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Abstract

Magnetic nanoparticles in general, and iron oxide nanoparticles in particular, have been studied 

extensively during the past 20 years for numerous biomedical applications. The main applications 

of these nanoparticles are in magnetic resonance imaging (MRI), magnetic targeting, gene and 

drug delivery, magnetic hyperthermia for tumor treatment, and manipulation of the immune 

system by macrophage polarization for cancer treatment. Recently, considerable attention has been 

paid to magnetic particle imaging (MPI) because of its better sensitivity compared to MRI. In 

recent years, MRI and MPI have been combined as a dual or multimodal imaging method to 

enhance the signal in the brain for the early detection and treatment of brain pathologies. Because 

magnetic and iron oxide nanoparticles are so diverse and can be used in multiple applications such 

as imaging or therapy, they have attractive features for brain delivery. However, the greatest 

limitations for the use of MRI/MPI for imaging and treatment are in brain delivery, with one of 

these limitations being the brain-blood barrier (BBB). This review addresses the current status, 

chemical compositions, advantages and disadvantages, toxicity and most importantly the future 

directions for the delivery of iron oxide based substances across the blood-brain barrier for 

targeting, imaging and therapy of primary and metastatic tumors of the brain
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1. Introduction

Many pathological conditions of the central nervous system (CNS), including brain tumors, 

present a special challenge for imaging, therapy and drug delivery, since the brain is 

protected by the blood-brain barrier (BBB) which prevents many drugs from reaching a 

therapeutic level in the brain. The BBB is represented by endothelial cells (ECs) of the 

capillary wall with tight junctions between them, astrocyte end-feet surrounding the 

capillary, and pericytes embedded in the capillary basement membrane [1]. The main 

functions of the BBB are maintaining brain homeostasis and keeping potentially damaging 
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molecules out of the CNS. The BBB allows the passage of some molecules by passive 

diffusion as well as the selective transport of molecules such as glucose, water and amino 

acids that are crucial to neural function, but protects the CNS from exposure to harmful 

compounds and also prevents many therapeutic formulations from reaching their targets in 

the brain.

Some tumors, such as gliomas and metastatic tumors in the brain, are not accessible to 

chemotherapy, due to the BBB. There are different ways to bypass the BBB for 

chemotherapeutic medicines, such as the usage of iatrogenic agents or intrathecal drug 

administration; modalities for drug delivery to the brain in unit doses through the BBB entail 

its disruption by osmotic means or biochemically by the use of vasoactive substances such 

as bradykinin [2], or even by localized exposure to high-intensity focused ultrasound (HIFU) 

[3].

Other methods used to penetrate the BBB may involve the use of endogenous transport 

systems (including carrier-mediated transporters such as glucose and amino acid carriers), 

receptor-mediated transcytosis for insulin or transferrin, and the blocking of active efflux 

transporters (such as p-glycoprotein). However, vectors targeting BBB transporters, such as 

the transferrin receptor (TfR), have been found to remain entrapped in brain ECs or 

capillaries, instead of being ferried across the BBB into the targeted area [4,5]. Methods for 

drug delivery behind the BBB include intracerebral implantation (such as with needles) and 

convection-enhanced distribution. Mannitol can also be used to bypass the BBB.

However, all the above described mechanisms for delivery across the BBB are not sufficient 

for targeting and treatment of malignant gliomas. Malignant gliomas remain as aggressive 

and lethal primary brain tumors in adults. Glioblastoma (GBM) is the most common and 

highest grade malignant glioma. It is characterized by necrosis, intensive vascular 

proliferation (angiogenesis) and migration of cancer cells (invasion) [6]. Despite all the 

current treatment modalities, such as surgery, chemotherapy, and radiotherapy, there is no 

definitive treatment against malignant gliomas. They lead to an extremely high relapse rate 

and a median survival of 12–15 months after diagnosis [7–11].

Each of the therapeutic approaches mentioned above has particular restrictions. Brain tumors 

are often inaccessible and sometimes are not available for neurosurgeons during an 

operation [12,13]. In addition, GBM infiltrates the surrounding brain tissue, making 

complete resection impossible [14,15].

The most important limitations that prevent the successful use of chemotherapy are the 

intolerable side effects (high toxicity of drugs due to systemic distribution) imposed on 

patients [16] and delivery of drugs. The recommended high doses of radiotherapy are 

harmful for the healthy brain tissue around the tumor [17,18]. At this stage of treatment, the 

risk of relapse is unfortunately inevitable. These restrictions inherent in conventional brain 

tumor treatments encourage investigations of new methods for cancer therapy [19].

Nanotechnology-based delivery systems are being extensively studied for the effective 

treatment of brain tumors and reduction of side effects, enabling the combination of 

targeting, drug loading and drug releasing in large capacity. For these reasons, nanosystems 
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tend to be larger in size, making BBB penetration even more difficult to achieve. Therefore, 

a nanomaterial which can potentially be used for both treatment and imaging (also known as 

“theranostic” – therapy and diagnostic) and thus decrease the nanosystem size is of great 

interest.

In that regard the chemistry of iron is intriguing, partially because iron is an abundant 

element used in various fields. Moreover, there is growing interest in ferro- and 

ferrimagnetic materials for both technological and theoretical reasons, especially in the 

context of magnetic imaging and targeting [20–23].

Magnetically responsive magnetite (Fe3O4) and maghemite (γ-Fe2O3)-based crystalline 

particles can be readily prepared as nanoscale-sized formulations (3.0−100.0 nm). Because 

both of these iron oxides (IOs) contain atom vacancies and surface defects as well as polar 

amphoteric OH decoration, they are amenable to easy surface manipulation and 

functionalization [24–30].

Magnetite (Fe3O4) is easily obtained by co-precipitating aqueous Fe3+ and Fe2+ ions 

[31,32], microemulsions [33], laser pyrolysis [34] or thermal decomposition of iron acetyl 

acetonate (Fe(acac)3) or similar species [35–37] (Fig. 1A). Magnetite has the particularity of 

containing both Fe2+ and Fe3+ cations within an inverse spinel structure. It is characterized 

by fast electron hopping between the iron cations on the octahedral sub-lattice, and is also 

very susceptible to oxidation. To utilize it for biomedical applications and reduce its toxicity, 

which usually originates from the presence of Fe2+ atoms, a stabilizing agent is often 

needed. Such an agent is usually a polymer such as a dextran coating/shell (used in the FDA 

approved formulation Feridex [ferumoxides]; a product since discontinued by the 

manufacturer) or small molecule stabilizers (e.g., ligands such as citric or oleic acid) [28,38–

43].

Maghemite (γ-Fe2O3) is isostructural with magnetite but with cation vacancies, and with 

global properties which are quite similar, although maghemite is generally less magnetic but 

more stable than magnetite; it can be produced from the direct oxidation of magnetite 

[44,45] (Fig. 1A). Although maghemite does not always require a shell for stabilization, a 

shell or graft to the surface with polymers such as polyethylene glycol (PEG) [46] are often 

used in a biological system and increase the blood half-life of the nanoparticles (NPs). The 

increased half-life is usually due to postponing the opsonization process in which particles 

are targeted for destruction by phagocytic immune cells, which results in rapid clearance to 

the liver or spleen by the reticuloendothelial system (RES) [47,48]. Another way to increase 

the blood half-life is by adding a biomolecular corona that interacts with biological systems. 

This corona may thereby constitute a major element of the biological identity of the NP [49]. 

Inorganic coatings such as silica or gold are also used [21,50–52], as well as IO and 

graphene oxide combinations [53].

The biological activity and functionality, as well as the binding of any organic or inorganic 

ligand to the IO surface, depends on a variety of properties such as surface charge (zeta [ζ] 

potential), size, shape, surface functionalities and defects of the particle surface [24,54–61]. 

For example, metal doping of the surface allows ligands that use co-ordination chemistry 
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[24,62], while other surface functionalizations including polymeric coatings may allow 

covalent binding [25,63,64] (Fig. 1A). Electrostatic binding and complexation can also be 

used although they are generally considered less stable in the blood. For example, positively 

charged particles are often used to complex the negatively charged small interfering RNAs 

(siRNAs) for gene delivery [65]. Therefore, the IO-based nanomaterials which are intended 

for biomedical use are usually a nanocomposite system, often a core/shell system. Even 

though IO is usually used as the core or encapsulated within a polymeric NP, some systems 

with IO as the shell have also been studied (e.g. for potential use as magnetic resonance 

imaging [MRI] contrast agents) [63].

