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Abstract

Owing to the quantum confinement at the nanoscale, magnetic iron oxide nanoparticles (MIONs) 

consisting of magnetite and maghemite nanocrystals have unique physical properties, enabling a 

wide range of biomedical applications by utilizing mechanical, magnetic, chemical, and thermal 

effects of MIONs respectively. For example, MIONs can serve as a contrast agent for magnetic 

resonance imaging (MRI), convert electromagnetic energy into thermal energy for hyperthermia 

therapy, and carry drug/gene for targeted in vivo delivery. In this review, we discuss the recent 

development of MION based engineering approaches and their biomedical applications, including 

sensitive protein quantification, magnetic nanoparticle heating, in vivo molecular imaging, and 

drug delivery. The opportunities and challenges in further exploring the biomedical applications of 

MIONs are also briefly discussed.

Keywords

magnetic iron oxide nanoparticles; magnetic heating; molecular imaging; protein detection

Introduction

Over the last few decades, nanotechnology including nanomaterials and nanodevices has 

emerged as an enabling and transformative technology that can be applied to disease 

detection and therapy [1–3]. Of all the nanomaterials developed, magnetic iron oxide 

nanoparticles (MIONs), magnetite (Fe3O4) or maghemite (γ-Fe2O3) having at least one 

dimension within 1 to 100 nm, have enjoyed a wide range of applications due to its low 

toxicity, high biocompatibility, and unique mechanical, magnetic, chemical, and thermal 

effects under different applied magnetic fields [1, 4–6]. For example, magnetic targeting 

with MIONs under an applied magnetic field has been used to remotely control the delivery 

of a variety of cargos such as small molecule drugs, therapeutic proteins and viral vectors 

to target specific tissue in vivo [7–11]. Many MIONs are being tested in clinical trials and 

several MION based systems have been approved by the Food and Drug Administration 

(FDA) for clinical applications [1, 12], including dextran coated MION contrast agent 

AMI-25 (Ferumoxide, Feridex IV, Endorem) for liver and spleen imaging [13].
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The biomedical applications of MIONs are based on the functions of MIONs derived from 

their unique nanoscale physical properties under static or dynamic magnetic fields. For 

example, MIONs experience magnetic forces in a nonuniform magnetic field (Figure 1A), 

which can apply forces to cell surface proteins to actuate receptor-mediated signaling or to 

alter cell-cell interactions [14, 15]. The magnetic forces can also attract MIONs to certain 

locations or prevent them from moving out of the volume of interest. Iron oxide nanocryatals 

can generate T1 or T2 contrasts for MRI (Figure 1B) which, unlike the commonly used MRI 

contrast agent gadolinium, are non-toxic. Therefore, MIONs have been used as a contrast 

agent for MRI-based in vivo molecular imaging and cell tracking [5, 16, 17]. Under an 

alternating magnetic field, MIONs can generate a large amount of heat (magnetic heating) 

(Figure 1C), enabling hyperthermia therapy of cancer with locally elevated temperature 

[18, 19]. These three major types of MION functions, force generation, MRI contrast, 

and magnetic heating illustrate the unique capabilities of MIONs compared with other 

nanomaterials [1].

In this review, we discuss recent progress in developing MION based approaches for disease 

detection and therapy. We first briefly review the synthesis and coating of MIONs, then 

highlight the applications of MIONs in four areas: in vitro protein detection, magnetic 

heating, in vivo imaging, and in vivo drug delivery, utilizing the chemical, mechanical, 

thermal and imaging contrast properties of MIONs. The opportunities and challenges in 

further exploring the biomedical applications of MIONs are also discussed.

