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a b s t r a c t

One of the most attractive features of magnetic ferrite nanoparticles (MFNPs) in biomedical application is
that they can mediate external magnetic field to produce local magnetic field, magnetic thermal and
magnetic force effects. These generated effects can later be utilized in the diagnosis and treatment of
various diseases. The application performance is mainly determined by the nano-magnetism of MFNPs.
Therefore, by modulating the magnetic properties, the improved magnetic resonance (MR) signals,
magnetothermal, and magnetomechanical effects of the MFNPs can be achieved. In this review, we
summarize the strategies used in the engineering of MFNPs to enhance MR imaging sensitivity and
magnetic thermal conversion efficiencies. We will also discuss the detailed magnetoresponsive mech-
anism arising from the critical magnetic properties of MFNPs. Furthermore, we will highlight the recent
progresses of the engineered MFNPs in biomedical applications, with emphasis in MR signal amplifi-
cation, magnetothermal, and magnetomechanical response in biomedical applications.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Since ancient Greek time, lodestone, i.e., bulk magnetite (Fe3O4),
has been used in the treatment of common ailments. With the
advancement in nano-biotechnology, the applications of such
magnetic ferrite nanoparticles (MFNPs) have evolved, which ex-
tends to the modern biomedicine and clinical study [1e7]. As bio-
logical tissues are transparent to magnetic fields, the most
attractive advantage of MFNPs in biomedical applications is that
they can complete various functions triggered by invisible, tissue-
penetrating magnetic field [8,9]. For instance, natural magneto-
tactic bacteria build iron oxide nanoparticles (IONPs) in a chain
configuration to generate a permanent dipole in their cells so as to
navigate toward their favorable habitats by sensing the Earth's
magnetic field [10]. These MFNPs possess good biocompatibility,
which have already been used as imaging and therapeutic agents in
preclinical and clinical settings [2,3,11]. As a result of the excellent
Ltd. This is an open access article u
magnetoresponsive properties of MFNPs, numerous exciting in vivo
biomedical applications are created. These include imaging for
non-invasive diagnosis of diseases [12], treatment of diseases with
hyperthermia [13], magnetically driven nanorobots [14], magnetic
activation of ion channel for cell signaling [15], manipulation of
cell's function and fate [16,17], and so on. Despite the good estab-
lishment of these concepts, there is a significant challenge in
obtaining effectiveMFNPs that can achieve full functionality via the
efficient conversion of the external energy of magnetic field. As
such, due to their poor conversion ability, this greatly hinders their
transition from bench to bed.

As MFNPs are delivered to their biological targets, MFNPs have
the ability to induce different cell response for modulating bio-
logical systems by converting the external energy of the magnetic
fields into biosensitive signals, such as mechanical forces, heating
stimuli, and inducing local field. In such process, the performance is
strongly dependent on the magnetic characteristics of these MFNPs
mediators. Thus, to effectively transduce biochemical signals, it is
highly crucial to engineer MFNPs with enhanced magnetic
response. Numerous of research studies have indicated that
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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biological effects generated by variousMFNPsmay vary by orders of
magnitude, which is highly dependent on their intrinsic magnetic
properties [13,18]. For instance, one of the magnetic parameters of
MFNPs is saturation magnetization (Ms), and it is closely related to
thermal conversion efficiency. It has been reported that Ms of
MFNPs can be optimized via precise control of their size [19],
composition [13], structure [3], and morphology [20]. Besides
modifying individual nanoparticle, designing the assembly of
MFNPs is another approach to improve the performance, whereby
higher Ms can be realized. As such, to enhance their response to
magnetic field, various strategies have been developed to fabricate
assemblies or clusters of MFNPs [21]. Even though the employment
of MFNPs in vivo diagnosis and therapy is still in its infancy, these
proposed strategies have greatly relieved the concerns of poor
conversion efficiency of MFNPs for advanced biomedical
applications.

In this review, we describe the strategies used in the engineer-
ing of MFNPs with enhanced magnetic response for these pio-
neering biomedical applications. We focus on the recent progress
on magnetically triggered in vivo biomedical applications mediated
by MFNPs (Fig. 1). We cover the magnetoresponsive mechanism
and the critical magnetic parameters of MFNPs that can influence
the application performance. Innovative biomedical applications
using MFNPs mediator are also highlighted. Furthermore, we
explore the perspectives and challenges of employing MFNPs in
Fig. 1. Schematic illustration of engineered MFNPs with external magnetic actuatio
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biomedical applications. The aim of this review is to provide a
comprehensive and systematic review of these magnetically
responsive MFNPs in biomedical applications when subjected to
external magnetic field and to discuss the future directions of this
field.

2. MFNPs-based magnetoresponsive effects for biomedical
applications

2.1. Magnetic resonance imaging

MFNPs have been used as magnetic resonance imaging (MRI)
contrast agents in clinical setting [22]. The enhancement in MRI
signal is ascribed to the dipole-dipole interaction between MFNPs
and surrounding water molecules, to shorten the relaxation time of
the longitudinal (T1) or transverse (T2) of the nearby water protons.
Relaxivity (r1 or r2) is used to evaluate the contrast ability of the MR
contrast agent. Based on the theoretical considerations, it is
generally known that relaxation enhancement of contrast agents
follows inner- and outer-sphere mechanisms. The inner-sphere
proton relaxation requires direct bonding of water molecules to
paramagnetic ions. In contrast, outer-sphere proton relaxation is
related to the dephasing of coherent proton spins [1]. Therefore,
relaxivity of the contrast agent is the sum of inner-sphere and
outer-sphere contributions [23e27]. For MFNPs, outer-sphere
n for various biomedical applications. MFNPs, magnetic ferrite nanoparticles.
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contribution typically dominates the T2 relaxation enhancement.
However, when the size of the nanoparticle is smaller than 5 nm,
contribution from inner-sphere mechanism cannot be neglected,
which indicates that both outer-sphere and inner-sphere proton
relaxation contributions are responsible for T1 relaxation
enhancement [25,28].