An example of an FDA approved formulation containing IO (often termed “ferro-fluids”) 

that is currently on the market is ferumoxytol (brand name: Feraheme) [66]. Its main 

application is in the treatment of anemia/iron deficiency, although it is also used as the core 

for nanocomposites in some drug development research studies. A study of ferumoxytol as a 

possible tumor treatment used the iron oxide nanoparticles (IONPs) to change macrophage 

polarization [67]. In a different study, ferumoxytol that was coated with a low molecular 

weight semi-synthetic carbohydrate (polyglucose sorbitol carboxymethyl ether) possessed 

potential imaging and hyperthermia properties. As for the crestline structure of the NP, in 

one study a method called selected area electron diffraction (SAED, an example can be seen 

in Fig. 1B) was used to show that the structure of ferumoxytol is consistent with the lattice 

spacing of cubic maghemite (γ-Fe2O3) cores [66]. However, in another study, where the IO 

material was initially considered to be either magnetite or maghemite, it was later 

determined to be magnetite, also according to SAED patterns [68]. The high similarity of the 

crystal structures of magnetite and maghemite, and hence the diffraction patterns make it 

difficult to distinguish between the two compounds.

Both magnetite and maghemite NPs are superparamagnetic (generally termed 

superparamagnetic iron oxide nanoparticles [SPIONs]), which means that at certain 

temperatures in the absence of an external magnetic field, their magnetization appears to be 

zero on average (i.e., in the superparamagnetic state). In this state, an external magnetic field 

can magnetize the NPs because their magnetic susceptibility is considered to be very high. 

This characteristic makes both magnetite and maghemite an excellent platform for magnetic 

targeting, magnetism-based hyperthermia and imaging, such as MRI or magnetic particle 

imaging (MPI). In addition to the two main basic structures of magnetite and maghemite, 

MFe2O4 structures are also often studied, where “M” is a metal other than iron (MFe2O4 is 

also the general form of magnetite, when M is Fe) [69].

For biomedical applications of IONPs, in addition to magnetic and crystalline properties, 

other characteristics such as the size, surface charge and lipophilicity must also be 

considered, as they can influence serum half-life and brain penetration [70–72]. In most 

cases, small-sized particles are preferred that could avoid activation of the complement 

system and RES clearance and have a greater ability to cross the BBB. As mentioned above, 

different types of surface coatings or surface functionalization can also address the issue of 

RES clearance. The surface charge is usually relevant to the specific biological application, 

since positively charged NPs will react with negatively charged biological structures such as 

siRNA and the cell membrane, thereby increasing the ability of the NPs to penetrate cells. 
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However, positively charged NPs may be cleared from the blood quickly and may also cause 

several complications such as hemolysis and platelet aggregation [70,73–75].

2. BBB in normal brain and in brain under pathological conditions

As mentioned above, the BBB is a general term for the functionalities which organize the 

permeability of blood vessels in the CNS to precisely regulate the transfer of molecules 

between the blood and the brain parenchyma [76,77]. The function of this barrier is to 

protect the brain from pathogens and neurotoxic molecules, as well as to maintain 

homeostasis. A blood vessel in the CNS is formed mainly by ECs connected by tight 

junctions (Fig. 2). These cells share a common basement membrane with pericytes. 

Neighboring astrocytes in combination with ECs, pericytes and neurons, and together with 

microglia (resident immune cells of the brain), are involved in brain immune responses 

[76,77]. Oxygen from the blood and carbon dioxide from the brain can diffuse freely, and 

small lipophilic molecules (typically with molecular weight less than 400 g/mol) can cross 

the BBB [78]. The BBB excludes most polar molecules, but certain nutrients and ions can 

gain access through the action of specific receptors [79].

While a normal BBB functions in healthy individuals, certain diseases can cause a 

dysfunction of the BBB. One of the fatal pathologies are brain tumors, either primary or 

metastatic. In cases of tumors in the CNS or other organs, normal angiogenesis is affected. 

The BBB is compromised, resulting in a “blood-tumor barrier”, often termed the BTB 

[80,81]. In this review, we use the term “BBB” and not “BTB” when discussing brain 

tumors, based on differences between brain and tumor microenvironments.

The BBB of intracranial tumors can be disrupted by fast angiogenesis. Leaky blood vessels 

of the growing tumor allow larger sized therapeutic agents including NPs or antibodies to 

access the interstitial portion of the tumor to some extent [79,82,83]. That phenomenon 

which is generally known in tumors as the “enhanced permeability and retention effect” 

(EPR), has also been studied as a delivery route for nanotherapeutics to brain tumors 

(“passive” targeting). However, most of these formulations did not pass clinical trials due to 

lack of efficacy, indicating that EPR alone was not sufficient to provide therapeutic levels in 

of these agents to brain tumors and besides, these agents caused toxicity and side effects 

[84].

In addition to “passive targeting” (i.e., EPR), “active” nano-based delivery systems have 

been developed using a brain vascular endothelial transcytosis mechanism [85]. The choice 

of the appropriate transcytosis system is important for efficient delivery through the BBB of 

a given tumor. Transcytosis receptors could be upregulated or downregulated in different 

brain tumors. For example, the TfR is upregulated in glioma and, therefore, nano drug 

delivery is chosen to select this receptor [86]. In contrast, the low density lipoprotein 

receptor related protein (LRP-1), another transcytosis receptor (discussed further below), is 

also overexpressed in glioma, but not in a brain metastatic tumor of lymphoma [87,88].
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3. Techniques to deliver drugs across the BBB

3.1 Magnetic methods

One advantage of using IONPs is that magnetic methods can be used to make them cross the 

BBB. In one study, magnetic IONPs were “forced” to cross the BBB by applying a magnetic 

force generated by an external magnetic field that physically “pulled” the particles across the 

BBB [89]. A recent study [90] demonstrated that magnetic forces could be used for 

controlled drug delivery by disrupting endothelial cell-cell junctions. Although the work 

originally described was not aimed specifically for the BBB but for crossing endothelial 

barriers in general, the findings did provide some valuable mechanistic data relevant to 

crossing ECs of the BBB.

Such an in vitro magnetic switch of vascular permeability was investigated using an 

engineered endothelialized microfluidic system, which provided a tightly controlled flow 

environment mimicking the physiologic hemodynamic conditions in blood vessels [90]. For 

delivery, the authors designed nano vehicles consisting of synthesized magnetite 

nanocrystals (16 and 33 nm in diameter) which were fabricated via thermo-decomposition of 

Fe(acac)3. The research strategy was that the force applied through intracellular magnetic 

NPs could trigger the reorganization of F-actin fibers and disrupt adherent endothelial 

junctions. F-actin is the major protein of muscle thin filaments and it is essential for 

important cellular functions such as the mobility and contraction of cells during cell division 

[91]. The data suggested that ECs are capable of simultaneously sensing both a mechanical, 

flow-induced shear stress and an intracellular magnetic NP induced force, whereby the 

combination and directions of these two forces modulate F-actin dynamics. In addition, 

when the intracellular magnetic force was large enough to induce a reversible change in the 

actin cytoskeleton, the changes in actin filaments led to a temporary disruption of adherent 

endothelial junctions rather than permanent alterations of the endothelial function. The 

authors concluded that by their technique the permeability of vascular endothelium could be 

increased using an external magnetic field to temporarily disrupt endothelial junctions 

through internalized IONPs and by this mechanism could activate a paracellular transport 

pathway to facilitate the local extravasation of circulating substances.

More specific studies of the IO method for crossing the BBB by using a magnetic field were 

published in the past decade [23,92,93]. In one recent example [94], SPIONs were prepared 

that had been synthesized by the decomposition of Fe(acac)3 and coated with PEG, 

polyethylene imine (PEI), and Tween 80 (polysorbate 80), and were termed Tween-SPIONs. 

The authors demonstrated effective passage of tail-vein-injected Tween-SPIONs across the 

normal BBB in rats under an external magnetic field, with quantitative analyses showing 

significant accumulation of SPIONs in the cortex near the magnet, and progressively lower 

accumulation in brain tissues farther away from the magnet. Nevertheless, targeting across 

the BBB using IO combined with a magnetic field is still a challenging technique.

3.1.1. Methods using nonspecific mechanisms—Several methods can facilitate the 

crossing of the BBB without active targeting. One very common strategy is a simple 

adsorption mediated transcytosis. Vinzant et al. [95] relied on the observation that IONPs 
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can readily cross the intact BBB. Peptide cargo attached to maghemite NPs could be 

delivered into the brain without active targeting.

