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The Recent Advances of Magnetic Nanoparticles in Medicine
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With the progress of nanotechnology and molecular biology, nanoparticles have been widely studied and applied in biomedicine.
Particularly, characterized by unique magnetic property, targeting, and biocompatibility, magnetic nanoparticles have become one
of the research hotspots in the nanomedical field. Herein, we summarized the recent advances of magnetic nanoparticles in
medicine, including the property, carrier function, MRI, and tumor magnetic inductive hyperthermia of magnetic nanoparticles.

1. Introduction

The constant development of medicine has rendered early
diagnosis and precise treatment of its development direction.
Nanotechnology has provided a new platform for medicine
development. As a result of unique features, nanomaterials
have been extensively studied and applied in the medical field
[1]. As one kind of the nanomaterials, magnetic nanoparti-
cles possess not only the general characteristics of nanoparti-
cles but also the magnetic properties. After being modified
surfacely, magnetic nanoparticles can possess excellent bio-
compatibility, which is suitable for medical application. For
example, surface-modified magnetic nanoparticles can be
used as vectors, allowing for drug or gene directional trans-
portation under the action of the magnetic field to realize tar-
geted therapy [2]. Moreover, under the action of applied
magnetic field, magnetic nanoparticles have unique magnetic
sensitivity, which can thus be applied in MRI [3]. Further-
more, the magnetocaloric effect of magnetic nanoparticles
has also provided a new means for tumor treatment [4]. All
in all, the application of magnetic nanoparticles will further
promote the development of the medical field.

2. Category and Properties of
Magnetic Nanoparticles

At present, magnetic nanoparticles (NPs) mainly include
metal NPs, metal oxide NPs, and metal alloy NPs. The com-
mon NPs are gold [5], silver [6], iron, cobalt, and nickel. Metal
oxide NPs mainly include iron oxides (γ-Fe2O3 and Fe3O4)
and ferrites (CoFe2O4 and Mn0.6Zn0.4Fe2O4), and metal alloy
NPs cover FeCo, FePt, and so on. Of them, metal oxide
Fe2O3 and Fe3O4 magnetic nanoparticles are the most exten-
sively used magnetic NPs [7], which can be handily prepared
and easily controlled in particle size and shape [8]. Some
metallic elements such as manganese (Mn) and Zn (Zn) can
be added to nanosized iron oxide structure to prepare a variety
of ferrite nanoparticles (Mn3Zn7Fe2O4, Mn0.6Zn0.4Fe2O4, and
so on). These ferrite nanoparticles have a stronger magnetism
and a higher relaxation rate, which contributes to their appli-
cation for magnetic resonance imaging (MRI).

Magnetic NPs own the following properties. Firstly,
magnetic nanometer materials have nonvirulence and non-
immunogenicity. Secondly, magnetic NPs possess the surface
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effect. In detail, they have great specific surface area, which is
good for carrying a large amount of DNA fragments, drugs,
and modified compounds. After modification, they can be
used as vector. Thirdly, most modified magnetic NPs have
excellent biocompatibility. Fourthly, some magnetic NPs
have superparamagnetism.

General magnetic materials are a multimagnetic domain
structure. When the size of magnetic materials is reduced to
nanoscale, they have a single magnetic domain structure
and their magnetism turns to paramagnetism [9]. Paramag-
netic materials, in the external magnetic field, are macroscop-
ically nonmagnetic, showing a very weak magnetic property.
When the size of the magnetic material is smaller than the
critical size (generally 20 nm), the magnetic spin of the mag-
netic nanomaterials will be disordered and superparamag-
netic, which will be magnetized rapidly under the action of
alternating magnetic field and can move in a directional
manner with the magnetic field. But once the magnetic field
is removed, the magnetization becomes zero, that is, it does
not showmagnetism when there is no external magnetic field
[10]. The magnetic susceptibility of superparamagnetism in
the presence of external magnetic field is much higher than
that of general paramagnetic materials. Fifthly, magnetic
NPs can be used for tumor thermotherapy since they can
produce thermal effect under the action of alternating
magnetic field (AMF). Sixthly, the magnetic NPs can be
exploited for magnetic separation [11]. For instance, they
can be served as vectors to bind biomolecules and then be
separated from the biomolecules at the targeted area under
the action of the magnetic field and thus used for targeted
therapy or diagnosis. Since most PH outside tumor cells are
usually low, most weak alkaline drugs can hardly enter the
cells, showing drug resistance. In order to overcome such
resistance, researchers have extensively studied the prepara-
tion and modification of multiple NPs. As superparamag-
netic iron oxide (SPIO) NPs are being studied most
extensively, Fe2O3 and Fe3O4 NPs have been widely applied
in diagnosis and treatment for all kinds of tumors. Iron oxide
NPs have many advantages such as excellent biodegradabil-
ity, low cytotoxicity, the ability to be modified by multiple
substances, the ability to bind with multiple targeted ligands