MION Properties, Synthesis and Coating

The magnetic properties of magnetite and maghemite nanocrystals are distinct from those 

of bulk materials owing to the unique quantum mechanical effects at the nanoscale. At the 

length scale less than the magnetic domain wall width (ca. 80–90 nm), these nanocrystals 

support only one magnetic domain, in which the spins of unpaired electrons are coupled 

to behave as a macro magnetic spin [20]. As the nanocrystal size further decreases below 

a superparamagnetic limit (ca. 20 nm), the thermal fluctuation becomes large enough to 

overcome the energy barrier arising from the magnetic anisotropy. The magnetic moment 

of individual nanocrystals flips rapidly among the easy axes, a process known as the 

Néelian relaxation, and no net magnetization can be observed. The magnetization of the 

nanocrystals will rapidly approach saturation magnetization when exposed to a modest 

magnetic field (0.2–0.5 Tesla). These nanocrystals are thus named superparamagnetic iron 

oxide nanoparticles (SPIOs). It has been shown that SPIOs can be used as T1 or T2 contract 

agents for MRI [21, 22].

In order for MIONs to have the desired functions in biomedical applications, the magnetic 

proprieties of MIONs as well as their size, size distribution and surface chemistry need 

to be optimized during synthesis of nanocrystals and the coating process [23]. Iron oxide 

nanocrystals with different morphology and surface chemistry can be generated by various 

methods including chemical, physical and biological methods [23]. While physical methods 

such as deposition of gas phase and electron beam lithography, and biological methods 

using magnetotactic bacteria enable reproducible production of MIONs [24–26], they often 

cannot produce MIONs with the desired size and/or surface chemistry. Thus, chemical-based 
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synthesis methods such as thermal decomposition and coprecipitation have been widely used 

due to high yield and controllability, and low production cost [1]. During coprecipitation 

synthesis, nanocrystals are generated by mixing ferrous and ferric salts stoichiometrically 

in an aqueous medium and precipitating ferrous and ferric ions with a base [27]. Polymers 

such as dextran and starch are often present in the reaction to generate a surface layer on the 

nanocrystals to render MIONs biocompatible and water-soluble. Although coprecipitation is 

simple, cost-efficient and scalable thus being used widely, it lacks good control over crystal 

growth, often resulting in polydisperse MIONs, and requiring post-synthesis size selection 

[28].

In contrast, thermo-decomposition method allows fine control of nanocrystal growth and 

the generation of monodisperse nanocrystals [29, 30]. This method decomposes a precursor 

compound such as iron oleate in organic solvents at high temperature to generate “Fe-O” 

monomer and form nanocrystal seeds. Thermo-decomposition separates the nucleation of 

seed and growth of seed to better control the size of nanocrystals. It has been shown that 

through fine tuning of reaction conditions such as concentration of precursor, capping agent 

and incubation temperature, one can generate highly uniform and monodisperse MIONs of 

various sizes (Figure 1D).

As synthesized MIONs with capping agents such as oleic acid often aggregate in water 

due to hydrophobic nature of the surface molecules, or magnetic attraction if the size of 

nanocrystal is larger than 20 nm. It is thus necessary to coat MIONs with hydrophilic 

molecules to render them stable and monodisperse in water and biological media [31–33], 

For most biomedical applications, the coating layer can also minimize immunogenicity 

and provide a means for functionalization [1]. Although dextran and starch are commonly 

used surface molecules for coating MIONs, polyethylene glycol (PEG) has gained much 

attention in recent years as PEG is minimally immunogenic and biocompatible, thus suitable 

for in vivo applications. A dual solvent exchange method was developed to achieve better 

control of surface density of PEG and the amount of reactive groups on MION surface, 

thus significantly improving the PEG coating efficiency and quality [34]. Other coating 

materials such as mesoporous silica, lipids and proteins have also been used to coat MIONs 

[35–37]. Coated MIONs can be functionalized with targeting antibodies or peptides, and 

carry fluorophores, siRNA and drug molecules for disease detection and therapy (Figure 1E) 

[38, 39].

In vitro protein detection

With the recent progress in proteomics, a large number of biomolecules including proteins 

have been identified as disease markers for the detection and diagnosis of cancer, 

autoimmune disease and infectious disease [40–42] However, most clinical quantification 

of protein concentration in human blood samples still rely on enzyme linked immunosorbent 

assay (ELISA), which can be effected by heat, radiation and oxidants [43]. In addition, 

the use of ELISA often requires well trained technicians to generate the standard curve 

for quantification. Thus, there is a need to develop point-of-care protein detection kits that 

are easy to use and insensitive to environmental changes. Although label-free detection 
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of proteins using gold nanoparticles has been developed [44], the use of aptamers or 

aggregation for detection and quantification limits its application.

