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Magnetic nanoparticles (MNPs) have become a research hotspot and widely used in the biomedical field
in recent decades due to their uniquemagnetic properties. Thisminireview summarizes the specific gene
transfection of magnetic particles (magnetofection) during eversy dynamic process of gene delivery
(gene binding, cellular uptake, endosomal escape, intracellular trafficking and in vivo targeting).
Meanwhile, the synergistic biomedical application of magnetofection and the effects of MNPs have also
been discussed, including magnetic resonance imaging (MRI), magnetic mediated hyperthermia (MMH),
Fenton reaction and autophagy. Finally, the clinical prospect of magnetofection was briefly expected.
© 2020 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
1. Introduction

Nowadays, magnetic nanoparticles (MNPs) are widely used in
the biomedical field, such as drug delivery, bioimaging, diagnostic
analysis [1–3]. MNPs mainly include pure metals such as Fe, Co, Ni
nanoparticles, magnetic nano-metal alloys such as FePt and CoPt,
nano-ferrites such as Fe3O4, g-Fe2O3, and metal-doped iron oxides
such asMnFe2O4, CoFe2O4 and ZnFe2O4 [4]. The essential feature of
MNPs used inmagnetofectionmust be ferromagnetic. CoFe2O4 and
MnFe2O4 nanoparticles showed stronger magnetism than other
magneticmaterials, but their toxicity limits their use in biomedical
applications [5–7]. While the most used Fe3O4 and g-Fe2O3

nanoparticles not only have good superparamagnetic properties,
but also show good biological safety [8]. The main preparation
methods of MNPs are coprecipitation [9], high-temperature
thermal decomposition [10], hydrothermal/solvent-thermal [11]
and microemulsion methods [12]. The potential application of
MNPs in biomedicine is attributed to the special physical
properties, especially superparamagnetism and high magnetic
responsiveness [13–16]. TheMNPs with superparamagnetism only
showmagnetism in the presence of an applied magnetic field. The
main applications are as follows. MNPs are used in magnetic
separation, mainly for the extraction of DNA, proteins, and other
biological molecules [17]. What is more, superparamagnetic
), nie_yu@scu.edu.cn (Y. Nie)
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nanoparticles can generate large amounts of heat originating
from relaxation in an alternating magnetic field. Therefore, MNPs
can be used as hyperthermia agents for treatment [18]. Meanwhile,
MNPs can be used as magnetic resonance imaging (MRI) contrast
agents by changing the relaxation time of tissues to affect the
signal strength of tissues and improve the contrast of different
tissues in MRI [19]. In addition, MNPs can be used as gene carriers
to improve gene transfection efficiency [20], which is covered in
more detail in this mini-review.

In recent years, gene therapy has made great progress featuring
high efficacy and low side effects [21–23]. However, gene therapy
is stymied by a lack of cell-specific, safe and efficient gene-delivery
vectors, leading to low transfection efficiency [24]. The application
of MNPs could promote the efficiency of gene transfection by
holding the carriers at the targeting site via an external magnetic
field [25,26]. C. Mah [25] and C. Plank [13_TD$DIFF]et al. [26] were the first to
elucidate the magnetofection. This technique can enhance
transfection efficiency and realize target control [27]. In this
paper, we focus on the application andmechanism ofMNPs in gene
delivery, as well as recent synergistic effects together with
magnetofection (Fig. 1).

2. Magnetic nanoparticles for gene delivery

Gene therapy is regarded as one of the most promising
therapeutic strategies [28]. This therapeutic modality is generally
based on the introduction of the exogenous gene to living cells,
which encodes a specific therapeutic protein to correct or
modulate many serious diseases, such as cancers and genetic
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Fig. 1. Magic magnetic nanoparticles for efficient gene delivery and associated synergistic effects.
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disorders [27]. However, the success of gene therapy lies in the
efficient transportation of large and fragile DNA molecules into
the nucleus of targeted cells without significant degradation by
nucleases. Extensive researches have been conducted to exploit
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Fig. 2. Magnetic force accelerates lysosome escape and promotes nucl
efficient and safe nonviral vectors, which can protect and release
the genetic cargos at the site of action [29–33]. Inspired by the
strategy in magnetic drug delivery systems, which achieve
target accumulation successfully under magnetic fields [34],
ear import. Copied with permission [53]. Copyright 2015, Elsevier.
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Fig. 3. Under themagneticfield, gene transfection of primary hippocampal neurons
with MNPs was realized. Reproduced with permission [68]. Copyright 2018,
American Scientific Publishers.
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Prof. Plank [14_TD$DIFF]et al. has induce magnetic particles in gene delivery
[27,35]. They have defined magnetofection as nucleic acid delivery
under the influence of a magnetic field, in which the magnetic
nanoparticles act as associated vectors. Transfection with MNPs
under the magnetic field shows unique advantages all through
gene delivery [36].