or antibodies, and ease to prepare, and can enter cells
through endocytosis. They have been used in MRI and tumor
thermotherapy [7].

3. Modification of Magnetic Nanoparticles

As a result of the surface effect and interface effect of nano-
structure, the exposed magnetic NPs are extremely unstable
in structure and are apt to aggregation. After entering the
human body, the magnetic NPs are subject to being absorbed
with body proteins and phagocytosed by the vascular endothe-
lial system. They thus cannot be applied in biomedicine. It has
been confirmed that surface modification can better stabilize
the nanostructure and improve the surface functionalization
of nanoparticles. For instance, when coated by active material
with hydroxyl and carboxyl, nanoparticles can bind DNA
fragments, drugs, and proteins, thus exerting the function of
transportation and targeted therapy. At present, numerous
surface-modified compounds are available, including polyeth-
ylene glycol (PEG), polyethylenimine (PEI), folic acid (FA),
liposome, noble metal, and inorganic materials (Table 1).

Surface modification can enhance the water solubility,
biocompatibility, and stability of NPs; they thus can be served
as vectors for drug delivery, gene transfer, MRI, and thermo-
therapy. Some surface-modified compounds such as PEG
and carboxylated polyethyleneimine (PEI-COOH) have ren-
dered favorable water solubility for magnetic NPs, leading to
good application in MRI or other medical diagnosis and
treatments [18, 19]. As one of the few polymers which can
be used for in vivo injection, PEG has favorable water solubil-
ity, biocompatibility, and nontoxicity. It can bind onto the
surface of NPs by end-group reactivity and thus be able to
bind DNA fragments, drugs, and other biological fragments,
extending the blood circulation time [20, 21]. PEG-modified
ferrite NPs can enter cells through phagocytosis, which can
suppress iron ion release when it is degraded in lysosome,
lessening the binding of iron ion with catalase to reduce cell
destruction [22]. PEI is a cationic polymer, which can carry
gene fragments and drugs, thus carrying out drug or gene
transfer. Tang et al. used PEI to modify Mn Zn ferrite and
bound it with plasmid DNA. Agarose gel electrophoresis

Table 1: Frequently used compounds to surfacely modify magnetic NPs.

Modified compounds Advantages Applications

PEG [12]
Enhanced water solubility of NPs, reduced RES

phagocytosis, and increased blood circulation time
MRI, tumor diagnosis, and treatment

PEI Good biocompatibility Gene and drug vectors

Polyvinyl alcohol (PVA) Elevated stability and reduced particle aggregation MRI, vectors, and bioseparation

Glucan Excellent stability and extended in vivo circulation time Drug vectors

Chitosan [13] Good stability and biocompatibility Vector, thermotherapy

Liposome [14] Good biocompatibility Tumor treatment, thermotherapy, and MRI

FA [15]
Good biocompatibility, essential small-molecule vitamin

for the human body

Targeted receptors, diagnosis, and treatment
of tumors (breast cancer, cervical cancer, and

ovarian cancer)

Gold [16, 17]
Biocompatibility can provide optical property and

magnetism for biological application
Tumor diagnosis and MRI
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(AGE) suggested a reliable binding of PEI/Mn0.5Zn0.5Fe2O4/
DNA [23]. In the applied magnetic field, PEI-modified
magnetic NPs have remarkably improved gene transfection
efficiency [24]. Additionally, magnetic NPs receiving specific
surface modification can specifically bind with target cell,
thus being served as the vector for contrast medium of MRI
or nanoprobe for the early diagnosis of tumor. Inert metal
NPs also have aroused extensive attention. On the one hand,
the gold nanocoating can bind with sulfhydryl-containing
ligand, which can be used as vectors of biomolecules. On
the other hand, the gold-coating surface can enhance its
optical property and thus can be used to trace the NPs.
Methacrylate- (PDEA-) coating magnetic NPs can resist the
degradation of DNase I to the carried gene during the gene
transfection of G2 cell hepatitis, thus improving gene trans-
fection efficiency [25].