MIONs can serve as a nanoparticle-based platform for rapid, sensitive and reliable protein 

detection. Figures 2A and 2B illustrate schematically the iron oxide nanoparticle linked 

immunosorbent assay (ILISA) as an example of MION based protein detection assays [43, 

45]. Similar to a sandwich ELISA assay, in this work, Wüstite MIONs are functionalized 

with antibody fragment to act as the detection probe (Figure 2A). Target proteins are 

captured by the capture molecules (usually antibodies) on a surface and the detection probes 

bind to the target proteins, with unbound probes are removed by washing. The bound 

MION nanocrystals are dissolved by acid lysis and the amount of released iron atoms are 

quantified through a chromogenic reaction (Figure 2B)[45]. In the ILISA assay, that signal 

amplification is fully defined by the size and atom density of nanocrystals, which can be 

optimized through well-controlled nanocrystal synthesis. Signal amplification in ILISA is 

through stoichiometric chromogenesis of MIONs, which is insensitive to oxidants, radiation 

and heat, thus serves as a better signal readout than conventional enzymatic catalysis or 

direct amplification using fluorophore conjugated on antibodies.

It has been shown that ILISA has very high sensitivity in detecting proteins at very low 

(sub-picomolar) concentrations and exhibits a wide dynamic range [43, 45], and can be 

used in quantifying IgG and IgM antibodies in human serum samples from patients infected 

with respectively West Nile virus (WNV) and human herpes virus (HHV) (Figure 2C). With 

careful synthesis and functionalization of the MION probes, ILISA based protein detection 

assays can be performed using a universal standard curve, thus are simpler and more robust, 

having the potential to be used in point-of-care diagnostic applications.

Magnetic Heating

The ability to generate heat under an alternating magnetic field (AMF) is a very important 

property of MIONs (Figure 1C), which has been exploited in hyperthermia therapy of cancer 

[18, 19, 46, 47]. There have been extensive theoretical modeling and experimental studies 

on the magnetic heating mechanisms, as well as efforts to increase the heating capacity 

of MIONs through better synthesis [47–51]. Many theoretical models have been developed 

to better understand the magnetic heating properties of MIONs. In particular, the linear 

response theory (LRT) has been widely accepted and the LRT model predicts that MIONs 

with ~14 nm diameter has the maximum heating capacity under an AMF of 300 kHz [52, 

53], which was supported by some experiments [54, 55]. However, through an extensive 

study of single-domain magnetic iron oxide nanoparticles, it was found that, contrary to 

the LRT model, MIONs larger than 14 nm can achieve higher heating capacity [47]. For 

example, under AMF of 325 kHz and 20.7 kA/m field strength, the specific absorption rate 

(SAR) of 40 nm MIONs is 2560 W/g Fe, 50 times higher than that of 11 nm MIONs [47]. 

(Figure 3A). A modified dynamic hysteresis model was developed to better characterize 

the magnetic heating behaviors of MIONs [47]. Similarly, it was found that 45 nm MIONs 

reside in a graphene oxide sheet had a SAR value of 5,020 W/g Fe under an AFM of 400 

kHz and 32.5 kA/m field strength [49] (Figure 3B), confirming that large MIONs have much 

higher heat capacity than the LRT model predicted.
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MIONs have the potential for targeted hyperthermia treatment of cancer [18, 56]. It has 

been shown that, with 40 nm MIONs injected into a mouse tumor model, the temperature in 

tumor tissue increased to 43°C within one hour of magnetic heating, high enough to trigger 

tumor cell death (Figure 3C). However, the use of locally injected MIONs in hyperthermia 

treatment may suffer from low retention time of MIONs in the tumor. Recently, Zhang 

et al described a method in which hydrogel loaded with MIONs was used for multiple 

hyperthermia treatments with a single injection [18], demonstrating tumor temperature 

increase to ~43°C even at the 4th round of heating, allowing for efficient removal of tumor in 

mice (Figure 3D). With doped MIONs and better coatings, MIONs can generate the desired 

temperature increase in vivo with reduced dose and lower field frequency and strength [49, 

54, 57].