2.1. Gene binding

It is well known that nucleic acids exhibit a negative surface
charge [37]. Therefore, when applied to gene transfection, MNPs
must be surface-modified to compact with genes or gene/carrier
complexes, and meanwhile to enhance the stability and biocom-
patibility [38–41]. There are two ways for MNPs to load genes.

The first and the most straightforward approach is to coat
cationic substances on the surface of MNPs, and then bind them
with negatively charged genes through electrostatic absorption
[42,43]. Polyethylenimine (PEI), composed of many amino groups,
can be commonly used for gene delivery [44]. For instance, PEI
could be coated on the surface of 11-mercaptoundecanoic acid
modified Au/Ni/Si nanospears by layer by layer approach [42]. The
final modified MNPs could be positively charged for gene loading.
Also, PEI could directly modify the surface of iron oxide
nanoparticles to generate a core-shell structure, which could
successfully bind with siRNA to formwell-dispersed nanoparticles
[43]. Besides PEI, other polycations like poly-arginine, poly-[15_TD$DIFF]L-lysine
(PLL) and chitosans could be modified on the surface of MNPs for
successful gene binding [45,46].

The second strategy is to compact with gene/carrier complexes,
in which the surface charge is not the determining factor [38]. The
study of several MNPs with different surface charge has confirmed
that point [47]. In this strategy, genes generally bind to the
polycation firstly. Then, MNPswith the opposite charge compacted
with the gene/carrier complexes through electrostatic adsorption.
Different charged MNPs, with the modification of citric acid (CA),
carboxylmethyl-dextran (CMD), g-aminopropyltriethoxy silane
(APTES), betaine, and PEI, respectively, were confirmed the ability
of the comparable gene compression and increased gene
transfection efficiency by applying a magnetic field.

2.2. Cellular uptake

Cationic magnetic gene carriers could promote cell binding and
absorption due to negative charges bringing from the sugar calyx
and lipid bilayer on the cell membrane [48]. Meanwhile, it could
also interact with the negatively charged serum proteins during
circulation, which hampers cellular uptake [49]. Serum proteins
could be adsorbed on the surface of nanoparticles by electrostatic
interaction [50]. The particle size of MNPs increases and the
surface charge goes frompositive to negative [46,51]. This fact may
hinder MNPs binding to negatively charged membranes and thus
MNPs internalization [52,53]. Sometimes, the absorbed serum
proteins even reduced the binding of MNPs to DNA [53]. Either
way, there is no doubt that the application of themagnetic field can
assist cationic gene carriers to resist the interference of serum [52–
54]. Under the magnetic field, cellular uptake of MNPs/DNA
complexes is almost free from the interference of serum [55]. Or
with the external magnetic field, cellular uptake of PEI-PAAIO/
pEGFP complexes even enhanced for more than 7-fold in serum
incubation [54]. Further study also confirmed that pDNA/BPEI-
SPION (conjugation of BPEI with superparamagnetic iron oxide
nanoparticles for pDNA complexation) survived beyond 24 h [56].
While naked pDNA was degraded within 24 h in the DNase
existence conditions [56]. All these studies reflected that MNPs
could not only increase the cellular uptake, but also maintain the
stability of genes in the presence of serum proteins.
It was also found that magnetofection could significantly
accelerate the accumulation of MNPs/gene complexes on the cell
surface and shorten the cellular uptake time. The maximum
transfection level was achieved after 10min incubation with a
magnetic field, compared to the 2�4 h in the magnetic field absent
group [26]. Y. Nie’s group has provedmagnetofection could achieve
rapid enrichment of MNPs/gene complexes on the cell surface, and
promote them to rapidly engraft into target cells without damage
[53]. The speed ofMNPs reaching the target cell is closely related to
the intensity and duration of the magnetic field, and the range and
distance of the magnetic field [57].

Generally, cellular uptake of nanoparticles is found through
phargocytosis, macropinocytosis, clathrin- or caveolin-mediated
endocytosis [58–62]. While cell uptake mechanism of magneto-
fection was fist explored by Prof. Plank’s group [63]. They found
that almost similarly to PEI polyplexes, the internalizationpathway
of MNPs involvsed clathrin-mediated endocytosis (in human lung
epithelial cells and liver cancer cells) or caveolin-mediated
endocytosis (in human cervical cancer cells) [64]. Followingly,
M. Arsianti [46] and S. Ota [13_TD$DIFF]et al. [65] confirmed that many different
MNPs assemblies were all internalized by clathrin-mediated
endocytosis (in baby hamster kidney cells and HeLa cells). All
these studies indicate that magnetofection promotes cell uptake
without affecting the entry pathway of nanoparticles [46,53].