4. Application of Magnetic NPs in MRI

In recent years, tumor morbidity is increasing and early
tumor diagnosis is of vital importance. MRI is one of the
common methods for tumor diagnosis. With the develop-
ment of nanotechnology, nanometer materials have been
gradually applied for the diagnosis and treatment of tumor.
Particularly, the combination of nanotechnology with MRI
to detect tumor has attained satisfactory effects. In MRI,
magnetic NPs have displayed unique sensitivity to the mag-
netic field in the presence of applied magnetic field. They
can alter T1 or T2 relaxation time of MRI, which can thereby
greatly enhance the diagnostic efficiency of MRI [26]. How-
ever, water solubility of magnetic NPs has to be enhanced
in the meantime in preserving their magnetic property so
that they can be extensively applied in clinics [27]. Research
has indicated that PEG-modified NPs have excellent water
solubility and biocompatibility, which can extend the blood
circulation time and enhance the MRI effect [28].

The application of nanoprobe in MRI is one of research
hotspots in molecular imaging field. After NPs coupled with
ligands or antibodies enter the human body, they may be
bound with the specific receptors or antibodies of tumor cells
and thus be phagocytosed by tumor cells or bind onto the
tumor cell surface, resulting in NPs aggregating in tumor tis-
sues. Under such circumstances, magnetic nanomaterials will
generate magnetism under the action of applied magnetic
field, which allows for early diagnosis and detection of small
lesion through MRI. MRI research on magnetic ferrite NPs
coated with carboxylated PEG suggests that the MR trans-
verse relaxation time T2 has reduced with the increase in
NP concentration, while signals on MR T2-weighted image
have enhanced [29].

Chitosan (CS), a surface modification of cationic polymer
also can render excellent water solubility and stability for
magnetic NPs. Lactobionic acid (LA) modification allows
them to bind with hepatic cell surface receptor, thus being
phagocytosed by hepatic cells. After superparamagnetic iron
oxide NPs (CS-LA@SPION) modified with CS and LA
together were injected into nude mice, MRI showed remark-
ably lowered T2-weighted image in the liver within 1 h after,
which indicated they can be used as liver-targeted MRI

contrast medium [30]]. Applying PEG to modify Fe3O4
NPs and then coupling them with chloride channel butho-
toxin (CTX), Sun et al. prepared glioma nanoprobe. It
was shown in MRI that such nanoprobe could effectively
bind with glioma cells [31]. Another study showed that
NP-PEG-CTX-Cy5.5 nanoprobe prepared by using Fe3O4
NPs as core and then coating the core with PEG, subsequently
binding it with fluorescence molecules Cy5.5 and CTX, could
not only be used for MRI of glioma but also could be detected
by fluorescence microscopy [32]. Anbarasu et al. labeled the
PEG-coated Fe3O4 NPs with monoclonal antibody and then
planted it into the colon cancer mouse model. They success-
fully conducted targeted localization by MRI [33]. In
addition, adding metallic elements such as Mn and Zn into
the nanometer ferrite structure can change the properties
of NPs [33], enhancing the magnetism of NPs (such as
Mn0.5Zn0.5Fe2O4 andMn0.6Zn0.4Fe2O4), increasing the trans-
verse relaxation time of ferrite NPs, elevating the T2 MRI
imaging contrast, darkening the T2-weighted image, and it
thus can be better applied in MRI [34].