MFNPs exhibit a unique size-dependent magnetic property. For
bulk magnetite, it possesses ferrimagnetic (FM) behavior, with
multidomain magnetic structure. As the size of MFNPs decreases
below a certain critical size, it becomes single domainwithinwhich
the magnetic moments of free electrons are aligned parallel. It has
shown that there exists a single domain limit formula which can
determine the critical size of single domain for a spherical MFNP

and is estimated to be Dcz36
ffiffiffiffiffi
AK

p
m0Ms2 [29], where A is the exchange

constant, K is the effective anisotropy constant that measures the
energy per unit volume required to flip magnetization direction, m0
is the vacuum permeability, andMs is the saturationmagnetization.
For different composition of MFNPs, the critical size will be
different. With the further reduction in particle size, magnetization
direction of MFNPs is randomized due to obvious thermal effects,
which results in the observed superparamagnetic (SPM) behavior.
As the particle size decreases to smaller than 5 nm, MFNPs become
quasi-paramagnetic (QPM) due to the increase of the ‘spin-canting
effect’. It can be treated as a core/shell structure comprising a
ferromagnetic core and paramagnetic shell (spin disorder layer).
QPM IONPs are essentially SPM IONPs with an extremely low
blocking temperature. Owing to the strong surface spin-canting
effect, their magnetization curves at room temperature are more
similar to paramagnetic characteristics. Traditional SPM IONPs
show T2 contrast effect, whereas QPM IONPs can be used as T1 MRI
contrast agent. However, as a result of their relatively poor relax-
ivities, their performances are still considered to be unsatisfactory.
Gadolinium complexes are the most commonly used T1 contrast
agents in clinic. However, gadolinium complexes may release free
gadolinium ions during metabolism, which have adverse side ef-
fects [30e33]. Engineering MFNPs have been used for many fasci-
nating applications in the field of molecular imaging over the past
decades. In the existing strategy, both r1 and r2 values can be
controlled by modulating the composition [4,34,35], morphology
[36,37], surface state [38], and assembly [39,40] of the NPs. In
addition, engineering MFNPs can be used as a versatile platform for
T1-T2 dual-modal contrast agents, and they can achieve T1-T2
switchable MRI (Fig. 2).

Generally, for MFNPs inmotional averaging regime, the r2 values
increase as increasing the size. For example, Jun et al. reported that
T2-weighted MR signal intensity continuously increased as IONPs
size increased from 4 nm to 12 nm [41]. While the size of MFNPs
reaches a threshold, proton relaxation becomes governed by static
dephasing regime, and its r2 value reaches a limitation [42,43]. Lee
et al. [4] further investigated the effect of doping on the T2 contrast
ability of artificially engineered IONPs. Because Mn2þ possessed 5
unpaired electrons, MnFe2O4 NPs exhibited the highest magnetic
moment and r2 relaxivity (358 mM�1s�1) as compared with other
MFNPs under similar conditions. Zhao et al. [37] synthesized
octapod IONPs with edge length of 30 nm, by introducing chloride
anions. The as-synthesized octapod IONPs exhibited an ultrahigh r2
value of 679.3 ± 30 mM�1s�1, hence revealing it as effective T2
contrast agent for small tumor detection (Fig. 3AeB). This result
was attributed to the larger effective radius of octapod IONPs as
compared with that of spherical IONPs with equivalent solid vol-
ume. In addition, the same research group also reported ZnxFe3-xO4
(x ¼ 0.44) octapods which exhibited a remarkable r2 value of
989.1 mM�1s�1 at 7.0 T, and it could sensitively detect metastatic
hepatic tumors at low dose (one tenth of the regular dose) [44]. Liu
3

et al. investigated the surface effect on the T2 relaxivity of MnFe2O4
NPs [38]. As branch methoxy poly (ethylene glycol) (mPEG)-g-PEI
polymers could hinder the diffusion of water molecules, the mPEG-
g-PEI modified MFNPs possessed a remarkably high T2 relaxivity of
up to 331.8 mM�1s�1. Gao et al. [45] developed a tumor microen-
vironment responsive nanoprobe through a glutathione-triggered
aggregation. In addition, by labeling Fe3O4 with 99mTc, the
responsive particle probe could achieve sensitive single-photon
emission computed tomography and MR dual-modality imaging
of tumor in vivo.

When traditional SPM IONPs are used as MR T2 contrast agents,
their low-signal areas can be easily confused during clinical appli-
cations. To overcome the shortcomings of SPM IONPs-based T2
contrast agents, the use of QPM IONPs as T1 contrast agent has been
successfully developed. Kim et al. synthesized monodispersed
ultra-small IONPs for high-resolution blood pool imaging in rats
[46]. Recently, the same research group reported the first study of
the toxicity of ultra-small iron oxide nanoclusters in large animal
models such as beagle dogs and macaques. It was then used as a
MRI T1 contrast agent for high-resolution angiography and diag-
nosis of cerebral ischemia in beagle dogs and macaques [2]. Zhang
et al. [25] reported a general dynamic simultaneous thermal
decomposition strategy for the controllable synthesis of mono-
dispersed ultra-small MFNPs (MnFe2O4, NiFe2O4, and CoFe2O4).
These ultra-small MFNPs were later demonstrated as multifunc-
tional T1 MR nanoprobe for in vivo high-resolution blood pool and
liver-specific MRI simultaneously. In this case, metal doping could
optimize water residence time (tm) to obtain a r1 relaxivity of
8.43 mM�1s�1, which was about 1.8 times that of IONPs. By using
ultra-small MFNPs as a good ultra-small magnetic ferrite nano-
crystalline model system, this gave a clear relationship between
chemical composition and T1 MR signal enhancement effect.
Moreover, ultra-small MFNPs-based active target MRI contrast
agent were constructed by combining ultra-small MFNPs with
tumor-targeting pentapeptide CREKA, which could detect ultra-
small breast cancer metastases with high sensitivity [47]. By
binding CREKA to the rich fibrin-fibronectin complex around the
tumor microenvironment, these ultra-small MFNPs-CREKA could
be recruited to the edge of the tumor metastasis and then Mn2þ