Another method [96,97] for crossing the BBB, also described in a study [98], applied a radio 

frequency (RF) field to cause the heating of commercial IONPs (hyperthermia) which had 

been administrated via the middle cerebral artery using a catheter. This technique enabled 

large dye molecules which were injected prior to IONPs to cross the BBB, which is then 

able to fully recover naturally after the treatment. Per the authors, magnetic NPs in this 

configuration act as miniaturized heat sources that deliver thermal energy uniquely to the 

endothelium with high spatial precision.

In another study [99], it was demonstrated that poly(butyl cyanoacrylate)-based 

microbubbles, carrying ultrasmall superparamagnetic iron oxide (USPIO) NPs, could be 

used to mediate and monitor BBB permeation. Upon exposure to transcranial ultrasound 

pulses, USPIO microbubbles are destroyed resulting in acoustic forces inducing vessel 

permeability. At the same time, USPIO NPs released from the microbubble shell cross the 

permeabilized BBB and accumulate in extravascular brain tissue. This method provided non-

invasive r2* based MRI information on the extent of BBB opening.

Sun et al. [100] used negatively charged IONPs in combination with lysophosphatidic acid 

(LPA, a phospholipid that signals extracellularly via cognate G protein-coupled receptors to 

mediate cellular processes) to transiently disrupt the tight junctions between ECs allowing 

IONPs to enter the brain. The treatment with LPA enhanced accumulation of IONPs in the 

brain as well as in the spleen (approximately 4-fold vs. control). Mice were injected 

intravenously with N-(trimethoxysilylpropyl) ethylenediaminetriacetate tri-sodium salt 

modified IONPs (EDT-IONPs) suspended in saline solution. For BBB disruption, LPA was 

injected along with the EDT-IONPs via the tail vein. Per the authors, transient modulation of 

the BBB by LPA achieved a significantly improved uptake of IONPs in brain parenchyma, 

while the treated mice revealed no sign of peripheral immune cell infiltration in the brain 

and no significant activation of microglia or astrocytes [100].

Although in the methods described above, the BBB was disrupted by different means 

(physical or chemical) to allow the crossing of large molecules, most of the passive methods 

try to take advantage of the impaired BBB that is common in pathological conditions. As 

mentioned earlier, in case of a brain tumor [101], EPR causes some “leakiness” of the BBB 

in tumor vasculature [102–104]. In one study [105] maghemite NPs were combined with a 

potential anticancer drug (caffeic acid). Following an intravenous injection of these NPs in 

mice bearing a U87 GBM, a negative contrast enhancement was specifically observed on 

MRI images in cancerous tissue, demonstrating a passive targeting of the tumor with these 

nanoplatforms.

In a different study [106], the potential applications of gold and SPION-loaded micelles 

(GSMs) coated by PEG-polycaprolactone (PEG-PCL) polymer for potential treatment and 

imaging of GBM were investigated relying on the EPR effect to deliver the micelles into the 

tumor. MRI-based visualization revealed an accumulation of GSMs in both the heterotopic 

flank and orthotopic brain GBM tumors and provided reliable hypointense MRI contrast 
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enhancement with good delineation of tumor borders. However, a disadvantage of using 

these brain tumor delivery methods is that they do not provide analytic information about the 

type of brain cancer.

3.1.2. Methods using active targeting mechanisms—For years, peptides, 

antibodies and small molecules have been used as free or as NP-attached ligands to facilitate 

transport to the brain [88,107–110]. In receptor-mediated endocytosis, such ligands bind to 

specific receptors on the surface of vascular EC layers and are internalized [111]. When the 

ligand/receptor complex is internalized and then released on the opposite side into the 

parenchyma, the process is termed transcytosis. As an active targeting reaction, transcytosis 

can increase the quantity of the imaging/therapeutic agent in the parenchyma and thus 

improve its efficiency. Transcytosis enables transport across an intact BBB and could be 

important for treatment of a disease that is in its “nascent” stage of development.

Common receptors for BBB transcytosis are the TfR, the low density lipoprotein-1 receptor 

(LRP-1) and the insulin receptor [112]. The TfR [113] is expressed by brain capillary ECs 

and serves as receptor mediated transport of iron-bound transferrin through the BBB and 

into normal brain. In an example for iron transport coupled NPs, Ghadiri et al. [114] 

conjugated magnetite dextran-spermine coated NPs to transferrin and facilitated crossing of 

the BBB. LRP-1 [115] is a member of LDL receptor family that has been proven to carry 

ligands, such as amyloid precursor protein (APP) and importantly angiopep-2 conjugated 

drugs across the normal BBB and diseased brain [116–119]. The insulin receptor is 

responsible for the import of insulin and insulin derivatives into the normal brain [120].

A common targeting agent for drug delivery across the BBB is the tripeptide arginine-

glycine-aspartic acid (RGD). It specifically binds αvβ3 for internalization that is 

overexpressed on tumor neovascular ECs, and therefore facilitates BBB crossing via 

integrin-mediated transcytosis [121]. cRGD (cyclic “arginine-glycine-aspartate” [122]) 

peptides are preferred because the cyclic tripeptides are less prone to enzyme peptidolytic 

cleavage and have been extensively used to target NPs into gliomas and other tumors [123–

126].

Boucher et al. [127] studied a functionalized MRI contrast agent produced in a single step 

from genetically modified magnetotactic bacteria in vivo for application in MR-based 

molecular imaging of brain tumors in a mouse model of GBM. The outer surface of the 

magnetosomes was decorated with the RGD peptide by genetically manipulating a 

Magnetospirillum magneticum AMB-1 strain. Data analysis revealed a specific 

enhancement of the tumor contrast on MR images when applying the RGD-labeled 

magnetosomes compared to the unlabeled ones.

4. Imaging methods using IO formulations

4.1. MRI

The most commonly used magnetic imaging method is MRI. In this method, IO 

formulations are used as contrast agents. Image contrast may be weighted to demonstrate 

different anatomical structures or pathologies. Hydrogen protons of water molecules inside 
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imaged tissue return to their equilibrium states after a magnetic field induced orientation of 

their nuclear magnetic spins. This reorientation follows independent processes characterized 

by T1 (spin-lattice) and T2 (spin-spin) relaxation times.

IO species are commonly used as a T2 (or T2*) contrast agent, that means negative contrasts 

which change the T2 relaxation rate. Plots of relaxation rates 1/T2 and 1/T1 vs. Fe 

concentration are linear and exhibit characteristic slopes representing relaxivities r2 and r1. 

A high r2*/r1 will indicate an excellent T2* contrast. For example, MRI r2 and r1 relaxivites 

of FDA approved contrasts are 98.3 and 23.9 mM−1 sec−1 for r2 and r1, respectively, in the 

case of Feridex (Endorem, ferumoxides) (particle size of 120–180 nm measured by 

photocorrelation spectroscopy), and 151.0 and 25.4 mM−1 sec−1, respectively, for 

ferucarbotran (Resovist) [128].

To date, many known SPIONs have already exceeded these values. For example, cation-

doped maghemite NPs [129] have reached relaxivity values of 522 (r2*) and 0.72 (r1) mM−1 

sec−1 and a ratio of 725 (r2*/r1) as a result of testing different cation doping on the 

maghemite surface (size range of 6–7 nm measured by transmission electron microscopy 

[TEM]). In another study, cerium (Ce)-doped maghemite had an r2* of 189 and r1 of 0.015 

that raised the r2*/r1 ratio to 12600, and PEI-grafted Ce-doped maghemite designed for gene 

delivery had an r2* of 168 mM−1 sec−1, r1 of 0.103 mM−1 sec−1 and r2*/r1 ratio of 1631[24].

A nanocomposite with a diameter of 23.05 nm with hybrid character HSADoE/CAN-γ-

Fe2O3 was prepared consisting of a human serum albumin (HSA) shell encapsulating a 6.6 

nm Ce-doped maghemite CAN-γ-Fe2O3 [130]. For the composite, the relaxivity values were 

482 (r2*) and 0.121 mM−1 sec−1 (r1) and the r2*/r1 ratio was 3983. Encapsulating the 

maghemite NPs within HSA improved the measured relaxivity due to a “clustering effect” of 

the SPIONs that were used.

An important factor for transverse relaxivity is the particle diameter. Due to the “clustering 

effect”, the magnetic NP diameter corresponds to the integral hydrodynamic diameter 

determined by dynamic light scattering (DLS), and not necessarily with a single particle 

diameter and therefore increased r2* values are measured [131].

The surface modification by cations uses defect-induced magnetism (DIM) [132] to 

influence the magnetism of the NPs, and subsequently, the relaxivity. Vacancies or defects 

introduced in any lattice-ordered structure can significantly affect and induce magnetism, 

due to changes in electron densities around any phase/defect/vacancy of such materials 

[133,134].

