribution of radioactivity within the body after
labeling the oleic acid with 14C and the core with 59Fe [134].

Table 1. List of commonly used SPION coating materials, their sizes, and properties.

SPION Coating Size/Concentration Additional Properties

Dextran
150 nm-Endorem®

30 nm-Sinerem®

at 11.3 µg/mL

89% renal excretion by 56 days, can add
amine to dextran for attachment of 18F for
PET imaging

Poly(ethylene)glycol (PEG) 50nm SPIONs at 1 mg/mL

Highest solubility and smallest
hydrodynamic diameter, can attach folic acid
to target upregulated receptors in cancerous
tissue, can attach 68Ga for PET imaging by
mixing with [68Ga]GaCl3

Polyvinyl alcohol (PVA) 45 nm SPIONs at 6 µg of Fe
per mouse knee

Available amino or carboxyl groups to both
regulate the charge of the coating as well as
provide a point of attachment for peptides,
proteins, antibodies, fluorescent dyes, and
drugs. Can apply magnetic hyperthermia
treatment to release attachments from
heat-labile PVA coating. Specific uptake in
arthritic joints

Silica 4–33 nm

Provides a framework for the attachment of a
variety of ligands such as 64Cu and 111In for
PET and SPECT imaging respectively, Cu2+ to
enhance endocytosis. Low cost and tolerant
of a broad range of pH

Oleic acid 10 nm Rapidly removed from IONP core

Oleic acid-Pluronic 10 nm SPIONs at 100 µg/mL
Prevents removal of oleic acid and allows for
loading of water-insoluble drugs onto IONP
surface

Tween 80 30 nm SPIONs at 100 µg/mL
for 6 h

Hydrophilic, avoids uptake by RES to give
prolonged half-life

Gold nanocages 40 nm Inert nature, extreme resistance to oxidation,
absorbs external near-infrared light

Chitosan 50 nm Biocompatible and biodegradable surface,
allows conjugation with TMZ and chlorotoxin
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5. Hybrid Use of SPIONs

5.1. Targeting of SPIONs

While SPIONs have been shown to passively target cancerous tissue via the EPR effect, SPIONs
may be further functionalized by attaching targeting ligands to the NP surface that recognize biological
structures that are overexpressed or unique to cancer cells [25]. This allows the targeting and T2
contrast of prostate cancer cells via a SPION conjugated deimmunized mouse monoclonal antibody
(muJ591) that targets a specific prostate biomarker [135]. Epithelial cancer may also be targeted by
SPIONs by seeking the epidermal growth factor [136] and magnetic targeting alone can use an external
magnetic field to draw SPIONs to the site of interest [137]. Additionally, many cancers overexpress
folate receptors that are absent in normal cells [138]. Folic-acid-coated SPIONs can then be used to
target the folate receptors [138] (Figure 9) and lead to accumulations of SPIONs up to 50% of the
injected dose/gram of tissue in the tumor when SPIONs from 7–9 nm were clustered into sizes of
60–100 nm before being PEGylated with folic acid also exposed on the surface [108]. Interestingly,
these folic-acid-PEGylated SPION nanoclusters also showed the ability to specifically concentrate on
the cancerous tissues and not the necrotic tissues within the tumor [108].
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5.2. Magnetic Hyperthermia Treatment