was released in response to the tumor microenvironment. The local
release of Mn2þ and its interaction with proteins led to the signif-
icant amplification of MRI T1 signals. In vivo T1 imaging results
showed that this ultra-sensitive MRI T1 probe could detect meta-
static tumors with diameter as small as 0.39 mm, which greatly
increased the detection limits of the previously reported MRI
probes (Fig. 3CeE). Shen et al. [48] developed dotted core-shell NPs
(FeGdeHN3eRGD2) with superhigh r1 value and very low r2/r1 ratio
for high-contrast T1-weighted MRI of tumors. Macher et al. [49]
prepared ultrathin iron oxide nanowhiskers to demonstrate the
effect of the shape of IONPs on their MRI T1 contrast effects. A
strong paramagnetic signal was generated due to the high surface-
to-volume ratio of the as-prepared ultrathin iron oxide nano-
whiskers (2 nm � 20 nm), which indicated that the reported ma-
terial could be considered as high-performing T1 contrast agent.
Zhou et al. [50] prepared Gd ions embedded iron oxide nanoplates
(10 nm in length and 2 nm in thickness) with {100} facets exposed
on the surface. Owing to the ultra-small size of Gd iron oxide
nanoplates and the exposure of a large number of metal ions on the
surface, the nanoplates showed excellent T1 performance. More
recently, Zeng et al. [23] showed that the binding affinity of
anchoring ligands was strongly correlated to the magnetic moment
of IONPs. In particular, higher binding affinity of the anchoring li-
gands could result in a lower magnetic moment of the resulted
IONPs, whereby p-p and p-p conjugations between the anchoring
ligands (e.g., catechol and hydroxamate groups) and IONPs were



Fig. 2. Schematic illustration of the factors in engineering MFNPs to adjust their relaxivities. MFNPs, magnetic ferrite nanoparticles.
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identified as the main reasons of enhancing the magnetization ef-
fect of IONPs.

To tailor the MRI contrast effect, engineered MFNPs can be used
as T1-T2 dual-modal contrast agents or achieve T1-T2 switchable
MRI. One method to design T1-T2 dual-mode contrast agent is via
the combination of IONPs and Gd species in a ‘core-shell’ configu-
ration. Choi et al. [51] demonstrated a concept of ‘magnetically
decoupled’ core-shell design, whereby T1 and T2 signals could be
modulated with the use of a separating layer. This strategy allowed
the placement of T2 contrast material at the core and the placement
of T1 contrast material at the shell. By inserting a non-magnetic
separating layer (SiO2) with tuneable thickness, T1 and T2 contrast
effects could be modulated. Recently, the same research group re-
ported a distance-dependent MR tuning sensing technology, in
which the nanometer-scale separation distance between para-
magnetic enhancer and a SPM quencher tuned the ON or OFF of the
T1 MRI signal. When the enhancer was separated from the
quencher, T1 MRI signal was ON. On the other hand, T1 MRI signal
was quenched as the enhancer came closer to the quencher. This
MRI-based MRET could provide an alternative approach for inves-
tigating a variety of biological processes [52].

The doping strategy is used to develop T1-T2 dual-modal con-
trasts. Zhou et al. [53] embedded Gd species into SPM IONPs to
achieve the synergistic enhancement of r1 and r2 relaxivities
(Fig. 3F). Furthermore, the same research group reported that
IONPs could be developed as T1-T2 dual-mode contrast agents by
controlling the surface structures of different exposed facets of
IONPs. Iron oxide nanoplates with Fe3O4 {111} facets showed T1-T2
dual-modal contrast abilities [54]. The enhancement in T1 contrast
was mainly due to the efficient chemical exchanges of the exposed
Fe-rich surface of the nanoplate. On the other hand, the contribu-
tion of T2 enhancement was dominated by the effective radius of
the iron oxide nanoplate.

Controlled assembly of MFNPs can provide a unique approach to
manipulate their collective magnetic properties. This in turn can
directly influence their MR contrast effects, which is useful in
improving the sensitivity of the imaging technique. Wang et al. [55]
proved that the self-assembly strategy based on ultra-small IONPs
(3.5 nm) could enhance the distribution of NPs in the tumor
(Fig. 3G). In contrast to the large-size NPs, ultra-small IONPs could
4

easily extravasate from blood vessels of tumor and penetrate into
the tumor tissue. In vivo MRI revealed that ultra-small IONPs
showed a ‘bright’ T1 contrast signal when dispersed in the tumor
vascular area, and it showed a ‘dark’ T2 contrast signal in the tumor
after 24 h. Lu et al. [39] constructed a pH-responsive ultra-small
IONPs assembly using a special DNA i-motif. Under a normal
physiological pH of 7.4, the probe retained its assembly configura-
tionwith an enhanced T2-weighted effect. On the other hand, under
an acidic pH of 5.5, the probe responsively disassembled into
monodispersed NPs, with an enhanced T1-weighted effect instead.
This type of ultra-small IONPs assembly that responds to the tumor
microenvironment could achieve accurate diagnosis of the small
hepatocellular carcinomas. The same research group then designed
a pH-sensitive IONPs assembly by cross-linking ultra-small IONPs
with small-molecular aldehyde derivative ligands [56]. At neutral
pH, the assembly was stable due to the formation of hydrazine
linkages. However, when it was subjected to the tumor acidic
microenvironment, T1 signal appeared gradually, which resulted in
the amplification of MR signal. Bai et al. reported an ultra-small
IONPs-based MRI probe with a time-dependent T1-T2 contrast
enhancement imaging effect [57]. After 30 min of intravenous in-
jection, the probe showed the best T1 enhancement effect in the
tumor area. Over time, T1 signal gradually disappeared, whereas T2
contrast effect was gradually enhanced. This time-dependent
contrast enhancement of T1-T2 could effectively improve the ac-
curacy and sensitivity of MRI diagnosis. Recently, Li et al. [58]
constructed a photosensitive ultra-small IONPs-based nanoprobe.
This probe could adjust the assembly-disassembly of nanoclusters
by switching the laser-irradiated switches, so as to realize the
transformation of dynamic T1-T2 dual modes. As such, this can be
used to enhance the dual-mode MRI of retention and targeted
arthritis. Recently, Wang et al [59]. designed a unique two-way MR
tuning T1-T2 nanoprobe that could increase the sensitivity and
selectivity of MRI as compared with that in conventional tech-
niques used in tumor detection. The paramagnetic Mn chelate
(PeMn) and a SPM IONPs were self-assembled to form a two-way
MR tuning nanoprobe. T1 and T2 MRI signals were dually turned
‘on’ depending on the increased distance between Mn2þ and SPM
IONPs, which was controlled by the integrity of the micelles. This
strategy could enhance the sensitivity of MRI in the detection of