A 9.1 nm (by TEM) magnetite based composite with a polymer shell and RGD functionality 

that reached an r2 value of 550.04 mM−1 sec−1 has been shown [135]. Another magnetite/

polymersome nanocomposite [136] has reached an r2 value of 611.6 mM−1 sec−1, while 

albumin fabricated superparamagnetic iron oxide nanoparticles (uBSPIOs) [137] had values 

of r2 = 444 mM−1 sec−1, r1 = 0.93 mM−1 sec−1 and r2/r1 = 478.

Even though IONPs are mainly used as negative (T2/T2*) contrast agents, several studies 

have been done to measure positive (T1) contrast [137–142]. An example of ultrasmall 
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ferrite NPs (MnFe2O4) [69] used as a positive contrast is shown in Fig. 3. In another recent 

study [143], zwitterion-coated very small SPIONs (ZES-SPIONs) were developed for a T1-

weighted contrast-enhanced MRI as a potential alternative to Gd complexes to avoid long-

term toxicity. To achieve this goal, the r2/r1 ratio had to be minimized while preserving a 

high value for r1, similar to positive contrast agents.

The strategy of Wei et al. was to use maghemite NPs with a very small hydrodynamic 

diameter [143]. Maghemite was chosen because it is less magnetic than magnetite, and 

because the small diameter serves both relaxivity and a less toxic renal clearance. When 

ultrafine IONPs (uIONPs, 3.5 nm) with T1−T2 switchable MRI contrasts for tumor delivery 

were fabricated in vivo MRI revealed that the oligosaccharide coated uIONPs exhibited 

“bright” T1-contrast when dispersed in the tumor vasculature and peripheral area at 1 h after 

intravenous administration, followed by emerging “dark” T2 contrast in the tumor after 24 h 

[144]. The authors suggested that single-dispersed uIONPs in the bloodstream with T1 

contrast self-assembled into larger clusters after residing inside the tumor and exhibited a 

favorable T2 contrast.

4.2. MPI

In addition to MRI which uses IONPs as a contrast agent to produce the MR signal, MPI 

uses the magnetic particle itself as the tracer and not as a contrast agent. It does so by 

utilizing an oscillating magnetic field to generate a signal derived from non-linear 

magnetization of the magnetic NPs [145]. The technology was first introduced in 2005 and 

is considered to be in pre-clinical use to date [146,147].

For this specific method, which is of great interest since it has a higher spatial resolution 

then MRI, the FDA approved ferucarbotran (Resovist) was usually used. In recent years, 

IONPs were studied extensively to be tailored to this type of imaging [145,148] and applied 

to research studies such as stem cell tracking [149]. One study utilized the high temporal 

resolution of MPI to assess aneurysm hemodynamics in a model [150] applying 

commercially available dextran coated magnetite NPs. In this study, where MRI and 

dynamic digital subtraction angiography (DSA) were used, the authors concluded that once 

MPI becomes clinically available, it may be a powerful tool for the same 4D analysis in vivo 
(a time-resolved 3D [time + 3D]) can be termed as 4D flow MPI or MRI). At present, 

however, the ability to acquire needed information by 4D MRI is not possible under in vivo 
conditions.

Another study used quantitative MPI to monitor transplantation, bio-distribution, and 

clearance of ferucarbotran-labelled human stem cells in vivo [151]. Ferucarbotran was also 

used by the same researchers to track the long-term fate of in vivo neural cell implants [152]. 

Ferucarbotran-labelled human stem cells were injected at three different locations in rat 

brains following a surgical procedure, with ferucarbotran/PBS used as a control. The 

animals were monitored for 87 days using a self-built MPI machine. To validate the findings, 

immunohistochemistry and MRI were used. Other than demonstrating longitudinal 

monitoring and quantifying implanted neural cell grafts, it was shown that the MPI signal 

was linear and could be used to quantify cell number in vivo. In addition, areas which were 
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inaccessible to optical, MRI and nuclear techniques (e.g., GI tract and pulmonary 

vasculature) could be managed by MPI.

4.3. Dual modality imaging

Other than focusing on only the two main techniques of MRI and MPI, many NPs with dual 

or multimodality [22,153,154] imaging methods were developed, combining MRI and/or 

MPI with optical imaging [155–157], sensitive and high resolution positron emission 

tomography (PET) [129,158], computed tomography (CT) [159] and other combinations, as 

the IO platform can be encapsulated, grafted and coated. For optical imaging, IONPs are 

usually grafted with a dye, more recently using near-infrared fluorescence (NIRF) such as cy 

5.5 or similar dyes [160]. Also near-infrared (NIR) active polymers were introduced and 

used for coating [161].

As an example of such multimodality, an IO-based tri-modal nanoprobe for NIRF, 

photoacoustic tomography (PAT) and MRI was fabricated by Wu et al. [161]. PAT is based 

on the photoacoustic effect in which sound waves are formed following light absorption by 

an imaging reagent [162]. By using poly(isobutylene-alt-maleic anhydride) (PIMA) as the 

backbone, dopamine (Dopa) and IR-820 (indocyanine green analogue) were linked to 

produce a NIR-emitting multidentate polymer. The polymer was used to replace the oleate 

stabilizing molecule of the IONPs fabricated using the thermal decomposition method. As a 

proof of concept, the resulting IONPs@820-PIMA-Dopa which was found to be 

superparamagnetic and hydrophilic, was injected into healthy mice (distal, right anterior 

paw) for regional lymph node mapping using all three imaging methods – PAT, MRI and 

NIRF imaging.

In another study [163], an optically active semiconductor NP quantum dot (QD) with 

tunable fluorescence core, was encapsulated within a hollow paramagnetic IO shell as the T2 

MRI contrast agent (r2 of 304 mM−1 sec−1). Another example that was reported [164], was 

the self-assembly of functionalized IONPs on the surface of molybdenum disulfide (MoS2) 

nanosheets used to form a composite which was functionalized even further with PEG and 

PET enabling radioactive 64Cu. Since MoS2 sheets have high NIR absorbance, with the 

addition of SPIONs the composite could be used in photothermal therapy (PTT) as well as 

PAT, providing a triple modality MRI/PET/PAT imaging agent with PTT capabilities (Fig. 

4). In vivo experiments for the composite in tumor bearing mice (intravenous injection) 

showed uptake in the tumor, as well as RES organs such as the liver. When image guided 

PTT treatment was utilized in tumor bearing mice (4T1 murine breast cancer), the tumor 

temperature increased to 51°C which resulted in the elimination of the tumor.

5. Treatment methods using IONPs

5.1. Temperature based treatment

As mentioned before, raising the temperature of a tumor may cause damage and even kill 

cancer cells. PTT usually requires activation of the agent using a laser, which limits the 

application to cancer types that are accessible by the laser. Magnetic NPs on the other hand, 

can cause temperature increase of a tissue by friction. The friction is due to movement of the 
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IONPs, and can be triggered by an external oscillating magnetic field coupled to radio 

frequency (RF), thus eliminating the need for a laser. Optimizing IONPs for this application 

is highly desirable [165–167].

For hyperthermia, specific absorption rate (SAR) values are used to evaluate the IONPs to 

measure the rate at which energy is absorbed by the sample when exposed to an RF 

electromagnetic field [168]. In an example of IONPs tailored for both MPI and magnetic 

hyperthermia, Zn was used to selectively dope magnetite NPs, both spherically and cubically 

shaped [169]. The doping alone enhanced the MPI signal by 2-fold, while adapting the field 

gradient used in MPI demonstrated focused magnetic hyperthermia heating. In addition, the 

Zn doped cubic NPs showed a 5-fold improvement in SAR values, over the non-doped 

spherical magnetite. Another strategy for amplifying the heating efficiency is by combining 

magnetic hyperthermia and photothermal treatment. In one study this was done by using 

magnetite nanocubes with an edge length of 20 nm [170]. Niculaes et al. [166] studied the 

heating efficiency under magnetic hyperthermia of individually coated IO (FeO/Fe3O4 core

−shell) nanocubes versus soft colloidal nanoclusters consisting of small groupings of 

nanocubes arranged in different geometries. They showed that controlled grouping of NPs 

composed of two and three nanocubes increases SAR values, while conversely, forming 

centrosymmetric clusters having more than four nanocubes leads to lower SAR values. In 

addition, the annealing process (heat treatment), also improved SAR values.

5.2. Treatment that manipulates the immune system

Another form of treatment is to use NPs to polarize immune system cells [171]. In an 

example [67], ferumoxytol was shown to inhibit tumor growth by inducing pro-

inflammatory macrophage polarization in tumor tissues. In vitro, macrophages exposed to 

ferumoxytol displayed increased mRNA associated with pro-inflammatory Th1-type 

responses. In vivo, ferumoxytol significantly inhibited growth of adenocarcinomas in mice. 