Stem cell has attracted extensive attention in research
on biomedicine owing to its excellent proliferative capacity
and differentiation potential. In this way, an effective, non-
toxic and stable cell labeling is required to better investigate
the treatment mechanism of stem cell and to monitor dif-
ferentiation and migration of stem cells. Currently, there
are two methods to label stem cells using the superpara-
magnetic NPs. One is cell surface labeling and the other
one is intracellular labeling. It was discovered that cell surface
labeling is likely to be eliminated by the reticuloendothelial
system (RES). In comparison, intracellular labeling has certain
requirements on the concentration of NPs. Its effective safe
concentration was 20–25mg/L [35]. In the glioma mouse
experiment, after superparamagnetic NP-labeled stem cells
were injected into themouse, labeled stem cell migration could
be observed in the mouse under MRI within 10 days after
injection. Furthermore, cells injected into the tumor tissue
were identified histologically to be the superparamagnetic
NP-labeled stem cells. The function and activity of these cells
are not affected, suggesting that superparamagnetic NPs can
be used for labeling stem cells [36].

Currently, most research on targeted therapy for tumor is
based on single point. But the therapy effect of most targeted
therapy based on single point is poor. Therefore, it remains a
challenge to research and develop multitarget therapy for
tumor cell, so as to further improve the efficacy of such ther-
apy on tumor. As we all know, tumor tissue is associated with
exuberant angiogenesis. Consequently, combined applica-
tion of targeted magnetic induction thermotherapy targeting
tumor cell and tumor vascular hyperplasia endothelial cell
may contribute to enhancing the efficacy. Additionally, some
genes overexpress in multiple tumors. For instance, CD44
excessively expresses in tumors in the reproductive system,
digestive system, and respiratory system. If general targeted
molecular probe is designed, the development of research
in the field of tumor molecular imaging diagnosis may be
greatly promoted. However, there is still a long way to go
for developing a general gene-targeted probe due to the
mutagenicity of tumor cell.
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5. Research on Magnetic NPs as Vectors

Gene therapy is a treatment by transferring the exogenous
gene or gene fragment into the target gene of patient [37].
It is another novel treatment for tumor after traditional sur-
gery, radiotherapy, and chemotherapy [38]. But gene transfer
method with safety, efficiency, and controllability is the key
for gene therapy [39]. DNA is extremely unstable inside
and outside the cell and is likely to be degraded by nucleotid-
ase. Stably transferring exogenous gene into target cell for
gene therapy depends on the gene transfer system [40], and
stable and effective gene vector is of importance to gene
therapy [41].

Gene vectors can be classified into two types, the viral and
nonviral vectors. Viral gene vectors, such as adenovirus,
herpes simplex virus, and smallpox virus [42], can transfer
the target gene into cell by viral vector for gene expression
[43]. Viral vector is linked with high transfection efficiency.
However, it has the drawbacks of immune response, limited
number of genes carried by virus, unavoidable random inser-
tion of viral vector into the host chromosome during gene
transfer, and high expenses [44]. In Europe, one gene therapy
using viral vector has been applied in clinics, but its treat-
ment expenses are as high as 1 million dollars [45]. All these
unfavorable factors have restricted the extensive application
of viral vector. Therefore, nonviral gene vector research has
attracted wide attentions.

The common nonviral gene vectors include cationic lipo-
some, cationic polymer, and NPs. Liposome and polymer are
two gene vectors that are extensively applied. The structure
and size of cationic liposome binding with DNA are related
to its transfection efficiency [46]. Most nonviral gene vectors
have low transfection efficiency, which lack targeting. PEI is
the common cationic liposome, and its positive charge can
absorb DNA, thus forming the structure similar to core-shell,
which can maintain DNA stability.

Nanocarriers have attracted increasing attention with the
booming of nanotechnology. NPs can be easily modified and
have excellent biocompatibility and little immune response.
They are likely to enter tissue after coupling with related
ligands or antibodies, thus binding with the cell surface-
specific receptors or specific antigens. Alternatively, they
can be phagocytosed by target cell and thereby enter the cell
to realize DNA transfer. Studies have shown that some
nanocarriers modified specifically have high gene transfer
efficiency [47]. Magnetic NPs can carry out directional move-
ment under the action of AMF, thereby enhancing the trans-
fer efficiency. Moreover magnetic NPs can be used as vectors
to bind with biomolecules by magnetic separation. These bio-
molecules can separate from vectors under the action of
applied magnetic field, thus contributing to achieve the goal
of targeted therapy.