Fig. 3. (AeB) T2-weighted images and r2 values of octapod IONPs and spherical IONPs with same geometric volume. Adapted with permission [37]. Copyright 2013, Springer Nature.
(C) Confocal microscopy images of 3D 4T1-Luc tumor spheroids after incubation with different materials. (D) r1 values from T1-weighted MR images of ultra-small MFNPs-CREKA.
(E) T1-weighted MRI detection of metastases in lung and spontaneous metastasis. Adapted with permission from a study by Li et al. [47]. Copyright 2019, John Wiley and Sons. (F)
Schematic illustration of T1-T2 dual-modal contrast agents constructed by T1 materials embedded into T2 materials. Adapted with permission from a study by Zhou et al. [53].
Copyright 2012, John Wiley and Sons. (G) Ultra-small iron oxide assembly with T1-T2 MRI contrast switch can improve the distribution of NPs in tumor. Adapted with permission
from a study by Wang et al. [55]. Copyright 2017, American Chemical Society. IONPs, iron oxide nanoparticles; MFNPs, magnetic ferrite nanoparticles.
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early-stage small lesions, and it could also improve the accuracy of
MRI-guided surgical procedures.
2.2. Magnetomechanical response in biomedical application

MFNPs can also transform the external energy of magnetic field
into mechanical energy [60e62]. In a uniform magnetic field,
MFNPs experience a torque t that acts on the MFNPs to align the
magnetic moment m with the field direction; t ¼ mB ¼ m0VMH,
where, M represents the volumetric magnetization, V represents
the volume of NP, and m0 represents the vacuum permeability. The
magnitude of the magnetic force can be determined according to
the following equation; F ¼ Vðm ,BÞ, where,m and B represent the
5

magnetic moment and magnetic field intensity, respectively. The
magnitude and direction of magnetic force and torque are depen-
dent on the size and intrinsic Ms of MFNPs, and the strength,
gradient, and direction of the magnetic field [63]. Therefore, it is
possible to optimize themagnetic properties of MFNPs by adjusting
their physical parameters so as to fulfill the desired biomedical
application.
2.2.1. Manipulation of cell function
In a magnetic field with a lower frequency, MFNPs tend to

convert magnetic energy into mechanical energy, rather than
thermal energy [60]. Various common low-frequency magnetic
fields include static magnetic field, rotating magnetic field, and
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pulsed magnetic field. MFNPs have ability to give traction stimu-
lation to cells by static magnetic field. Wong et al. [64] have con-
ducted in-depth research in this area. The basis of their research is
to connect IONPs to the carrier and modify other molecules on the
NPs to enable the cells to adhere to the particles and then gave the
cells traction by the static magnetic field (Fig. 4A). These stimula-
tions could regulate the proliferation, adhesion, migration, and
differentiation of mesenchymal stem cells [16]. These also could
manipulate the adhesion and polarization of macrophages [65],
which could lead to good application effects in vivo (Fig. 4B).
Rotating magnetic field is another kind of low-frequency magnetic
field which is widely used. Under such magnetic field, the particles
will produce torsional stimulation, which usually will cause dam-
age to the cells, and even to the extent of killing the cells. Shen et al.
[66] reported that under a rotating magnetic field of 15 Hz and
40 mT, IONPs firstly self-assembled into rods, and then it generated
torsion (Fig. 4C). This led to the destruction of plasmamembrane or
mitochondria [67], which could precisely kill the cancer cells.
Zhang et al. [68] also reported a method of destroying lysosomes
through the rotation of particles to cause apoptosis. Pulsed mag-
netic fields have also been applied to IONPs to generate mechanical
stimulation in recent years. Lunov et al. [69] used a magnetic field
with a pulse interval of 15 ms and a magnetic field of up to 8 T to
trigger the destruction of lysosomes by IONPs, which in turn led to
apoptosis (Fig. 4D). Wong et al. [70] reported the use of 14 ± 10 Oe,
1e20 Hz biaxial pulsed magnetic field to achieve in vitromagnetic-
induced apoptosis, by using IONPs with vortex magnetic domains.
As low-frequencymagnetic field exhibits safer field strength for the
human body as compared with a higher-frequency magnetic field,
the application of low-frequency magnetic field in biomedical field
is particularly promising.
Fig. 4. (A) RGD-conjugated Fe3O4 on a planar substrate stretch MSCs in a static magnetic fiel
Chemical Society. (B) RGD-conjugated IONPs on a planar substrate control the polarization o
by Kang et al. [65]. Copyright 2017, American Chemical Society. (C) Modified IONPs self-assem
study by Chen et al. [67]. Copyright 2019, John Wiley and Sons. (D) IONPs destroy lysosomes
study by Lunov et al. [69]. Copyright 2019, MDPI. IONPs, iron oxide nanoparticles; MSCs, m
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2.2.2. Drug delivery
Owing to its economical factor and operational simplicity,