In addition, intravenous ferumoxytol treatment prior to intravenous tumor cell inoculation 

prevented the development of liver metastases. Furthermore, the observed tumor growth 

inhibition was accompanied by increased presence of pro-inflammatory M1 macrophages in 

the tumor tissues. In the CNS however, such an approach may be problematic, due to a very 

low number of macrophages in the brain (usually termed as “infiltrating” or “migrating” 

macrophages since the brain resident “macrophage-like” cells are the microglia cells), so 

even though it is still unknown if there are enough macrophages in the brain to facilitate an 

effective treatment, some research is still being done in this area.

Another interesting approach which was reported recently, is utilizing the natural ability of 

monocytes and monocyte-derived macrophages (MDMs) to uptake micro- and nano-size 

particles (IO in particular), allowing easy loading of small molecular agents onto the “cell 

carriers” [172]. Since these cells can traverse tissue barriers and traffic into damaged sites 

caused by inflammation, infection, and tissue degeneration, they are attractive candidates for 

drug carriage and gene delivery. SPIONs were chosen for this study because of the multiple 

roles they could be applied to in cell-based drug delivery studies. The authors identified 

SPIONs with 30 nm core size and oleic acid plus amphiphilic polymer coats (“SHP30”) to 

have the most efficient MDM uptake accompanied with the lowest cytotoxic effects [172]. In 
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vivo, an acute brain encephalitis mouse model (inflammation induced by intracranial [IC] 

injection of bacterial lipopolysaccharide, LPS) was used. Twenty-four hours post trigger 

injection, control or SHP30 loaded MDM were introduced into recipient animals by 

intravenous adoptive transfer. Histological analysis confirmed that at 48 h post cell 

intravenous infusion, both control and SHP30 carriage donor cells appeared in the brain and 

staining of astrocytes revealed these recruited donor cells had accumulated in the inflamed 

region of the brain. Prussian blue staining (specific for iron) validated the presence of 

SHP30 in the carrier cell cytoplasm [172].

5.3. Cell based therapy and nucleic acid delivery

Since IONPs can be imaged, monitored and quantified by methods including TEM, wet 

chemical iron assays, inductively coupled plasma (ICP) and conventional staining of 

fluorescence labeled NPs, the magnetic biological targeting and the delivery of nucleic acids 

into cells (transfection) render this class of NPs a very strong modality for cell therapy 

[149,173–175]. The systemic or direct delivery of nucleic acids (DNA; all kinds of RNA 

including siRNA, microRNA; antisense oligonucleotides [AON]) offers attractive ways of 

delivery to CNS targets to even promote noninvasive treatment [65,176–184].

Recently, transdifferentiation (TD)-derived neural stem cells (iNSCs) were shown to be an 

efficacious therapeutic alternative for the treatment of brain cancer [185]. The genetically 

engineered iNSCs equipped with optical reporters and tumoricidal gene product retain the 

capacity to differentiate cells and induce apoptosis in co-cultured human GBM cells. Time-

lapse imaging showed that iNSCs are tumoritropic, homing rapidly to co-cultured GBM 

cells and migrating extensively to dispersed distant tumor foci in the murine brain. iNSC 

delivery of the anticancer molecule TRAIL decreased the growth of established solid and 

diffuse patient-derived orthotopic GBM xenografts and significantly prolonged the median 

survival of mice. These findings establish a strategy for creating autologous cell-based 

therapies to treat patients with aggressive forms of brain cancer.

An example of an IO-neural stem cell transfection agent can be seen in the work of Adams 

et. al. [175], where researchers used PEI-grafted maghemite NPs combined with 

magnetofection to increase DNA transfection of neuronal stem cells. Neuronal stem cells are 

usually very difficult to transfect. The main challenge in this type of delivery, was that the 

nucleic acid load needed to be released in the cell cytoplasm. PEI (a cationic polymer) is 

used to open the endosome membrane by activating the “proton sponge” effect. These 

complexes however, could not penetrate into the brain [186–189].

Another interesting application, was the use of IO to label human mesenchymal stem cells, 

which in turn, released exosomes that contained IO. Furthermore, these exosomes were 

efficiently endocytosed by tumor cells. Exosomes from Venofer-labeled cells expressing the 

yCD::UPRT gene in the presence of the prodrug 5-fluorocytosine inhibited tumor growth in 

a dose-dependent fashion when PC3 and HeLa cell lines were tested. On the other hand, a 

partial killing effect of alternating magnetic field (AMF) exposure under the same conditions 

was observed with the human glioma cell line U118. Human primary GBM and recurrent 

astrocytoma cells treated with NPs from yCD::UPRT-DP-MSCs/Fe and exposed to an AMF 
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differed in the sensitivity to hyperthermia-induced cell death. While most GBM cells died 

within 5 days after AMF, the remainder died during subsequent days [190].

6. Recent examples of imaging and treatment of brain tumors using 

IONPs

Multiple examples can be found for the utilization of IONPs for imaging and treatment of 

brain tumors [64,191–199] (Table 1). IONPs, coated with the tumor-penetrating peptide 

iRGD reduced experimental breast cancer metastasis and strongly inhibited tumor 

progression in the brain when applied in the early stages of metastasis development [200]. In 

this case, anti-metastatic activities of the iRGD peptide and the combined action of the iron 

particles were the suggested mechanism. While IO on the surface of NPs can modulate the 

bioavailability, biodistribution, and pharmacokinetic characteristics of payload therapeutics 

they might also prolong the half-life of the presented peptides in the circulation.

PEGylated magnetic IONPs were synthesized with the aim of providing proof of concept 

results for the remote cancer cell killing by magnetic fluid hyperthermia [201]. The 

interaction of the PEGylated IONPs with a U87 GBM cell line was studied and highlighted 

the superior efficiency of multicore (nanoflowers) vs. monocore (nanospheres) IONPs for 

magnetic hyperthermia, leading to 80% cancer cell death in medically translatable 

conditions.

In a different study, composite iron oxide-gadolinium-containing Prussian Blue 

(Fe3O4@GdPB) NPs were presented as a theranostic agent for T1-weighted (T1W) MRI and 

PTT of tumors. A murine neuro-blastoma model was used. Per the authors, the NPs 

possessed the ability to function as effective contrast agents in both T1W and T2W scans as 

well as effective PTT agents [202].

Magnetic-fluid-loaded liposomes (MFLs) were developed with a hydrodynamic diameter of 

212 ± 29 nm by the entrapment of superparamagnetic maghemite nanocrystals in 

submicronic PEGylated rhodamine-labelled phospholipid vesicles [203]. The strategies for 

using MFLs were both selective magnetic targeting of malignant tumors localized in brain 

and non-invasive traceability by MRI. As assessed by in vivo 7-T MRI and ex vivo electron 

spin resonance, 4-h exposure to a magnetic field gradient efficiently concentrated MFLs into 

human U87 GBMs implanted in the striatum of mice. The magnetoliposomes were then 

retained as checked by MRI monitoring over a 24-h period. The magnetic field gradient 

emphasized MFL distribution solely in the tumor according to the EPR effect, while 

comparatively very low amounts were recovered in the other cerebral areas.

In a different study, an integrated liposome was used that simultaneously combined multiple-

imaging agents such as SPIONs and QDs for optical imaging as well as therapeutic drug [8]. 

The drug, Cilengitide (CGT), is a cyclic arginine–glycine–aspartic pentapeptide antagonist 

that inhibits overexpression of integrin receptors on GBM and tumor-associated capillary 

ECs. Moreover, an additional method such as a combination of low-intensity ultrasound with 

microbubbles, referred to as ultrasound-targeted microbubble destruction (UTMD), was used 

to enhance the transportation of therapeutics across the BBB without causing damage to the 
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brain. A focused ultrasound (FUS) emitter however, usually intracranial [204], or 

alternatively a linear array transducer, was placed on the skull. The resulting nano system 

was aimed for glioma-targeted delivery of its loading cargo under an exogenous magnetic 

field. The resulting NPs exhibited a diameter of 100 ± 1.24 nm, zeta potential of −17.10 

±0.11 mV, and an r2 value of 172.6 mm−1 s−1. The specific distribution of the system in 

glioma produced a negative-contrast enhancement effect on glioma by MRI and also made 

the tumor zone emit strong fluorescence under magnetic targeting (MT). In addition, the 

ability of the liposomes to guide the accurate resection of glioma was confirmed by surgery. 