A unique property of SPIONs is that they heat due to hysteresis loss, Néel relaxation, and induced
eddy currents when exposed to an external magnetic field at a specific frequency [139]. Magnetic
hyperthermia treatment (MHT) is when external magnetic fields are applied to SPIONs within the body
to raise the temperature of the cells surrounding the SPIONs. If the temperature of the surrounding
cells rises above 42 ◦C, the structural and functional proteins within cells are disrupted resulting in
necrosis [140,141] and the resistance of tumor growth [142]. The increase in temperature following
MHT is often highest in the interstitial extracellular space allowing for increased drug penetration
via the damaged extracellular matrix, while the temperature inside of the cells does not increase as
much [142] (Figure 10). When used for cancer treatment, MHT is also able to take advantage of the
property that tumors are more highly susceptible to heat compared to normal tissue and that the
amount of heat produced via MHT can be altered by adjusting the strength of the alternating current
(AC) magnetic field [108]. These properties of MHT are attractive and have shown success in treating
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multiple types of cancer such as prostate cancer [143,144], glioblastoma [145], and metastatic bone
tumors [146]. It is important to note, however, that to avoid damage to healthy tissues a safe level of
AC magnetic field for MHT should be used where the product of the amplitude and frequency is less
than 5 × 109 Am−1 s−1 [147,148]. To avoid damage to surrounding tissues, it is also recommended
for SPIONs to have a homogenous distribution to allow for a uniform temperature within the tumor
tissues [25].J. Nanotheranostics 2020, 3, x FOR PEER REVIEW 17 of 31 
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The struggles of using MHT for in vivo treatment have arisen due to the fact that SPIONs only
show superparamagnetism when they are less than 10 nm and at that size, they leak from the pores
in fenestrated capillaries without accumulating in tumors [108]. To solve this problem, researchers
have clustered 7–9 nm SPIONs together within a single coating of PEG-Folic acid to have an overall
diameter from 60–100 nm, which allows for the EPR effect as well as an increased relaxivity and
specific absorption rate for MHT [108]. Aggregation of the clustered SPIONs was seen up to 323 nm
in size if they were allowed to remain undisturbed for three months, but the aggregates of clustered
SPIONs uniformly redispersed following ultrasonic treatment [108]. These clustered SPIONs selectivity
accumulated within the cancerous tissue and not the necrotic tissue within the tumor to bring the
temperature of the tumor 6 ◦C higher than the surrounding tissues after 20 min of MHT [108]. It is
important to note that the rise in temperature at equal levels of AC magnetic field is dramatically
reduced following MHT for in vivo studies compared to in vitro studies, likely due to the thermal
diffusion via blood flow [108]. When following up with the MHT treated mice with tumors 35 days
after treatment, the tumor volume of the MHT group was only one-tenth of the tumor volume for the
control group and the MHT group mice survived past 12 weeks, while the control mice only survived
up to eight weeks [108]. The researchers concluded that while these clustered SPIONs are larger in
size, they are still biodegradable and able to be excreted via the urine or feces since about 6% of the
injected dose/g was ultimately not found in any organs at 24 h postinjection [108]. When examining
the heating during MHT for the lipid/silica-coated NPs, the temperature reached only 32 ◦C after
10 min of exposure to the AC field and took 45 min to reach 43 ◦C compared to the uncoated NPs
reaching 43 ◦C within 5 min. This was likely due to the decreased saturation magnetization values
seen in the lipid/silica-coated NPs as the heat generated during MHT is proportional to the total area
of hysteresis [127].

SPIONs have also been modified by attaching the monoclonal antibody trastuzumab (Tmab)
to target HER2 receptors in breast cancer. This conjugation reaction had an efficiency of around
54.6% by mass and the SPION-Tmab showed greater activity against SKOV-3 cells than trastuzumab
alone. These SPIONs were able to be further modified by doping the core with holmium3+ at a
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concentration of 1% atomic versus total iron content to preserve the structural and magnetic properties
of SPIONs. This doping of holmium allows for endoradiotherapy via soft, beta(−) radiation when
nonradioactive holmium is replaced with a radioactive 166Holmium. These holmium-doped SPIONs
presented with a similar saturation magnetization value of 72 emu/g compared to the undoped bulk
magnetite. For the SPIONs to reach 45 ◦C the optimal frequencies for MHT were 345.5–487.75 kHz and
the amplitudes were 150–200 G. Together these conjugates are designed to allow active targeting as
well as simultaneous internal localized irradiation and MHT of specific cancers [149].

As discussed earlier, the upregulation of folate receptors in tumor cells can be used for targeted
therapy by coating SPIONs with folic acid. Folic-acid-coated SPIONs have one moiety of the folic
acid available for strong affinity with the folate receptor and another moiety that sticks out of the
pocket entrance which may be functionalized with drugs or nanoparticles without adversely affecting
the receptor binding. Folate-conjugated PEGylated SPIONs were formulated by first performing
PEGylation and then mixing with folic acid. The size of these SPIONs was 109.7 nm and they
demonstrated a saturation magnetization value of 73.1 emu g−1 compared to 92 emu g−1 for the
uncoated SPIONs. The uncoated SPIONs reached a temperature of 42 ◦C in 80 s during MHT compared
to 222 s for the folate conjugated PEGylated SPIONs [150].