magnetic targeting system is widely investigated in the drug de-
livery application. For instance, Qiu et al. [71] demonstrated the
increase in permeability of vascular endothelium by usingmagnetic
force induced by IONPs to temporarily disrupt the endothelial
adherent junctions. Therefore, this activated the paracellular
transport pathway and facilitated the local extravasation of circu-
lating substances, as well as ultimately enhancing the system
dosing in certain parts of the transmission efficiency. Liu et al. [72]
developed a magnetic platform composing of two oppositely
polarized magnets that enabled the penetration of magnetic
nanocarriers into the deep tumors. Using this method, they were
able to demonstrate a 5-fold increase in the penetration depth and
a 3-fold increase in the accumulation of MFNPs within the solid
tumors (Fig. 5), when compared with enhanced permeability and
retention. A biodegradable biohybrid helical shape magnetic robot,
that was successfully fabricated from microalgae organism, was
first reported by Yan et al [73]. Magnetic field was used to precisely
control these robots in complex organisms so as to effectively carry
and release drugs to the cancer cells. It was discovered that mag-
netic targeting could offer enhanced therapeutic efficacy, and it
could improve the mice survival, when compared with passive
targeting at drug doses of 5e8 mg of DTX/kg [74]. Thus, based on
these successful reports, it is expected that magnetic targeting
system can realize the efficient delivery of anticancer drugs, which
plays an important role in effective tumor inhibition.
2.2.3. Magnetic robots
MFNPs can be assembled into nanorobots of different shapes,

and they can later be magnetically driven to fulfill the diagnosis and
d. Adapted with permission from a study by Wong et al. [64]. Copyright 2017, American
f macrophages in a static magnetic field in vivo. Adapted with permission from a study
bled into a line and rotate in a rotation magnetic field. Adapted with permission from a
in pulsed magnetic field, which lead to cell apoptosis. Adapted with permission from a
esenchymal stem cells; RGD, Arg-Gly-Asp.



Fig. 5. Magnetic device, comprising two oppositely polarized magnets. This device enhances the magnetic drug targeting in deep tissues. Adapted with permission from a study by
Liu et al. [72]. Copyright 2020, American Chemical Society.
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treatment of diseases in complex biological environments [75,76].
For instance, Wu et al. [77] successfully achieved a controlled and
efficient cluster movement in the vitreous body of the eye by
developing a propeller-shaped nanorobot coated with a lubricating
nanoliquid layer. Hu et al. [14] developed a rectangular-sheet-
shaped magnetic soft robot composed of hard magnetic
neodymium-iron-boron (NdFeB) microparticles embedded in sili-
cone elastomer. By controlling the external magnetic field over
time, this soft robot was able to change its shape to achieve various
functions such as swimming, climbing, rolling, walking, jumping,
and crawling. In addition, it could also accomplish functional tasks,
such as grabbing an object and transporting it to a targeted loca-
tion, and it was able to eject the cargo that was strapped onto the
robot as well (Fig. 6A). Cui et al. [78] developed a strategy to pro-
gram a single-domain nanomagnetic array on a flexible silicon
nitride (Si3N4) substrate to encode multiple shape deformation
instructions into a micromachine. This procedure was achieved by
applying a specific magnetic field sequence to the nanomagnets
with a suitably tailored switching field, which resulted in the
specific shape transformations of the customized micromachines.
Using this concept, they constructed a microscale ‘bird’ that was
capable of performing complex behaviors such as, ‘flapping’, ‘hov-
ering’, ‘turning’, and ‘side-slipping’ (Fig. 6B). Tang et al. [79]
designed a DNA robot based on a super-soft and super-elastic
magnetic DNA hydrogel. This DNA robot was able to exhibit
shape-adaptive property, and it enabled magnetically driven navi-
gational locomotion in confined and unstructured space
(Fig. 6CeD). Magnetically driven nanorobots are expected to bring
disruptive breakthroughs in the field of minimally invasive medi-
cine in the future.
2.3. Magnetothermal response in biomedical application

MFNPs can convert electromagnetic energy into thermal energy
when subjected to alternating magnetic field (AMF). The heat
generation mechanism of MFNPs exposed to AMF is related to
hysteresis or relaxation [80]. The heat generation in multidomain
7

FM MFNPs is closely related to hysteresis dissipation [29]. For SPM
MFNPs under AMF, magnetic loss is ascribed to N�eel and Brown
relaxation [80,81]. N�eel relaxation refers to the internal thermal
rotation of the magnetic moment of the particle within the crystal,
which occurs when overcomes the anisotropy energy barrier Ea¼KV
[82]. The N�eel relaxation time is calculated by the following
equation,

tN ¼ t0exp
�
KV
kBT

�
(1)

where, t0 is the characteristic flipping frequency of 10�9 s, V the
volume of nanoparticle, kB the Boltzmann constant, T is the abso-
lute temperature, and K is the anisotropy constant. Brown relaxa-
tion is due to the particle rotation in the solution under AMF. This
rotation of MFNPs in solution generates rotational friction between
the particles and the surrounding fluid, and thus resulting in heat
production. Brown relaxation time is given by

tB ¼
3hVH

kBT
(2)

where, h is the viscosity of the solution, and VH is the hydrodynamic
volume of the NPs.

teff ¼ tNtB
tNþtB

(3)

teff is determined by tN and tB. MFNPs with smaller particle size
are mainly affected by N�eel relaxation, whereas Brown relaxation
becomes prominent for larger particles [83]. The heating efficiency
of MFNPs is generally evaluated by specific absorption rate (SAR) or
intrinsic loss power (ILP) or specific loss power (SLP) [84e86].

SAR ¼ DT
Dt

c
mFe

(4)



Fig. 6. (A) Small-scale soft-bodied robot in medical applications. Adapted with permission from a study by Hu et al. [14]. Copyright 2018, Springer Nature. (B) Schematic and optical
images of a microscale ‘bird’ mimicking four flying modes. Adapted with permission from a study by Cui et al. [78]. Copyright 2019, Springer Nature. (C) Schematic of magnetic DNA
hydrogel synthesis. (D) Shape adaptation characteristics of DNA robots. Adapted with permission from a study by Tang et al. [79]. Copyright 2019, John Wiley and Sons.
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ILP ¼ P
rH2f

¼ SAR
H2f

(5)

where, c is the volumetric specific heat capacity of the solution, r is
the density of MFNPs, mFe represents the mass concentration of
magnetic element in the solution, and f andH are the frequency and
strength of AMF, respectively.