Finally, in vivo inhibition of tumors was confirmed after intravenous injection of liposomes 

under MT.

One advantage in encapsulating unstable agents in microbubbles is to prevent fast 

degradation, while reducing the required dose [204]. Also, the encapsulated agents can be 

control-released during the FUS-triggered microbubble destruction process, thereby 

reducing the off-target dose. In this study, the authors reported the fabrication of a 

therapeutic complex in which SPIONs are directly conjugated with doxorubicin and are 

embedded in lipid microbubbles.

A recent example of the development of IONPs is the targeted T1-weighted MR imaging of 

glioma using Fe3O4 NPs conjugated with PEG-linked RGD [205].

A contrast agent comprised of two FDA approved components, indocyanine green (ICG) 

and SPIONs in the absence of amphiphilic or carrier materials to enable preoperative 

detection by MRI and intraoperative photoacoustic (PA) imaging was also developed [206]. 

ICG–SPIONs clusters are stable in physiologic conditions, can be taken up by tumors via 

passive targeting (i.e., EPR), and are detectable by MR. In a preclinical surgical resection 

mouse model, following the injection of the clusters animals undergoing PA-guided surgery 

demonstrated increased progression-free survival compared to animals undergoing surgery 

under the microscope.

Tumor-associated macrophages that contained IONPs coated with near-infrared fluorescent 

silica as guidance during the surgery of orthotopic xenografts were also targeted [207]. 

Abundant macrophage infiltration is a key feature of GBM margins, and it is well associated 

with poor prognosis. The authors synthesized the fluorescent silica coated iron oxide 

nanoparticles (NF-SIONs) of 37 nm size to maximize macrophage uptake by endocytosis. 

The NF-SIONs selectively visualized tumor-associated macrophage populations by in vitro 
magnetic imaging of living cells as well as by in vivo fluorescence imaging. In the 

orthotopic GBM xenograft models, the NF-SIONs could penetrate the BBB and specifically 

delineate the tumor.

MRI tracking of PEG-coated superparamagnetic IO-labelled placenta derived mesenchymal 

stem cells (MSCs) mimicking GBM stem-like cells in a mouse model was also demonstrated 

[208]. MSCs can display homing and infiltration properties towards tumor cells and, 

therefore, are considered to be a promising cellular targeting vector for brain tumor therapy. 

However, they are limited to local-regional delivery in current preclinical models. In the 

current study, researchers investigated whether placenta-derived MSCs (P-MSCs) are a 
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superior cellular vector for systemic targeting of GBM stem-like cells (GSCs). Results 

demonstrated that P-MSCs had greater migratory activity similar to GSCs and across the 

BBB in comparison with bone marrow-derived MSCs. In addition, chemokine ligand 5 was 

identified as a chemoattractant responsible for the GBM tropism of P-MSCs. PEG–-SPIONs 

were synthesized for cellular labelling and imaging P-MSCs, displaying high cellular uptake 

and no cytotoxic effect on P-MSC cell proliferation or stemness property. The homing 

effects of intravenously administered PEG–SPIO-labelled P-MSCs towards intracerebral 

GSCs were able to be detected in mice models through MRI, supporting the possibility of 

systemic P-MSC based cell therapy for aggressive GSCs.

In addition to these studies, a study was performed to evaluate the potential of vascular cell 

adhesion molecule 1 (VCAM-1)-targeted MRI for early detection of brain micrometastases 

[209]. The study included mouse models across multiple primary tumor types. All models 

showed disseminated micrometastases in the brain, together with endothelial VCAM-1 

upregulation. T2-weighted MRI of tumor-bearing mice injected with VCAM-1 targeted iron 

oxide microparticles (VCAM-MPIO) showed increased signal intensities compared to 

control cohorts, and without BBB impairment.

Exosomes were loaded with SPIONs and curcumin (Cur) and the exosome membrane was 

conjugated with neuropilin-1-targeted peptide (RGERPPR, RGE) by click chemistry [210]. 

When administered to glioma cells (U 251) and orthotopic glioma models, they found that 

these engineered exosomes could cross the BBB, with results for targeted imaging and 

therapy of glioma that were good. Furthermore, SPION-mediated magnetic flow 

hyperthermia and Cur-mediated therapy also showed a potent synergistic antitumor effect.

An example of the use of IO in human patients can be seen in a retrospective study 

analyzing MRI results [211]. The authors analyzed ferumoxytol and gadolinium contrast 

enhanced T1-weighted 3T MRI in 45 patients with GBM over multiple clinical timepoints. 

They observed a significantly elevated mismatch ratio compared with disease recurrence 

within tumor-IDH-1 wild-type patients. Patients positive for the mutation demonstrated a 

significantly reduced mismatch ratio with the development of pseudoprogression compared 

with the ratio for disease recurrence. The authors suggested that ferumoxytol to gadolinium 

contrast mismatch ratios are an MRI biomarker for the diagnosis of pseudoprogression in 

patients with GBM. In a different study in human patients, ferumoxytol-enhanced MRI was 

used as a noninvasive imaging biomarker of macrophages in adults with high-grade gliomas 

[212]. It was shown that the results of MRI measurements obtained after ferumoxytol 

administration correlated with the content of iron-containing macrophages.

Although in most studies MRI was widely used [213], there are also examples of the 

application of MPI. For example, monodisperse IONPs with median core diameters ranging 

from 14 to 26 nm were fabricated [214]. Their surfaces were conjugated with lactoferrin to 

convert them into brain glioma targeting agents. The lactoferrin-conjugated IONPs showed 

specific cellular internalization into C6 glioma tumor cells with a 5-fold increase in the 

magnetic particle spectroscopy signal which was used to evaluate MPI capability, compared 

to IONPs without lactoferrin, both after 24 h of incubation.
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Recently, the advantage of using IONPs in combination with radiotherapy was also 

demonstrated [215]. In this study, six recurrent GBM patients were treated with intracavitary 

thermotherapy after coating the resection cavity wall with SPIONs.

In a preclinical study, the repolarization of myeloid derived suppressor cells (MDSCs) via 

magnetic NPs promoted radiotherapy in glioma [216]. The Zn0.4Fe2.6O4 based magnetic 

nanoplatform (Fig. 5) was modified with di-mercaptosuccinic acid (DMSA) and the cationic 

polymer PEI (Fig. 5A). Seven days post tumor implantation, mice were treated with PBS or 

25 μg NPs (Fig. 5B). The heads of mice were exposed to 2 Gy of radiation each day for 4 

days (total 8 Gy). Two glioma models (CT-2A, U87) were used. As shown in Fig. 5C, 

radiotherapy or NP monotherapy presented marginally prolonged median survival of the 

CT-2A model (a shift from 25 to 30 days). In contrast, the NP with radiotherapy 

combination considerably extended median survival to 38 days, which was a 50% 

prolongation of survival. The U-87 MG xenograft model was also implanted in 

immunodeficient nude mice (Fig. 5D). While both of the radiotherapy and NPs groups 

showed no significant difference in median survival compared with the PBS group, the 

radiotherapy and NP combination resulted in a 45-day median survival, which was 

significant longer compared with the 34 days of the control. Furthermore, it was shown that 

in addition to tumor cell death induced by NP-mediated radiotherapy, the recruitment and 

regulation of MDSCs (a heterogeneous population within the tumor microenvironment of 

immature myeloid derived cells) resulted in another synergistic effect further prolonging the 

survival of glioma-bearing mice. Basically, NPs with radiation treatment served as a local 

stimulator for re-educating MDSCs to attack tumor cells and through inflammatory 

polarization this pro-inflammatory function further enhanced radio-therapeutic effects.

7. Biosafety of IONPs in the brain

To date, numerous studies have investigated the biocompatibility and potential toxicity of 

IONPs both in the clinic and using experimental models [215,217–219]. IO biosafety can be 

influenced by multiple factors. The above-mentioned oxidation state and crystalline 

structure (maghemite γ-Fe2O3 vs. magnetite Fe3O4) is one example of an important factor, 

while surface functionalization and decoration are another. Since IO toxic effects on cells 

and tissues is in part caused by iron-mediated radical formation and oxidative stress, the Fe 

oxidative state can be very important [220]. Recently, the absence of cytotoxicity towards 

microglia was demonstrated for IO (α-Fe2O3, hematite [221]) nano-rhombohedral (N-

Rhomb) [222]. Per this study internalization of rhodamine b labeled-α-Fe2O3 N-Rhomb by 

microglia in the mouse brain was observed, and a dose-dependent increase in the cellular 

iron content as probed by cellular fluorescence was measured in cultured microglia after NP 

exposure. The cells maintained clear viability, exhibiting little to no cytotoxic effects after 

24 and 48 h at acceptable, physiological concentrations. Importantly, the NP exposure did 

not induce microglial cells to produce either tumor necrosis factor alpha (TNFα) nor 

interleukin 1-beta (IL1β), two pro-inflammatory cytokines, nor did the exposure induce the 

production of nitrites and reactive oxygen species (ROS), which are common indicators for 

the onset of inflammation [222]. An earlier study revealed that ferucarbotran NPs suppress 

the production of IL1β via the secretory lysosomal pathway in murine microglial cells [223]. 