In vivo imaging and drug delivery

Over the last two decades MIONs have been used as imaging contrast agents for MRI 

based disease detection and for targeted delivery of drug molecules [58]. MIONs generate 

MRI imaging contrast through changing the relaxation of surrounding water protons when 

they are excited by the radio frequency and subsequently return to equilibrium state. Many 

groups have shown that MIONs can be used as an MRI contrast agent for in vivo molecular 

imaging and tuning of T1 and T2 relaxation time can be achieved through changing the size, 

chemical composition of nanocrystals, and different surface ligands [22, 59, 60]. MIONs 

have been optimized for in vivo imaging by changing their shape or surface coating. For 

example, Wei et al has described a method in which superparamagnetic MIONs are coated 

with zwitterion to enable enhanced T1 weighted contrast in MRI [61]. Zhao et al used 

MIONs as a T2 weighted MRI contrast imaging by changing the shape of MIONs to 

octapod [62]. For biomedical applications, it is also important to determine tissue toxicity, 

biodistribution, and renal clearance of MIONs [60, 63, 64].

MIONs can also be functionalized with different fluorophores on the surface that enable 

florescence imaging (FI) [65, 66]. Recently, multimodality imaging that combines MRI 

and FI has been developed in which MIONs are used to perform both deep tissue in vivo 
imaging via MRI and fluorescence imaging with tissue sections [5, 67, 68]. In particular, it 

has been shown that near infrared fluorescence (NIRF) dyes like Cy5.5 can be conjugated 

to MIONs through thermal crosslinking using Si-OH containing co-polymer or dextran [69, 

70] and this enables MIONs to be used for enhanced in vivo dual modality cancer imaging. 

In addition to MRI/FI dual modality imaging, MRI/CT imaging has also been explored with 

MIONs that are doped with gold, since gold nanoparticles are commonly used as an X-ray 

contrast agent [71, 72].

In addition to using MIONs for molecule imaging, MIONs can be used to deliver drugs/

genes and other cargo molecules in vivo, and to track the efficiency of cargo delivery 

to the target tissue, and determine the biodistribution [73]. With MIONs’ high surface 

to volume ratio, MION based drug delivery systems have the potential to be used in 

a variety of disease therapies [46, 73, 74]. For example, MIONs coated with PEG-DOX-

indocyanine green (ICG) are able to deliver Doxorubicin (DOX) into tumor, while ICG 

allows fluorescence imaging of the DOX-loaded MIONs [65]. As shown in Figure 4A, 
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at 24 hours, fluorescence imaging shows that the majority of drug molecules are retained 

in the brain tumor demonstrating the enhanced accumulation through the use of MIONs. 

Recently, magnetic particle imaging (MPI) has been utilized to monitor the release of 

drug molecules in vivo [75]. Using Fe3O4 nanoclusters that degrade under mild acidic 

environment, it was demonstrated that MPI signal changes linearly with the release of DOX 

from the nanoclusters (Figure 4B), and the MPI signals showed that DOX continues to 

accumulate in the tumor for up to 48 hours post injection. MPI imaging can accurately 

track the delivery of drug molecules to the target tissue, enabling quantitative monitoring 

of cargo delivery. MIONs can be functionalized with antibodies or peptides for targeted 

in vivo delivery, to increase the accumulation of drugs (including small molecule drugs 

and proteins) in the diseased tissue and reduce the ‘off-target’ tissue delivery that may 

cause side effects [1]. As an example of targeted delivery of drug molecules to tumor cells, 

EGFRvIII antibody conjugated MIONs have been used to target glioblastoma [76]. Kohler 

et al conjugated methotrexate (MTX), a chemotherapeutic agent targeting cancer cells, to 

MIONs and demonstrated intracellular uptake of the MIONs by tumor cells and subsequent 

drug release inside the cells [77]. Conjugating different peptides such as cell penetrating 

peptides or peptides that target over-expressed proteins on cancer cell surface have also been 

explored for enhanced delivery of MIONs to the target cells [78, 79].