SLP ¼ m0pc
00 ðf ÞH2f
rF

(6)

where, F is the volume fraction of MFNPs, m0 and c" represent the
vacuum permeability and imaginary component of the magnetic
susceptibility, respectively. The major factor that needs to be
considered to achieve high SLP is c".

c
00 ¼ uteff

1þ
�
uteff

�2,m0M
2
SV

kBT
(7)

where, u is the rotational angular frequency, teff represents the
effective relaxation time. Calorimetry is a straightforward way of
measuring the amount of heat to determine SAR. Heating quanti-
fication is usually performed through the measurement of the
temperature evolution of the sample. To estimate the SAR, the
time-dependent temperature exponential curve was used, ac-
cording to Equation (4), where DT

Dt is the initial slope of the time-
dependent temperature curve [86e88]. Magnetic heating effi-
ciency of MFNPs can be improved by adjusting the particle size,
component, morphology, surface modification, and assembly to
optimize the magnetic parameters.
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2.3.1. Magnetic thermotherapy
Magnetic hyperthermia has recently attracted significant

attention due to the noninvasive nature and no penetration limi-
tation of magnetic field. Magnetic hyperthermia refers to the
directional accumulation of MFNPs at the tumor site, and these NPs
generate heat when being exposed to AMF to selectively kill the
tumor cells [29,89]. Magnetic hyperthermia has been approved for
clinical use in Europe, and clinical registration for prostate cancer
treatment in the United States has completed [90].

Despite these advances, magnetic hyperthermia still suffers
from some critical drawback. For instance, it requires the need for
relatively large amounts of MFNPs due to the poor heating transfer
efficiency of MFNPs (usually 1e2 M) [80]. A wide variety of stra-
tegies are proposed to optimize K, V, and MS of MFNPs (Fig. 7), by
modulating size, morphology, composition, surface modification,
exchange-coupled and assembly, further to improve the heating
efficiency of MFNPs. The SAR value increases asMS increases, while
reach a maximum value at a specific size [90,91]. The shape of
MFNPs is another crucial factor in modulating the magnetic prop-
erty, for optimizing the SAR value. The shape of the MFNPs can
affect its surface atomic arrangement, which gives rise to the
alteration in Ms and K [92]. It was reported that cubic MFNPs have
larger SAR value than that of spherical MFNPs with an identical NPs
volume, which resulted from the lower K and higher Ms for cubic
MFNPs [20]. Liu et al. developed unique FM vortex-domain
nanorings (FVIOs) with extremely high SAR up to 3050 W/g, an
order of magnitude higher than that of the clinically used SPM
IONPs. The significantly improved SAR value of FVIOs was related to
the hysteresis loss arising from the vortex magnetic structure due
to the shape anisotropy. It was shown in the in vivo study that the
use of FVIOs could achieve efficient anti-tumor magnetic thermo-
therapy at low dose (0.3 mg/cm3 of tumor tissue) (Fig. 8AeC) [93].



Fig. 7. The strategies toward engineering MFNPs with improved magnetic heating efficiency. Adapted with permission from a study from Noh et al. [80]. Copyright 2017, Elsevier.
Adapted with permission from a study by Lee et al. [3]. Copyright 2011, Springer Nature. Adapted with permission from a study by Jang et al. [13]. Copyright 2017, John Wiley and
Sons. Adapted with permission from a study by Noh et al. [20]. Copyright 2012, American Chemical Society. Adapted with permission from a study by Liu et al. [95]. Copyright 2012,
Royal Society of Chemistry. Adapted with permission from a study by Liu et al. [96]. Copyright 2013, Royal Society of Chemistry.
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The exchange-coupled MFNPs composed of magnetically hard and
soft phases of the bio-magnetic material can improve the heating
efficiency by optimizing the exchange anisotropy of MFNPs. Lee
et al. [3] designed a series of exchange-coupled core-shell MFNPs,
i.e., CoFe2O4@MnFe2O4, CoFe2O4@Fe3O4, MnFe2O4@CoFe2O4, and
Fe3O4@CoFe2O4, to tune the K and Ms, whereby a significant
enhancement of SLP from 1000 to 4000 W/g was achieved.
Composition modulation, for instance, divalent transition metal
cations such as Fe2þ, Mg2þ, Mn2þ, Co2þ, Ni2þ or Zn2þ can be doped
in the material, and it is shown that K and Ms of MFNPs can be
adjusted to further improve its SAR [4,13,94]. Jang et al. [13]
developed a biocompatible SPM magnesium-doped g-Fe2O3
nanoparticle. By controlling the doping content of Mg2þ in g-Fe2O3,
the as-synthesized Mg0.13@g-Fe2O3 exhibited higher ILP (14
nHm2kg�1) as compared with commercial Fe3O4 (Feridex,
ILP¼ 0.15 nHm2kg�1). Mg0.13-g-Fe2O3 possessed promising thermal
effects that can kill the tumors completely, as indicated by the
in vivo magnetic hyperthermia study. In addition, Liu et al. [95]
prepared a series of different molecular weights phosphorylated
mPEG coated MFNPs to study the influence of the surface of MFNPs
on SAR. As the molecular weights of the coating polymer decreased
from 5000 to 2000, a highest SAR value of 930 W/g was achieved
for 19 nm Fe3O4 core. The assembly of MFNPs can also increase Ms
significantly, thereby improving the heating efficiency. Albarqi et al.
9

[21] reported a biocompatible magnetic nanocluster which
composed of hexagon-shaped cobalt and manganese-doped IONPs,
with enhanced heating efficiency.