2.3. Endosomal escape and intracellular trafficking

Beside cellular internalization, MNPs also facilitate endosomal
escape and nuclear import. Y. Nie’s group conducted an in-depth
study on the gene magnetic transfection mechanism of magnetic
polyethyleneimine/DNA (MPD-cc) complexes (Fig. 2) [53]. Mag-
netic field could help most MPD-cc complexes distribute in the
non-lysosomal region of cytoplasm, and then entry into the
nucleus within 24 h. However, without the magnetic field, most of
the complexes in all groups were still located in lysosomes, and
almost no Cy5 labeled DNA (red) was detected in the nuclear
region [53]. Perhaps, the decreased interaction time between the
gene carrier complex and the serum under the action of the
magnetic field reduces the adsorption of proteins, which promotes
the internalization of the complexes and the subsequent transfec-
tion process.

2.4. In vivo targeting of magnetic nanoparticles

Under the external magnetic field, MNPs could be easy to
aggregate, which is beneficial for realizing superior properties for
targeted gene delivery [66]. Thus, MNPs have received great
attention in targeted gene systems [66]. Under the magnetic field,
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interfering RNA (siRNA) loaded MMPs could be transferred to
target tissues, realizing outstanding magnetism, biocompatibility
and low toxicity [45,67]. Neurons are notoriously difficult to
transfect and sensitive to toxicity [68]. PEG modified MNP-PLGA-
PEI could achieve successful transfection of neurons and reduce
nano neurotoxicity in the hippocampus of mice under the magnet
field (Fig. 3) [68].

3. Magnetofection together with other synergistic effect

3.1. Magnetic resonance imaging (MRI)

MRI is one of themost widely used imagingmethods in clinical
medicine [69,70]. It detects the magnetic moment created by
single protons in omnipresent hydrogen atoms. The intensity of
the magnetic field will change after the hydrogen protons in the
water bombarded by pulsed electromagnetic waves, while the
reactions of hydrogen protons are different in different tissues. By
collecting signals from the most abundant water in the human
body, MRI can make high-resolution images of most tissues [71].
SPIONs, with a size of less than 20 nm, were one of the main
nanostructures being studied as an MRI contrast agent [19,72,73].
SPIONs could significantly reduce proton transverse relaxation
time T2 at a very low concentration [74]. Meanwhile, modified
SPIONs could be used to deliver genes for diagnosis and treatment
integration [75].

High gene transfection could simultaneously appear with
MRI contrast, thus MRI guided visible gene transfection could be
realized [75]. For instance, BUCT-PGEA (ethanolamine-
functionalized poly [16_TD$DIFF](glycidyl methacrylate) grafted from the
surface of Fe3O4@SiO2 nanoparticles) not only utilized the
external magnetic field to further enhance the transfection
efficiency, but also achieved the real-time magnetic resonance
imaging (Fig. 4) [75]. The transfection efficiency was 3-fold
higher under the magnetic field than under normal culture.
Stearic acid-modified PEI-SPIO nanocrystals, which use low
molecular weight PEI as the shell and SPIO nanocrystals as the
core, could also possess ultrasensitive imaging capacity and
effectively bind DNA for efficient gene transfection [76]. The
MRI-visible MNPs system provides an effective platform for
gene delivery [77,78].

3.2. Magnetic mediated hyperthermia

Under alternating magnetic field, SPIONs can generate a large
amount of thermal energy through relaxation effect. This
phenomenon could be used for antitumor treatment, which called
magnetic mediated hyperthermia (MMH) [79]. R. Gilchrist [13_TD$DIFF]et al.
[(Fig._4)TD$FIG]

Fig. 4. Magnetic nanoparticle system utilized the external magnetic field to further
enhance the transfection efficiency and achieve the real-time magnetic resonance
imaging. Reproduced with permission [75]. Copyright 2016, American Chemical
Society.
[80] first proposed the concept of MMH, when they found MNPs
could accumulate in tumor site and bring with the temperature
increase. Then, MMH of MNPs was found to be applied in tumor
suppression [81]. However, MMHwas also found to trigger a series
of molecular effects, including a rapid increase in the synthesis of
heat shock proteins (HSPs), which could protect cellular proteins
from degradation at high temperature [82].