MIONs based drug delivery system can effectively cross the blood brain barrier (BBB) 

that enables better delivery of drug molecules such as DOX, which often suffer poor 

permeability through the blood-brain barrier [65]. MIONs can also be used in magnetic 

targeting, i.e., using a magnetic field to remotely control the distribution of drug molecules 

in the body, thereby enhancing drug accumulation in the target tissue [80]. The vascular 

endothelium presents a major obstacle for most conventional drug delivery methods as 

blood vessels selectively extravasate solutes and molecules at limited rates. It has been 

demonstrated recently that magnetic targeting of MIONs can be used to disrupt the 

endothelial adherent junctions as internalized MIONs in the endothelial cells lining blood 

vessels generate molecular forces and increase the vascular permeability [15] (Figure 4C). 

As shown in Figure 4D, prior to the application of external magnetic field, actin filaments 

(red) are aligned with the flow and anti-VE-cadherin staining (green) shows continuous 

adherent junctions. After an external magnetic field is applied for 1 hour below the channel, 

we observed disrupted adherent junctions as shown by the actin filament fiber and cadherin 

staining. Through the generation of magnetic force from the MIONs internalized in the 

endothelial cells, the number of actin filaments along the flow direction was reduced and 

the distribution of VE-cadherin became discontinuous and diffuse, indicating the disruption 

of adherent junctions at intercellular interfaces. We found that this process is reversible 

after the magnetic field is removed, and the continuous adherens junctions can be restored 

overnight (~10 hours).

The use of MIONs can remotely alter the cytoskeletal organizations of endothelial cells and 

activate the paracellular transport pathway that facilitate the uptake of all circulating agents 

[15]. This method enables a generalizable platform to control the paracellular uptake of 

drugs through magnetic control and can be applied to increase the uptake of any injectable 

pharmaceutical products.
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Concluding Remarks

As precision medicine gradually takes shape to replace the current “one size fits all” 

clinical strategy, the field of nanomedicine, including that using MION based systems, 

has unprecedented opportunities to generate a large clinical impact. The unique nanoscale 

features of MIONs such as force generation, magnetic heating and imaging contrast render 

them an ideal platform to engineer translatable tools for the next-generation precision 

medicine. However, challenges exist in order to further improve the MION systems 

for biomedical applications, including scale up of nanocrystal synthesis and low-cost, 

highly efficient coating processes. To improve the quality of MION nanocrystals, a better 

understanding of the chemical reaction during thermodecomposition should be established 

to fine-tune the synthesis of MIONs with the desired size and morphology, and a better 

coating method is needed to allow large (>25 nm) MIONs to remain stable without 

aggregation in biologically relevant media. For heat generation by MIONs under AMF, a 

more sophisticated model needs to be developed to predict SAR as function of MION size 

under a wide range of frequency (102 – 109 Hz) and field strength (0.1–100 kA/m). It is 

possible to increase anisotropy constant (thus SAR) through surface modifications and metal 

doping of MIONs.

Immunotherapy has emerged as a promising strategy against cancer, autoimmune diseases 

and other chronic diseases. A better understanding of how MIONs interact with immune 

cells in vivo is required in order to use MIONs to improve immunotherapies through 

modulation of the immune response. There are opportunities to synergistically utilize 

multiple properties of MIONs, such as combining imaging contrast, heat generation and the 

use of magnetic force to have targeted, image-guided and controlled delivery and release of 

drugs/genes in vivo for nanotherapies with high efficiency and safety. A coordinated effort 

in bioengineering, chemistry, and material science will enable the development of next-

generation MIONs for precision medicine, and help translate the MION-based technologies 

into impactful clinical products.
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Abbreviations