Conventionally, magnetic thermotherapy is theoretically
believed to be effective at temperature above 316 K, as MFNPs
heaters can kill cancer cells only beyond this elevated temperature
due to energy dissipation in AMF. In contrast, recent studies have
shown that the magnetothermal effect mediated by MFNPs
significantly enhance the generation of reactive oxygen species
(ROS) in tumor microenvironment, thereby achieving efficient
inhibition of solid tumors. Ma et al. [97] designed a biocompatible
Fe3O4-Pd NPs which could simultaneously achieve significantly
high magnetic photoheating efficiency and enhanced ROS gener-
ation. It was shown in the antitumor experiment that the tumor
was completely eliminated on Day 18, and the inhibition rate
toward 4T1 orthotopic breast tumors was 100% (Fig. 8DeG).
Motivated by the positive result reported in the previous work, Liu
et al. recently proposed a new type of magnetothermodynamic
(MTD) therapy. This proposed MTD therapy addressed the limi-
tations of traditional magnetic hyperthermia, and it combined
magnetic heating of IONPs with its immune effect related to the
induction of active oxygen so as to effectively inhibit tumor
growth. In accordance with the results from the in vitro and in vivo
experiments, it was indicative that the amplification of ROS



Fig. 8. (A) TEM image of FVIOs. (B) Comparison of SAR for FVIOs and Resovist in different fields. (C) Photographs of nude mice after treatment with untreated control, Resovist
hyperthermia, and FVIOs hyperthermia, respectively. Adapted with permission from a study by Liu et al. [93]. Copyright 2015, John Wiley and Sons. (D) TEM image of Fe3O4-Pd NPs.
(E) Confocal laser scanning microscope images of 4T1 cells after various treatments. Generation of ROS was monitored using DCFH-DA (green). (F) Thermal IR imaging of 4T1 tumor-
bearing mice after intravenous injection of Fe3O4-Pd NPs exposed to AMF, 808 nm laser or AMF plus 808 nm laser. (G) Digital photos of tumor tissues excised from mice after
subjected to different treatment. Adapted with permission from a study by Ma et al. [97]. Copyright 2019, Royal Society of Chemistry. (H) The proposed mechanism of FVIOs-GO
mediated MTD by combination of heating effect and ROS related immunologic effect to efficiently eliminate the tumors at a physiological tolerated temperature. (I) Confocal laser
scanning microscope images of 4T1 cells after various treatments. Generation of ROS was monitored using DCFH-DA (green). (J) Confocal laser scanning microscope images of CRT
exposure in 4T1 cells after various treatment. (K) The percentages of CD3þCD4þ/CD3þCD8þ T cell in the tumor tissue. Adapted with permission from a study by Liu et al. [98].
Copyright 2020, American Chemical Society. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) FVIOs,
ferrimagnetic vortex-domain nanorings; CRT, calreticulin; SAR, specific absorption rate; ROS, reactive oxygen species; TEM, Transmission electron microscope.

Y. Wang, Y. Miao, G. Li et al. Materials Today Advances 8 (2020) 100119
generation was the main factor that induced immune response in
the hypoxic tumor microenvironment, while keeping the physio-
logical tolerance temperature below 313 K. This was supported by
the 83% 4T1 breast cancer cell surface exposed calreticulin,
macrophage polarized to proinflammatory M1 phenotype, and
tumor-infiltrating T lymphocytes were further elevated
(Fig. 8HeK) [98]. The proposition of MTD therapy has promoted
the development of traditional magnetic hyperthermia, which
significantly improves the antitumor effect, and it provides new
concepts for precise and efficient magnetic thermotherapy in the
future.
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2.3.2. Drug release
MFNPs induce a thermal stimulus when subjected to AMF, and

such thermal stimulus can also be used in controlling the release of
chemotherapeutic drug [99,100]. Currently, various methods such
as thermosensitive chemical bond breaking, and thermoresponsive
molecular phase transition, and so on have been developed as
means to control the drug release. For instance, Chen et al. [101]
designed a stimuli-responsive nanoparticle platform (Mag@MSNs-
AMA-CD) that could be triggered under AMF to release DOX. The
DOX release could be regulated bymodifying the thermoresponsive
molecular containing aliphatic azo group. Through the in vitro
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experiment, it was demonstrated that the amount of DOX released
was correlated to the duration of AMF exposure (Fig. 9). Riedinger
et al. [8] used thermolabile azo-molecules to link drugs or dyes to
the IONPs, whereby these azo bonds could be cleaved upon heating
to release the cargo. Katagiri et al. [102] designed a thermores-
ponsive liposomes composed of thermosensitive block copolymers,
IONPs and phospholipids. These liposomes could work as an ON-
OFF switchable drug release system that could be triggered by
AMF. Chen et al. [103] prepared a magnetothermally responsive
nanohybrid drug carrier with a phase transition temperature above
310 K in physiological conditions. Such drug carrier showed
consistent release of doxorubicin on demand by exploiting the heat
generated in the nanocubes under AMF. The possibility of associ-
ating controllable drug release with tumor targeting will increase
the appeal of using MFNPs in clinical personalized medicine.

2.3.3. Organ resuscitation
Convective warming is the ‘standard method’ for heating small

amounts of frozen biological tissue. However, as the volume of
Fig. 9. (A) TEM image of Mag@MSNs-AMA. (B-D) The release of cargo by magnetic stimulatio
Chemical Society. TEM, Transmission electron microscope.
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biological tissue increases, convective warming will not be suffi-
ciently uniform throughout the system, which results in the
destruction of cell structure due to the crystallization of water. To
date, successful rewarming of tissues vitrified in VS55, can only be
achieved by convective warming of small volumes in the range of
1 mL [104]. Successful rewarming requires both uniform and fast
rates to reduce thermal mechanical stress and nucleation of cracks
and also to prevent rewarming phase crystallization. To address
such limitation, MFNPs that can generate heat rapidly and uni-
formly under AMF, can be used to improve the thawing process of
cryopreserved biomaterials.