In another study magnetite (Fe3O4) was investigated [224], demonstrating cytotoxicity and 
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proliferative impairment induced in human brain cell cultures after short- and long-term 

exposure to magnetite NPs. For two representative cell types of human CNS in culture 

(D384 astrocytes and SH-SY5Y neurons) it was shown that Fe3O4 NPs can accumulate in 

astrocytes in a concentration-and time-dependent manner, and functions of mitochondria 

could be affected at the cellular level. Nevertheless, the cellular membrane of astrocytes was 

not altered by Fe3O4 NPs within 48 h of exposure. SH-SY5Y neurons were less susceptible 

to magnetite NPs after either shortor long-term exposure [224]. In an older study, it was 

demonstrated that partial oxidation of nano-sized zerovalent iron in magnetite/maghemite as 

well as surface modifications, for example by reaction with sodium polyaspartate, decreased 

neurotoxicity [225]. Cation doped maghemite NPs were also studied extensively for having 

toxic effects both in vivo and in vitro in cells types such as Su86.86, T3M4, PDAC, 

HCT116, HT29 colon carcinoma, U87MG, A172, T98G-GBM, and NB1, SK-N-5Y, SK-N-

BE2-neuroblastoma cells. No toxic effects were seen [129].

In addition to crystal structure and oxidation state, the surface grafting can also induce 

toxicity, since the surface coating/ligands come in direct contact with the biological system. 

In one example, magnetite particles coated with different natural amino acids (Gly, Lys, Arg, 

Phe and Tys) were studied, and toxicity was tested on HFF2 cell lines. Per the authors, MTT 

assay did not indicate growth inhibition [218]. IONPs were coated with an amphiphilic 

polymer and PEGylated, while cultured human endothelial cells (HUVEC) and murine 

macrophages were used as models for cells exposed to systemic administration of NPs. The 

pegylated NPs exhibited no cytotoxicity or inflammatory responses while the non-

PEGylated NPs showed a concentration-dependent increase of cytotoxicity and of TNFα 
production by macrophages, and nitric oxide production by HUVECs. Cell uptake analysis 

suggested that after PEGylation, the NPs were less internalized by macrophages or by 

HUVECs. These results suggest that the choice of the polymer and the chemistry of surface 

functionalization are crucial features for conferring IONP biocompatibility [226].

Recently, PEG coated magnetite NP biokinetics were evaluated in mice and nonhuman 

primates. It was demonstrated that pharmacokinetics is similar in mice (nude athymic) and 

macaques in the blood, liver, spleen, and muscle, but differ in kidneys, brain, and bone 

marrow. It was demonstrated that full-body MRI is practical, rapid, and cost-effective for 

tracking NPs noninvasively with high spatiotemporal resolution [227].

Information on the interaction of IONPs with different brain regions and cells can be found 

[220,228]. For example, one study focused on the mechanisms involved in IONP-induced 

microglial toxicity [229]. Per this study, rapid iron liberation from IONPs at acidic pH and 

ironcatalyzed ROS generation are involved in the IONP-induced toxicity of microglia and 

suggest that the degree of resistance observed for astrocytes and neurons against acute IONP 

toxicity is a consequence of a relatively slow mobilization of iron from IONPs during 

lysosomal degradation [229].

The basic science studies discussed above are active and clinical trial usage has also begun. 

The phase-I clinical study results of combined intracavitary thermotherapy with IONPs and 

radiotherapy as a local treatment modality in six recurrent GBM patients was briefly 

mentioned above [215]. In this study, the GBM patients were treated with intracavitary 
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thermotherapy after coating the resection cavity with superparamagnetic IONPs. Patients 

underwent six 1-h hyperthermia sessions in an AMF and received concurrent fractionated 

radiotherapy at a dose of 39.6 Gy. The applied commercial magnetic fluid MFL AS-1 

(NanoTherm®) consisted of an aqueous dispersion of SPIONs with an iron concentration of 

112 mg/ml. The NPs have magnetite (Fe3O4) cores of approximately 12 nm diameter coated 

with aminosilane, a bioinert, enzymatically uncleavable silicium compound with a positively 

charged surface that provokes fast adsorption to negatively loaded tissue proteins. Although 

there were no major side effects during active treatment, after 2–5 months patients 

developed an increasing number of clinical symptoms. Histopathology revealed sustained 

necrosis directly adjacent to aggregated NPs without evidence for tumor activity. 

Immunohistochemistry showed upregulation of caspase-3 and heat shock protein 70, in 

addition to prominent infiltration of macrophages with ingested NPs and CD3+ T-cells. Flow 

cytometric analysis of freshly prepared tumor cell suspensions revealed increased 

intracellular ratios of IFN-γ over IL-4 in CD4+ and CD8+ cells. Further analysis indicated 

memory T cells, activation of tumor-associated myeloid cells and microglia with 

upregulation of HLA-DR and PD-L1. The authors concluded that intracavitary 

thermotherapy combined with radiotherapy can induce a prominent inflammatory reaction 

around the resection cavity which might trigger potent antitumor immune responses possibly 

leading to long-term stabilization of recurrent GBM patients.

Finally, the long-term metabolism and clearance of IONPs from the brain over time also 

needs to be taken in account. In an earlier study [191], Iron oxide nanoparticles (clinical 

ferumoxtran-10, ferumoxides, and ferumoxytol) were administered in normal rats by 

intracerebral inoculation or intraarterially using osmotic blood-brain barrier opening, and 

intravenously in nude rats with intracerebral tumor xenografts. Rat brains were imaged by 

MRI at multiple time points and were then assessed for iron histochemistry and pathological 

features. In normal rats, after intracerebral injection, MRI signal changes declined slowly 

over weeks to months. After trans-vascular delivery, only transient (3 days) enhancement 

was seen with ferumoxtran-10 and ferumoxytol, whereas ferumoxides induced long-term 

(28 days) signal dropout. No pathological brain cell or myelin changes were detected after 

delivery of the agents to normal brains. In tumor bearing rat models, ferumoxtran-10 

enhanced one small-cell lung carcinoma intracerebral tumor, which correlated with iron 

staining in cells with macrophage morphological features at the tumor margin. That data 

suggests that intracellular trapping by reactive cells such as astrocytes and macrophages is a 

contributing factor towards signal enhancement in brain tumors.

Other studies which investigated the metabolism of IONPs, shed more light on the relevant 

mechanisms of degradation [221,230–232]. In a similar manner to other cell types, the cells 

of the brain internalize IONPs by endocytosis which leads to the presence of IONPs in 

intracellular vesicles. Depending on the given cell, the IONP-containing vesicles are then 

directed to the lysosomal compartment where iron is liberated from IONPs due to acidic 

environments in these organelles. Ferrous ions are then transported into the cytosol by the 

divalent metal transporter 1 (DMT1). In the cytosol, iron ions may be used by the cell for the 

synthesis of iron-containing proteins. They may also be exported outside of the cell or 

induce the synthesis of the iron storage protein ferritin. It can also catalyze the generation of 

reactive oxygen species (ROS) using Fenton chemistry. Interestingly, one study describes a 
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model in which a reservoir of intact nanoparticles coexists along with the rapidly degraded 

nanocrystals [231]. However, these results were only obtained in a 20 mM acidic citric 

medium and not in vitro or in vivo.

8. Conclusions, future directions and outlook

IONPs are widely used in the clinic for diagnostic/prognostic purposes, especially MRI, as 

well as for treatment of diseases such as anemia. In this review we discussed the current 

usage of IONPs and described new directions for their future clinical applications that 

include imaging and treatment of brain tumors (Fig. 6). The ability to use IONPs for 

magnetic tumor targeting (Fig. 6) and their diversity make them attractive NPs for these 

future applications. The capability of IONPs to effectively cross the BBB while targeting 

brain cells and disease-derived macromolecular structures have moved IONPs to the 

forefront of applications.

In the field of imaging, two promising main advancements were shown: the preclinical MPI 

which is the latest new imaging method to be developed, as well as the use of IO as a 

positive contrast in MRI. Additionally, the potential of IONPs to be used for treatment using 

hyperthermia and polarization of immune cell phenotype also holds promise for the future. 