5.3. Drug Loaded SPIONs

A large concern of current anticancer agents is that they demonstrate nonspecific toxicities that
significantly limit their therapeutic potentials [129]. To provide a medium for hydrophobic anticancer
drugs like Paclitaxel, they are commonly dissolved in a mixture of hydrogenated castor oils called
Cremophor EL (BASF), which has been shown to cause a hypersensitivity reaction without providing
adequate pharmacokinetics and drug distribution for effective tumor therapy [151,152]. While one
group proposed that SPIONs alone may be able to treat tumors by exhibiting ROS promoting effects
within tumor cells [19] other groups have proposed using SPIONs as a carrier vessel for anticancer
drugs that can be directed from the blood circulation to the tumor site of interest by an external
localized magnetic field gradient [129]. However, complications often arise when loading therapeutic
agents to hydrophilic coatings due to the ionic bond formation that often involves multiple complex
steps with only limited drug-loading capability [153]. Additionally, the need for chronic drug retention
within the tumor for therapy is also problematic due to the observation that the drug often dissociates
from the coating within hours [153]. Nevertheless, many groups have been able to navigate these
problems to allow drug delivery via IONPs.

One approach to load the anticancer agent Doxorubicin (DOX) onto IONPs showed promise by
loading the drug into the oleic acid (OA) coating of IONPs and binding the outer surface of OA with the
hydrophobic polypropylene oxide region of Pluronic leaving the hydrophilic ends of Pluronic, known
as polyethylene oxide, free to the outside environment to give aqueous dispersity to the particle [129]
(Figure 11a). This mechanism of binding was supported by the absence of binding of Pluronic to
IONP in the absence of oleic acid and an increase in Pluronic binding associated with a higher OA
concentration [129]. Although the IONP required 23 wt % of OA to be dispersed in hexane, it was
shown that only 17 wt % binds to the IONP via the carboxylic acid group of OA and that any additional
wt % of OA forms a multilayer coating [129]. After optimizing the concentrations of reagents to
70.1 wt % iron oxide, 15.4 wt % OA, and 14.5 wt % Pluronic, the loading efficiency of DOX became as
high as 82% [129]. This formulation allowed the slow distribution of DOX to the outside environment
by releasing 28% in two days and 62% of DOX by one week [129]. These DOX-loaded IONPs showed
the ability of DOX to enter MCF-7 cells within 2 h and retention of DOX in the nucleus at 24 and 48 h
of incubation [129]. Further evidence of the robustness of this method to deliver water-insoluble drugs
was that the dose-dependent cytotoxicity was lower than that of pure DOX, no change in magnetization
properties was observed compared to the naked IONP, and that this method worked to load Paclitaxel
as well [129].
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Another group has also developed a method to allow therapeutics that are hydrophobic or
nonspecific in targeting cells or tissues to be shielded and transported to the desired site via either
an external magnetic field, the EPR effect, or by attaching ligands to the surface of the heat-labile
PVA-coated SPIONs [25]. Once the SPIONs are confirmed to be within the desired tissue site via MRI,
50 kHz MHT can be applied to release the drugs from the PVA coating [154] (Figure 11b). An advantage
of this method is that the amount of drug delivery can also be measured in vivo via MRI by the
difference in T1 and T2 values for the drug-loaded and drug-released state of SPIONs since the drugs
Flutax1, DOX, and DiR all cause an increase in T1 and T2 values in a linear response due to the
interference of water diffusion to the iron oxide cores [155].

Lipid-coated NPs may also be further functionalized by including PEG chains in the lipid coating
to improve colloidal stability as well as provide a conjugation site for peptides, antibodies [156,157],
chemotherapeutic drugs for pancreatic ductal adenocarcinoma [158], near-infrared fluorescence agent
and hepatocyte targeting polymer [159], and TLR4 agonists [160]. The thermoresponsive phospholipid
1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) may also be used as an anticancer delivery vector
for NPs as it transitions from the gel to liquid phase at 41 ◦C [161–163]. When comparing an uncoated
SPION loaded with Doxorubicin (DOX) to a lipid/silica-coated and DOX-loaded SPION, a significant
decrease in cytotoxicity was observed as cell viability increased from 36% to 73%. The entrapment
efficiency when loading DOX to these lipid/silica-coated SPIONs was found to be 58% after 48 h [127].