Manuchehrabadi et al. [105] reported the successful thawing of
heart valves and blood vessels of large animals with a maximum
preservation solution volume of 80 mL by coating silicon dioxide
onto IONPs (Fig. 10A). Each part of the tissue could be uniformly
heated at an approximately similar rate, without generating ice
crystals. Once the tissue was completely melted, the NPs were
washed away to obtain a relatively pure and active tissue. It was
clearly demonstrated in the comparative test experiment at the cell
n. Adapted with permission from a study by Chen et al. [101]. Copyright 2019, American



Fig. 10. (A) Schematic illustration detailing the synthesis of msIONPs. (B-C) H&E-stained and TUNEL-stained images in different treatment. Adapted with permission from a study
by Manuchehrabadi et al.[105]. Copyright 2017, The American Association for the Advancement of Science. IONPs, iron oxide nanoparticles.
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level that the tissue recovered via this nanoheating technology was
basically similar as the normal tissue. This result indicated that such
nanoheating technology did not cause damage to the tissue,
whereas other tissues recovered via traditional heating methods
Fig. 11. (A) MFNPs under AMF activate TPRV1 channels. Adapted with permission from a
magnetic stimulation in vivo. Adapted with permission from a study by Rao et al. [113]. Cop
nanoparticles.
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exhibited different degrees of injury (Fig. 10BeC). As such, based on
their report, the use of magnetic heating effects of MFNPs presents
significant potential in the realization of cryopreservation of hu-
man organs.
study by Munshi et al. [112]. Copyright 2017, eLife Sciences Publications. (B) Chemo-
yright 2019, Springer Nature. AMF, alternating magnetic field; MFNPs, magnetic ferrite
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2.3.4. Brain stimulation
MFNPs can be used in brain stimulation based on the magne-

tothermal effect under AMF, and such method is known as the
magneto-thermo-genetics method (magnetogenetics) [106,107].
Comparing with the conventional methods (electrodes and
chemicals) and second-generation method (ultrasound and opto-
genetics), magnetogenetics has the advantages of cell type speci-
ficity, superior spatial and temporal resolution, as well as it does
not require the tethering of the animals to an energy source. As
such, there is an immense interest in using magnetogenetics to
activate the heat-sensitive transient receptor potential vanilloid 1
(TRPV1, ˃316 K) to achieve further brain stimulation. SPM NPs,
including MnFe2O4, Fe3O4, ferritin, Co-ferrite core@Mn-ferrite
core-shell structure, have been used in the activation of thermo-
sensitive TRPV1 channel. For example, it was first reported by
Huang et al. [15] that MnFe2O4 NPs could be heated up to activate
the TRPV1 channel. This resulted in an increase in intracellular
calcium concentration, triggered action potentials in primary
hippocampal neurons, and elicited retracting motions in partially
anesthetized C. elegans worms. Fe3O4 NPs coated with anti-His
antibody could target the TRPV1 channel with an extracellular
His � 6 epitope tag, which could remotely activate TRPV1 and
stimulate the synthesis and release of proinsulin for regulation of
insulin production in mice [108]. They also synthesized a GFP-
tagged ferritin nanoparticle intracellularly associated with a
camelid anti-GFP-TRPV1, which could initiate calcium-dependent
insulin transgene expression and modulate neuronal activities to
induce feeding [109]. The same research group further developed
a mutated chloride-permeable TRPV1, and achieved the neuronal
inhibition via the same heat stimulation that responded to blood
glucose levels and decreased feeding [110]. Chen et al. [111]
demonstrated that Fe3O4 could remotely activate TRPV1 and
evoke excitation in the targeted ventral tegmental area in vivo.
Munshi et al. [112] successfully synthesized Co-ferrite@Mn-ferrite
core-shell MFNPs with superior magnetothermal performances,
which was used to stimulate neurocircuit and modulate behavior
in awake mice, as shown in Fig. 11A. The heat dissipated by MFNPs
could trigger the release of small-molecule (agonist or inhibitor)
from the thermally sensitive lipid vesicles and be applied to
chemogenetic activation of engineered receptors [113], as pre-
sented in Fig. 11B. The chemogenetic modulation of targeted
neural circuits using MFNPs provides a vital and novel method for
brain stimulation so as to investigate the brain functions and
neurological diseases.
3. Conclusion and perspectives

In this review, we have summarized the magnetoresponsive
properties of MFNPs that respond to an external magnetic field, the
strategies of optimizing magnetic parameters of MFNPs to improve
magnetothermal effects, magnetomechanical effects, and MRI sig-
nals. Furthermore, their respective magnetoresponsive biomedical
applications reported in the recent years are also reviewed.
Representative studies in each application have been summarized,
which generally indicate the advantage of employing engineered
MFNPs in enhancing the performance of existing applications (e.g.
MR imaging, magnetic thermotherapy, drug delivery and release,
and so on). It is shown that MFNPs is not only attractive in
addressing the limitations of these existing applications, they can
also be adopted in new exciting applications (e.g. brain stimulation,
magnetic nanorobots, and so on), which can provide disruptive
breakthroughs in the field of biomedicine. Despite the tremendous
progress in biomedical application in the recent years, there is still a
need to overcome several unresolved challenges:
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1. Precise tailoring of MFNPs to the requirements of a specific
application and further improvement in the application per-
formance are necessary. The utmost important concern when
employing MFNPs in human body is the safety aspect. In the
clinical application, after achieving their diagnostic and thera-
peutic purposes, MFNPs should be eliminated by the living body
without incurring any negative side effects. In the engineering
of equipment and technology, it is also necessary to develop
portable and controllable equipment that can generate mag-
netic field, and control system for basic research and clinical
transformation.

2. The biological effects of magnetic fields should be studied in
greater details, such as the multilevel biological effects of
magnetic hyperthermia in tissue, cell, protein, and gene. Or-
ganism is considered to be a complex and constantly evolving
ecosystem. When MFNPs enter into the organism, the delivery
mechanism of these NPs to the biological targets should be
worth considering.

3. MFNPs can be assembled into nanorobots of different shapes,
and they can be magnetically driven to fulfill the diagnosis and
treatment of diseases. They can also be used as drug delivery
carriers in complex biological environments. The use of these
magnetically driven, intelligent nanorobots in biomedical
application is particularly exciting, which should capture
increasing research interests in near future.

In principle, MFNPs mediated magnetic field is attractive due to
its non-invasive nature and excellent penetration depth. More in-
depth research work is needed to elucidate the potential of
MFNPs in the future. As such, it is strongly believed that these
interesting magnetoresponsive properties of MFNPs will be highly
beneficial in the biomedical application in the future.
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