MION magnetic iron oxide nanoparticles

MRI magnetic resonance imaging

FI florescence imaging

PEG polyethylene glycol

ELISA enzyme linked immunosorbent assay

ILISA iron oxide nanoparticle linked immunosorbent assay

AMF alternating magnetic field
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LRT linear response theory

ICG indocyanine green

DOX Doxorubicin

MPI magnetic particle imaging
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Figure 1. Magnetic iron oxide nanoparticles (MIONs) and their biomedical applications.
A, B, and C illustrate the three main magnetic properties of MIONs used in biomedical 

applications. A. Magnetic force generated by the interaction of MIONs with a nonuniform 

magnetic field. B. Magnetic resonance imaging (MRI) contrast due to the effect of 

MIONs on the relaxation of water protons. C. Magnetic heating generated by MIONs 

in an alternating magnetic field. D. TEM images of MIONs of 10, 15, 25 and 40 nm 

respectively. Scale bars equal 100 nm. E. A single MION coated with phospholipid-PEG 

and functionalized with targeting antibody, fluorescent dye, and drug molecules.
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Figure 2. Iron oxide nanoparticle linked immunosorbent assay (ILISA).
A. Construction of detection probe in ILISA by conjugation of the detection antibody 

fragments to MION. B. A schematic showing an ILISA assay that quantifies proteins 

immobilized on a surface through binding of the MION probe. The MION probes 

bound to the target proteins are dissolved by acid into individual metal atoms which are 

converted to chromophores through a stoichiometric reaction C. The probes bound to the 

target molecules were measured using a colorimetric assay. Signal amplification is fully 

determined by the total number of atoms in the nanocrystals bound to a single target 

molecule. CDS, color development solution. D and E, The use of ILISA in quantifying IgG 

(D) and IgM (E) in serum samples of patients infected with West Nile virus (WNV) and 

human herpes virus (HHV) in comparison with healthy subjects (N).
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Figure 3. MIONs based magnetic heating and applications in hyperthermia treatment.
A. The heating capacity of MIONs increases with the size of iron oxide nanocrystals. 

B. Size and field dependent heating of MIONs reside in a graphene oxide sheet. C. 

Temperature in U87 tumors in mice after injection of MIONs and applying alternating 

magnetic field for 1 h at 9.35 kA/m and 325 kHz. D. Elevated tumor temperature versus time 

induced by multiple magnetic hyperthermia therapy runs after a single injection of MIONs.
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Figure 4. Application of MION for in vivo imaging and drug delivery.
A. Fluorescence images of glioma-bearing nude mice at different times after tail vein 

injection of free ICG and SPIO@DSPE-PEG/DOX/ICG NPs with arrows pointing at the 

location of glioma. B. Merged images of magnetic particle imaging (MPI, colored image) 

and X-ray computed tomography (CT, black and white) of an MDA-MB-231 tumor-bearing 

nude mouse injected intratumorally with iron oxide clusters containing Doxorubicin. C. 

A schematic illustration of the blood vessel that presents a major transport barrier to in 
vivo delivery by only allowing selective extravasation of solutes and small molecules, but 

not proteins and nanoparticles. When endothelial cells lining the interior surface of blood 

vessels have MIONs internalized, an applied magnetic field generates force in these cells, 

disrupting endothelial adherens junctions and increasing the vessel permeability, allowing 

proteins and nanocarriers to extravasate. D. MIONs are first delivered into endothelial 

cells in the microfluidic channels. After subjected to an applied magnetic field for 1 h 

after which the endothelialized channels were fixed and stained for actin and VE-cadherin. 

(Left) Without magnetic force, the endothelial actin filaments (red) were aligned along the 

flow direction and the adherens junctions were continuous (green). (Right) With applied 

magnetic forces, the number of actin filaments along the flow direction was reduced and the 
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distribution of VE-cadherin became discontinuous and diffuse, indicating the disruption of 

adherens junctions at intercellular interfaces.
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