Combined therapy of MMHs and gene transfection could
enhance antitumor efficacy. Q. Tang and coworkers [83] developed
a novel heat-inducible gene expression system, by modifying Mn-
Zn ferriteMNPswith PEI and then loading heterogonous genes. The
expression of heterogonous genes could be elevated to 10 to 500-
fold over background by moderating hyperthermia. In this study,
heat promoted gene expression by facilitating the transcription
and translation of heat-induced genes. In addition, downregulating
HSP expression could improve the antitumor efficacy of MMH
treatment (Fig. 5) [84]. Highly magnetic zinc-doped iron oxide
nanoparticles (ZnFe2O4)were applied to delivermicroRNA (let-7a),
which targeted multiple downstream pathways modulated by
HSPs. Compared with let-7a alone or magnetic hyperthermia
alone, ZnFe2O4 combined with let-7a could significantly decrease
insulin like growth factor 1 receptor, RAS and high mobility group
AT-hook 2/c-MYC accompanied by MMH, thus promoting the
apoptosis of brain cancer cells.

3.3. Fenton reaction

H.J.H Fenton discovered in 1894 that several metals have special
oxygen transfer properties, which improve the use of hydrogen
peroxide [85]. Some metals have a strong catalytic power to
generate highly reactive hydroxyl radicals (

�
[17_TD$DIFF]OH). Since this

discovery, the iron catalyzed hydrogen peroxide has been called
Fenton’s reaction. The disproportionation of hydrogen peroxide
(H2O2) with Fe2+ ions, can efficiently generates a specific kind of
reactive oxygen species (ROS) [85,86], including hydroxyl radical
and superoxide anion [87,88]. Apoptosis can be induced when the
Fig. 5. Magnetic nanoparticles could both deliver microRNA and induce magnetic
hyperthermia for enhanced therapeutic efficacy. Copied with permission [84].
Copyright 2014, Wiley-VCH Verlag.
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concentration of ROS exceeds a certain threshold [89,90]. The
Fenton reaction of MNPs has been demonstrated in the past
decades [91]. Jing Zhu and coworkers [92] used Fe(III)-porphyrin
nanosonosensitizers, whichmodifiedwith bis(DPA-Zn)-RGD as the
carrier of siRNA. This study used tumor targeting peptide-RGD
guided tumor accumulation. siRNA was transferred to cancer cells
to effectively down-regulate the expression of SOD2. The Fe(III)
induced cascade not only reduced intracellular glutathione levels,
but also produced cytotoxic Fenton reaction which enhanced the
therapeutic effect. As aforementioned, combined targeted ability
of MNPs and Fenton reaction may also improve tumor therapeutic
effect.

3.4. Autophagy

Recent researches confirmed that MMH and Fenton reaction
promoted apoptosis by inducing autophagy [93–95]. Autophagy is
a key biological process for maintaining cell homeostasis [96].
Recent studies verified that autophagy induced by nanomaterials
was a universal mechanism [96]. Iron oxide nanoparticles could
also induce autophagy in a variety of cells, including macrophages,
vascular endothelial cells, glioma cells, etc. [97,98]. However,
autophagy response plays distinct roles in different cells at
different scenarios. Dextran coated SPIONs, tracking therapeutic
cells in vivo, which could induce autophagy in dendritic cells,
which protected them from apoptosis [99]. In addition, SPIONs
could promote autophagy by inducing the production of ROS, thus
killing tumor cells [93,97]. Moreover, SPIONs could induce a
temperature-dependent autophagy, rapidly destroying cell mem-
branes and promoting tumor apoptosis [95]. However, the
combined study of autophagy and magnetic transfection has not
been reported. Whether autophagy can promote or inhibit
magnetic transfection needs further studies in the future.

4. Conclusion

Based on the superparamagnetism and high magnetic respon-
siveness of MNPs, magnetofection has gradually explored, devel-
oped, and expanded in the past decades. The intrinsic magnetic
saturation strength of MNPs, surface modification, and the
parameters of the external magnetic field greatly affect the
efficiency of gene transfection, especially the efficiency and
targeting in vivo. Together with other effects of MNPs (such as
MRI and MMH), magnetofection not only realized the integration
of diagnosis and treatment but also significantly improved the
synergistic treatment effect. With more deep understanding of
Fenton reaction, autophagy phenomena and extra magnetic field,
we believe it could also promote and board the application of
magnetofection in further studies. Meanwhile, the stability of
MNPs in vivo and technology for large-scale industrial production
should be improved to upgrade the clinical application of
magnetofection.
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