Hyperthermia, immune response, externally controlled movement in combination with 

magnetism and structural design are open areas for creative new applications. However, the 

combination of imaging, targeting and therapy using one nanosystem is the most promising 

direction of all.

It is anticipated that additional magnetic IONP formulations will be developed and used in 

the near future, especially for organs that are not easily accessible such as the brain, and 

other internal organs such as the lungs and liver. Delivery of MRI/MPI agents might also 

become useful in other brain pathological conditions such as Alzheimer’s and Parkinson’s 

diseases. Although the biosafety issue is still not resolved, it has been shown that controlling 

properties of the IONPs such as oxidation state and surface functionalities can address some 

of the concerns, thereby increasing the potential of IO-based NPs to be used in biomedicine 

in general, and in neurosciences specifically.
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Fig. 1. 
Schematic representation of the main fabrication techniques and modifications for 

biomedical use of iron oxide nanoparticles. A) Magnetite (Fe3O4, gray) can be obtained by 

several methods: co-precipitation, thermal decomposition of iron acetyl acetonate 

(Fe(acac)3), microemulsions, or laser pyrolysis. Maghemite (γ-Fe2O3, orange) can be 

produced by direct oxidation of magnetite. These nanoparticles (green) can then be modified 

for biomedical use by methods that include coating, doping or functionalization of the 

surface as well as encapsulation or altering the surface charge (ζ potential). B: representative 
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transmission electron microscope (TEM) image (left) and SAED pattern (right) of iron oxide 

nanoparticles towards potential biomedical applications (bottom).
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Fig. 2. 
Schematic representation of the structure of the blood-brain barrier. Blood vessels in the 

central nervous system (CNS) are formed primarily by endothelial cells. The endothelial 

cells are connected to each other by tight junctions and to pericytes by a common basement 

membrane. The blood-brain barrier is compromised in brain tumors.
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Fig. 3. 
Ultrasmall magnetic ferrite nanoparticles (UMFNPs, MnFe2O4) used as a positive contrast 

agent enhance magnetic resonance (MR) images. The images show coronal planes obtained 

in vivo in rats using a 3d-flash sequence. Reprinted (adapted) with permission from ref. 69 

(ACS Nano, 11 (2017) 3614–3631). Copyright (2017) American Chemical Society.
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Fig. 4. 
A graphical abstract representing the abilities of MoS2-IO-PEG for positron emission 

tomography (PET), photoacoustic tomography (PAT), magnetic resonance imaging (MRI) 

and photothermal therapy (PTT). (a) Photoacoustic tomography (PAT) images of 4T1 tumors 

in mice acquired before and at various time points after intravenous injection with MoS2-IO-

(d)PEG (dose of MoS2 = 6.85 mg/kg). (b) T2-weighted MR images showing the transverse 

sections of a tumor-bearing mouse before and after injection with MoS2-IO-(d)PEG (dose of 

MoS2 = 6.85 mg/kg). The red circles and blue arrows highlight the 4T1 tumor and liver of 
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mice, respectively. MoS2-IO-PEG, molybdenum disulfide iron oxide polyethylene glycol. 

Reprinted (adapted) with permission from ref. 164 (ACS Nano, 9 (2015) 950–960). 

Copyright (2015) American Chemical Society.

Israel et al. Page 41

J Control Release. Author manuscript; available in PMC 2021 April 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. 
Schematic representation of the synthesis of nanoparticles (NPs) and their effects on tumor 

cells and animal survival. (A) Transmission electron microscopy (TEM) images of MNPs-

DMSA-PEI (above) and steps in the synthetic process (below). (B) NPs lead specifically to 

severe tumor cell toxicity. MDSCs are partially jeopardized as well as repolarized into M1-

like phenotype generating an antitumor effect after NPs with radiation treatment. The 

synergistic effect resulted in effective anti-tumor efficacy. (C) Cumulative survival curve 

(Kaplan–Meier survival plot) of C57/BL6 mice (n = 5 mice in each group). CT-2A cells 
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were intracranially (i.c.) implanted and allowed to establish for a week. Mice in IR and 

NP_IR groups were then treated with radiation from day 8 to 11 (2 Gy per day). (D) 

Cumulative survival curve (Kaplan–Meier survival plot) of nude mice implanted with U-87 

MG cells. Mice in IR and NP_IR groups received 4 Gy radiation (2 Gy each day) post 24 h 

of PBS or NPs injection. The overall P value was calculated by the log-rank test. 

Significance levels of P values are marked in the plots (*P < 0.05; **P < 0.01; ***P < 

0.001). DMSA, di-mercaptosuccinic acid; EDC, 1-Ethyl-3-(3-dimethylaminopropyl) 

carbodiimide; IR, radiation treatment; MDSCs, myeloid derived suppressor cells; MNP, 

magnetic nanoparticle; NHS,N-hydroxysuccinimide; PEI, polyethylene imine; ROS, reactive 

oxygen species; TNFα, tumor necrosis factor alpha. Reprinted from ref. 216: Repolarization 

of myeloid derived suppressor cells via magnetic nanoparticles to promote radiotherapy for 

glioma treatment, Wu et al., Nanomed. Nanotechnol. Biol. Med., 16 (2019) 126–137, 

Copyright (2019), with permission from Elsevier.
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Fig. 6. 
Summary of future directions for clinical use of iron oxide nanoparticles (IONPs). 

Promising future biomedical applications of IONPs include imaging (MPI, positive contrast 

agent in MRI, multimodal imaging), magnetic/active targeting and blood-brain barrier 

(BBB) crossing and treatment (magnetic hyperthermia, activation of immune system by 

immune cell polarization, cell based therapy and nucleic acid delivery).

Israel et al. Page 44

J Control Release. Author manuscript; available in PMC 2021 April 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Israel et al. Page 45

Ta
b

le
 1

Su
m

m
ar

y 
of

 s
tu

di
es

 u
si

ng
 ir

on
 o

xi
de

 n
an

op
ar

tic
le

s 
fo

r 
br

ai
n 

tu
m

or
 a

pp
lic

at
io

ns
.

A
pp

lic
at

io
n

T
yp

e 
of

 s
tu

dy
R

ef
er

en
ce

s

Im
ag

in
g

M
R

I 
(N

eg
at

iv
e 

co
nt

ra
st

)
pr

ec
lin

ic
al

 m
od

el
[6

4,
19

2–
19

5,
20

3–
20

4,
20

6–
20

9,
20

9–
21

0,
21

3,
10

2–
10

3,
10

5,
12

6,
17

4]

M
R

I 
(P

os
iti

ve
 c

on
tr

as
t)

pr
ec

lin
ic

al
 m

od
el

[2
02

,2
05

]

M
R

I
cl

in
ic

al
, h

um
an

 p
at

ie
nt

s
[2

11
,2

12
]

M
PI

pr
ec

lin
ic

al
 m

od
el

[2
14

]

Ta
rg

et
in

g

M
ag

ne
tic

 ta
rg

et
in

g
pr

ec
lin

ic
al

 m
od

el
[8

,1
96

–1
99

,2
03

–2
04

,9
3,

10
2,

89
]

T
re

at
m

en
t

D
el

iv
er

y 
of

 th
er

ap
eu

tic
 m

ol
ec

ul
es

pr
ec

lin
ic

al
 m

od
el

[1
99

–2
00

,2
06

,2
09

–2
10

]

M
ag

ne
tic

 h
yp

er
th

er
m

ia
pr

ec
lin

ic
al

 m
od

el
[2

01
]

M
ag

ne
tic

 h
yp

er
th

er
m

ia
cl

in
ic

al
, h

um
an

 p
at

ie
nt

s
[2

15
]

C
el

l b
as

ed
pr

ec
lin

ic
al

 m
od

el
[2

09
,2

08
,2

16
]

J Control Release. Author manuscript; available in PMC 2021 April 10.


	Abstract
	Introduction
	BBB in normal brain and in brain under pathological conditions
	Techniques to deliver drugs across the BBB
	Magnetic methods
	Methods using nonspecific mechanisms
	Methods using active targeting mechanisms


	Imaging methods using IO formulations
	MRI
	MPI
	Dual modality imaging

	Treatment methods using IONPs
	Temperature based treatment
	Treatment that manipulates the immune system
	Cell based therapy and nucleic acid delivery

	Recent examples of imaging and treatment of brain tumors using IONPs
	Biosafety of IONPs in the brain
	Conclusions, future directions and outlook
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Fig. 6.
	Table 1