It was discovered that doxorubicin magnetic NPs
(DOX MNPs) can remarkably increase DOX uptake by
glioma cells in the magnetic field. MTT assay revealed that
death rate of tumor cells after DOX MNP uptake is notably
higher than that after DOX uptake only [48].The Fe3O4
@Alg-GA NPs synthesized and modified by sodium alginate
and D-galactosamine can enhance their uptake by human

hepatoma cells under the action of AMF. Moreover, they
can produce the heating effect and kill 95% cells [49]. A
research on pancreatic cancer showed that chemotherapeutic
DOX can be rapidly transferred and released in pancreatic
cancer cells by using superparamagnetic iron oxide (SPIO)
NPs as the vectors monitored under electron microscope,
X-ray, and optical microscope [50]. As we all know, most
chemotherapeutics cannot pass the blood brain barrier
(BBB). But a novel administration route has been discovered
in brain tumor animal experiment. When paclitaxel- and
curcumin-targeted therapies were carried out in glioma
mouse using the DL-lactic acid-glycolic acid (PLGA) mag-
netic NPs, the chemotherapeutics could rapidly pass the
BBB by the vectors [51]. In a research on colon tumor, PEG
was applied in modifying the uperparamagnetic ferrite core
and then connected with the amino terminal fragment hATF
of human recombinant protein, forming the targeted probe
hATF-SPIO with the diameter of about 30 nm. It was demon-
strated that the probe can specifically bind with uPAR-
expressing tumor cells in vitro and develop in a targeted
manner in the colon tumor animal models with moderately
expressed uPAR [52]. With the development of nanosensor
technology, hepatitis viruses in human blood can be quanti-
tatively detected [53]. In the quantitative detection of tumor
markers, immunosensor has considerable potential in the
early detection of tumor [54].

With regard to the toxicity of magnetic NPs, many stud-
ies demonstrate that most superparamagnetic NPs have
excellent biocompatibility. But some other studies indicate
that NPs have toxicity to neurons and glial cells and the tox-
icity is related to the compounds modified on the surface of
magnetic NPs [55].

6. Tumor-Targeted Thermotherapy of Magnetic
Nanometer Materials

Thermotherapy is a method to kill tumor cells with thermal
energy at a certain temperature. It can be applied alone and
also can be used in combination with other therapies such
as surgery, radiotherapy, and chemotherapy, exerting good
synergistic effect [56]. It is reported that the therapeutic effi-
cacy of paclitaxel can increase by 10–100 folds at 43°C for
30min. In addition, the killing capacity of chemotherapeutics
with low cytotoxicity under normal temperature can be dou-
bled after heated [57]. Jordan et al. [58] first applied magnetic
NPs in tumor thermotherapy and invented magnetic fluid
thermotherapy (MFH). Magnetic fluid is a liquid magnetic
material, which possesses magnetic properties as well as
water solubility. It is appropriate for clinical application.
Under an AMF, the nanoparticle core of magnetic fluid can
transform the magnetic energy into thermal energy, which
can stably elevate the temperature of tumor tissue, thus inhi-
biting tumor growth or killing tumor cell or inducing tumor
cell apoptosis [59–61].

Generally, tumor tissue is associated with rapid angio-
genesis, which may result in incomplete structure of the cap-
illary wall, disordered branch and distorted structure and
fragility. With the addition of tumor compression, the above
factors may lead to circulation blocking. Moreover, during
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magnetic thermotherapy for tumor, thermal dissipation is
slow in tumor cells, which together with circulation blocking
may give rise to local anaerobic metabolism. Consequently,
the cancer cells are more sensitive to heat than normal cells
[62]. Thermotherapy may kill tumor cells by reducing vascu-
lar endothelial cell regeneration to destroy vascular structure
[63], reducing enzyme system activity on the tumor cell
membrane, destroying mitochondrion resulting in energy
supply disorder [64], inhibiting the activities of DNA poly-
merase and ligase in tumor cells resulting in DNA and
RNA synthesis being disordered and regulating the expres-
sion of apoptosis-related genes to induce cell apoptosis
[65]. Temperature at 42–45°C is considered to be the appro-
priate temperature for tumor thermotherapy, which can kill
tumor cells, with no injury to normal tissues.