5.4. Biotherapeutics

While delivering chemotherapy drugs demonstrates a unique use for SPIONs, they are also
capable of carrying and delivering biological agents. This is known as biotherapeutic therapy and
the agents delivered by SPIONs can be DNA to replace the mutated genes, small interfering RNA
(siRNA) to disrupt protein expression of those genes, or proteins and peptides to disrupt specific cell
mechanisms like cell adhesion or angiogenesis to ultimately cause the cell to enter apoptosis [164].
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While only limited success has been achieved in the past due to immunogenicity induced by the
delivery vectors of biotherapeutics [164], modifications of SPIONs to include biocompatible coatings
have prompted recent success. By conjugating the DNA alkylating agent used to treat glioblastoma
known as TMZ [165] and the tumor-targeting peptide chlorotoxin to a chitosan coating layer around
IONP, both greater stability compared to naked TMZ was achieved and a two to six-fold increase in
uptake by glioblastoma cells was seen compared to unconjugated IONPs [166]. When loading DNA or
siRNA onto a SPION, they can be directly bound to a positively charged polymer coating through the
negatively charged nucleic acids [167] and covered with a coating such as polyethylimine (PEI) that
will both protect the DNA or siRNA while in transit outside of the cell and release the agents due to
the cleaving of the disulfide crosslinking of PEI via glutathione once the SPION enters the cell [168]
(Figure 12). Since DNA and siRNA need to access the nucleus of a cell to induce a cell response,
peptides must also be attached to the surface of SPIONs to facilitate nuclear localization. Together
these conditions demonstrated the biotherapeutic abilities of IONPs by coating IONPs with chitosan,
siRNA-loaded PEI, and PEG layer to ultimately cause the tumor cell to become more susceptible to
γ-rays after the delivery of siRNA has suppressed the radiation-resistant DNA repair protein [169].
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Other approaches to use IONPs as a treatment for cancerous tissues include photothermal
ablation and photodynamic therapy. Photothermal ablation is when light is absorbed by NPs and
then converted to thermal energy to cause cell death in the vicinity, while photodynamic therapy
is when photosensitizing agents are attached to NPs and activated by a specific wavelength of an
external light source to create singlet oxygen species to cause irreversible free radical damage within
20 nm of the NP [170]. These photosensitizing agents for photodynamic therapy often make use of
the natural property of gold to absorb the near-infrared (NIR) wavelengths that demonstrate deep
tissue penetration [171]. By using a gold shell to absorb the external NIR light source and by attaching
a specific antibody that targets colorectal cancer cells for five times faster internalization of IONPs,
photothermal therapy was used to destroy 53% of A33-expressing cells within 6 min of exposure to 800
nm laser radiation at 5.1 W cm−2 [172].

5.5. Multi-Modal Imaging Probes

A large limitation of using MRI is that MRI studies alone cannot provide in vivo quantification due
to possible agglomeration and an increase of hydrodynamic diameters caused by opsonization, which
makes it difficult to determine the correlation of relaxivities to local particle concentration [173,174].
In addition to this, the low sensitivity of MRI is often insufficient for detecting tissue injury, assessment
of tissue/organ function, and tracking implanted stem cells [49]. While the use of SPIONs still cannot
provide quantitative distribution data via MRI [134], SPIONs present the opportunity to perform
multiple imaging techniques either in succession or simultaneously by strategically supplementing the
disadvantages of one imaging technique with the advantages of another. Of the common imaging



J. Nanotheranostics 2020, 1 124

techniques, MRI is known to have great spatial resolution and poor sensitivity [25]. While CT presents
with similar strengths and weaknesses compared to MRI, the ability of SPION to act as a dual MRI
contrast and CT X-ray attenuating agent has been demonstrated by incorporating bismuth into the
core of SPIONs [90].

The advantage of using optical imaging is the inexpensiveness and high sensitivity, but this
technique is not able to penetrate through deep tissues due to the scattering of light [25]. During optical
imaging, fluorescent probes that are conjugated to SPIONs can absorb an external light source and
return photons at a longer wavelength and lower energy to the external detector [175]. This approach
is attractive for surgeons operating on cancerous tissue as it allows SPIONs to provide both
anatomical information before surgery via MRI and molecular detail during surgery via fluorescence
imaging [176,177]. To help maximize the tissue penetration of optical imaging, the NIR light absorbing
and emitting Cy5.5 can be conjugated to SPIONs [178], but positron emission tomography (PET) still
offers greater tissue penetration power (Figure 13).J. Nanotheranostics 2020, 3, x FOR PEER REVIEW 21 of 31 
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While CT does not pair well with MRI because it contains the same strengths and weaknesses,
positron emission tomography (PET) with high sensitivity and no structural information supplements
MRI extremely well [25]. SPION-PET nanoprobes can take advantage of the hybrid PET/MRI
cameras that are already in clinical use [17] and have been established by incorporating a variety of
positron-emitting isotopes including 18F, 14C, 64Cu, 68Ga, 59Fe, and 69Ge (Figure 13). To conjugate the
widely produced and available 18F isotope to SPIONs, 18F was transferred from [18F]F-PEG to a free
azide available on the aminated cross-linked dextran iron oxide nanoparticle [179]. This allowed for
the detection threshold to be reached via PET-CT imaging at a SPION concentration that was 200 times
lower than what MRI alone could achieve [179]. Instead of using an azide to facilitate conjugation of a
positron-emitting radioisotope to SPION, DOTA can also be used to chelate 64Cu to enable PET and
MRI imaging simultaneously [180]. These SPIONs were used to effectively track the biodistribution of
primary T cells during T-cell therapy by taking advantage of the negatively charged cell membranes
and the positive charge given to the SPIONs to promote internalization within 10 min while avoiding
cytotoxicity and retaining T cell tumor-targeting capability [180]. It was also demonstrated that
to minimize radiation damage to cells, the radioactivity of [64Cu]Cu-SPIONs should be limited to
0.6mCi182. Another approach used 68Ga by mixing PEG-coated SPION with [68Ga]GaCl3 at 50 ◦C for
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15 min to achieve 97% radiolabeling efficiency, sensitive PET imaging, high-resolution MR imaging, and
Cherenkov luminescence optical guided secondary lymph node surgery [17]. These [68Ga]Ga-SPIONs
showed high stability of up to 4 h in human serum while also demonstrating that their ability to remain
in the secondary lymph node tissue for 25 h after injection [17].

Another radiolabeling option for SPIONs that has been explored is using [14C]-oleic acid coating,
but it was shown that the [14C]-oleic acid is easily replaced in equilibrium with unlabeled oleic
acid [181]. To ensure that the positron-emitting isotope remains bound to the SPION, these researchers
have also incorporated a positron-emitting isotope into the core rather than the coating. By irradiating
the iron within the core of the SPIO to create [59Fe]Fe-SPIOs, the uptake of triglyceride-rich proteins
was quantified in brown adipose tissue after mice exposure to 4 ◦C demonstrating a significant increase
of 59Fe in the brown adipose tissue [181]. A disadvantage of directly irradiating the iron oxide core
of SPIONs to create 59Fe, however, is that natural iron only contains 0.28% 58Fe, creating a demand
for long irradiation times and leading to a high potential for damage to the biocompatible coating
surrounding the SPION [181]. A simple method of incorporating positron-emitting isotopes into the
core of SPIONs is by simply mixing 69Ge ions with poly(acrylic acid) (PAA) coated SPIONs at 37 ◦C and
pH 7 to achieve a radiolabeling yield above 75% after 3 h [106]. Interestingly, it was also demonstrated
that 69Ge cannot bind to free PAA in solution while 69Ge binds to naked SPIONs at a slightly higher
rate than it does to PAA-coated SPIONs [106].

6. Summary

In spite of oxidative damage and cytotoxicity caused by uncoated SPIONs, the SPIONs hold
considerable potential as a contrast agent for MRI, multimodal imaging probes, and target delivery of
therapeutics including biotherapeutics and chemotherapy agents. Significant work has already been
done but more work is needed to further advance the SPIONs to the next level like the use of SPIONs
for targeted alpha radiotherapy (Ac-225 and Bi-212) and targeted delivery of stem cells and exosomes.
To further elaborate the targeted delivery approach, SPIONs should continue to be developed to
provide a framework for the attachment of a variety of monoclonal antibodies and biological agents.
The frequent use of next-generation sequencing in the clinical practice to test for gene mutations
present in the cancer tissue including ALK1, BRAF, BRCA1/2, EGFR, Kit (CD117), ROS1, HER2, PD-L1,
17p deletion, BCR-ABL1, F1P1L1-PDGFRA, PDGFR, and PML/RAR [182] can be extended to SPIONs
via including monoclonal antibodies and kinase inhibitors specific to these gene mutations. Some of
these antibodies and kinase inhibitors have already been developed, which presents the opportunity
to use the results of this test to guide biologic therapy based on the specific susceptibility reported
in the tumor [182]. If a SPION coating is developed that allows for easy integration of a variety of
monoclonal antibodies and kinase inhibitors, SPION therapy may be directed towards the specific
gene mutations that are present in the tissue by coating with the appropriate biologic agent. If the
biologic-agent-coated SPION can be further loaded with chemotherapeutic agents, the SPION may
theoretically be directed via the biologic agent to the cancer tissue where MHT or other mechanisms
can assist in the controlled release of chemotherapeutic agents that would otherwise present with
nonspecific toxicity.
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