The magnetism of magnetic fluid depends on magnetic
particles, among which Fe3O4 is the most extensively used
magnetic fluid material. The magnetism of Fe3O4 nanoparti-
cles can be enhanced by adding some metallic elements such
Mn and Zn during preparation. By adjusting the proportion
of Mn and Zn, the temperature-sensitive MnxZn1-xFe2O4
(Mn Zn ferrite) invented in Southeast University can trans-
form magnetic energy into thermal energy below the Curie
temperature under the action of AMF, thus elevating the
temperature. But when the temperature arrives at the Curie
temperature, it becomes a nonmagnetic material, stopping
absorbing magnetic energy, thus decreasing the temperature.
So cyclically, the temperature always maintains around the
Curie temperature [66]. In this way, such Mn Zn ferrite
NPs are endowed with the self-controlled temperature abil-
ity. Moreover, the Mn Zn ferrite NPs have numerous advan-
tages during magnetic thermotherapy, such as thermal
bystander effect, universality, high-characteristic absorption
rate, constant temperature, and excellent biocompatibility.
MFH can effectively destroy cancer cells, with no injury to
normal cells. It is considered as one of the most promising
cancer therapies. A study on the safety of Mn Zn ferrite
NPs indicated that the hemolytic rate of Mn Zn ferrite mag-
netic fluid was 1.0429% and the LD50 was 7.186 g/kg. The
bone marrow micronucleus formation rate had no significant
difference between the experimental group and the negative
control group [67].

It is discovered in a hepatoma cell research that when the
constructed P[5HRE] AFPp-p53/PEI-Fe304 magnetic NPs
were used to mediate gene therapy combined withMFH, they
could distinctly suppress the proliferative activity of hepa-
toma HepG2 cells. The effect was markedly superior to that
in control the NP group and negative control group [68].
Xie et al. [69] modified Mn Zn ferrite NPs (Mn0.5Zn0.5Fe2O4)
with PEG lipid molecules through hydrophobic interaction.
Such nanoparticles with core-shell structure rendered high
magnetism, strong alternating magnetothermal effect, and
good biocompatibility. In the early symptom liver metastasis
mouse model of colorectal cancer, the oleic acid-wrapped fer-
rite RGF polypeptide complex (Fe3O4@PMAO_RGD) was
injected into the hepatic artery to bind with the surface
αVβ3 receptor of the tumor cell and then MFH was con-
ducted under the action of AMF. It was found that the activ-
ity of colorectal cancer liver metastasis tumor cells was

remarkably lowered [70]. Combined therapy of MFH with
targeted chemotherapy and (or) gene therapy had shown a
promising application prospect in the diagnosis and
treatment for tumor. Using Mn0.5Zn0.5Fe2O4 as vector,
Lin et al. combined radionuclide, suicide gene, and MFH
organically to treat liver cancer. The results indicated an
excellent effect, and the tumor inhibition rate of the com-
bined therapy group was remarkably higher than that of any
other single therapy [71]. Another research showed that
magnetic cAs2O3/Fe2O3 nanocomposites adopted to thermo-
chemotherapy for hepatoma had an evident higher effect
than that of the single thermotherapy and the As2O3 chemo-
therapy alone and the equivalent dosage of chemotherapeu-
tics was greatly lowed and has few side effects [72].

7. Problem and Prospect

With the development of nanoscience and nanotechnology,
the research and application of magnetic NPs have made
considerable progress in the biomedical field. For example,
magnetic NPs have been extensively applied in biomolecule
vectors, targeted localization, MRI, and thermotherapy.
However, most studies remain at the laboratory research
stage, and few have really been applied in clinics. Their toxic-
ity, side effects, long-term efficacy, and in vivo metabolic
mechanism still need to be further studied. A large amount
of basic and clinical research needs to be done for their clin-
ical application. Confidently, magnetic NPs will have a broad
application prospect in the medical field, with the increasing
development and the further intensive research of nanotech-
nology, biotechnology, and medicine.
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