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Magnetically induced self-assembling is considered a novel method to form photonic
crystals (PCs) by the directive arrangement of nanoparticles (NPs) under a magnetic field.
Magnetically responsive PCs (MRPCs) have become one of the most promising materials
due to their adjustable bandgap along with the field intensity and direction, and rapid and
reversible response. In this paper, we review the basic principles of MRPCs, the research
progress of magnetically induced self-assembling PCs including synthesis and
modification of magnetically induced NPs, the formation of an ordered structure of
MRPCs, the non-spherical materials self-assemble into PC structure, and the non-
magnetic materials self-assembling into PC structure. And then we also summarize the
regulatory factors of the physical and chemical responses under magnetic field, and give
an outlook as to the applications of MRPCs.
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INTRODUCTION

Photonic Crystals (PCs) are one of the most popular nanomaterials in recent years (John, 1987;
Yablonovitch, 1987) which are regular multi-dimensional periodic structures that are composed of
two or more materials with different refractive indexes. As a unique photonic metamaterial, it has
found many important applications in dynamic color displays (Liao, et al., 2019; Lai, et al., 2022),
optical sensing (Wang, et al., 2021), and anticounterfeiting (Wang, et al., 2020). At present, they are
mainly prepared by self-assembly methods, among which vertical self-assembly (Hong et al., 2014),
centrifugal self-assembly (Hu et al., 2013), electrophoretic deposition self-assembly (Katagiri et al.,
2017), electrostatic and capillary action self-assembly (Lee et al., 2014) and microfluidic synthesis
(Yin et al., 2016)are commonly used. These self-assembly methods mainly rely on an internal driving
force, such as hydrogen bond, van derWaals force, electrostatic force, capillary force, etc. (Chen et al.,
2014) to achieve the spontaneous aggregation and assembly of nano-material structure unit.
However, these methods are generally lacking efficiency, and usually take hours or even days to
complete, and it is difficult to meet the requirements of practical application. In addition, the
traditional self-assembly methods tend to be unable to produce precise thickness, orientation, grain-
size, and controllable PCs, which are more difficult subsequent fabrication processing.
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As a new self-assembly power source, magnetic or non-
magnetic nanomaterials can be assembled under an external
magnetic field (EMF) instantly. Magnetically responsive PCs

(MRPCs) have attracted wide attention and developed rapidly
due to their special assembly methods. Magnetically induced self-
assembling can contactless transmit energy by using the
interaction between MFs and magnetic nanoparticles (MNPs)
and non-MNPs, which leads to change of some molecules, atoms,
colloids, and particles with micro/nano scales regarding
orientation, migration, and arrangement, and aggregate to
form the ordered PCs structure at the micro-nano scale.
Unlike the gravitational field, the size and direction of MF
generated by a permanent magnet or electromagnet could be
controlled artificially and directionally (Gu et al., 2014; He et al.,
2015); the response is rapid and reversible, which can be well
controlled by the structure. Besides, the obtained MRPCs are
visible to the naked eye and can be tailor-made in different colors.
Magnetically induced self-assembling offers fast, efficient, and
low-cost advantages compared with the traditional self-assembly
methods. Whereby, the development of this novel self-assembly
technology could expand the scope of the application of PCs, and
MRPC is considered as a new intelligent material with great
scientific and application value in anti-counterfeiting, physical
and biological sensors, detection and monitoring of chemical
pollutants, etc. In this review, the synthesis and modification
methods, related theories, and research status of using
magnetically induced self-assembling to product PCs ordered
structural material are reviewed.

Basic Principles of MRPCS
In order to enable prepared colloidal nanomaterials to form
MRPCs under EMFs, the MNPs have to be equipped with
homogenous particle size and monodispersing in solution.
Nonetheless, the aggregation caused by the inherent mutual
attraction between magnetic particles (MPs) could be the
obstacle to monodispersing. In this regard, similar to the
traditional self-assembling methods, MRPCs are required to be
prepared in suitable particle sizes for visible spectral segments and
narrow particle size distribution. Accordingly, recent studies have
found that surface-active agents, such as polyacrylic acid (PAA)
(Ge et al., 2007) (Figures 1A,B), polyvinylpyrrolidone (PVP) (Ma
et al., 2017) (Figures 1C,D) and oleic acid (OA) (You et al., 2017)
(Figures 1E,F) were usually coated on MNPs or a carbon
nanolayer with a large number of carboxyl groups (Wang et al.,
2010) (Figures 1G,H) so as to introduce a large amount of charge
on the MNPs surface with a large amount of charge to balance the
attraction between MNPs so that it could disperse evenly in the
solvent. Basically, in the absence of EMF, these synthesized SMNs
are randomly dispersed and scattered distribution in an aqueous
solution which is known as Brownian motion. However, when an
EMF is applied, the forces between the particles are mainly the
electrostatic force or steric repulsion force provided by the surface
coating and the magnetic dipole force between EMF and MNPs
(Liu H. et al., 2019). Themagnetic dipole force (He et al., 2010) was
described as Eq. 1:

F � 3μ(1 − 3 cos2θ)/d4 (1)
Where μ and θ is the magnetic moment and the angle between the
center of the particle and the magnetic field; while d is the
distance from the center of the adjacent particle.

FIGURE 1 | (A) Representative TEM image and (B) High-magnification
TEM image of MNPs which use PAA as surfactant. Reprinted with permission
from Ge et al. (2007). Copyright© 2007 John Wiley and Sons; (C) SEM image
and (D) TEM image of Fe3O4@PVP@SiO2 photonic nanorods. Reprinted
with permission from Ma et al. (2017). Copyright© 2017 Royal Society of
Chemistry; (E) TEM image of OA-Fe3O4, which shows that the mean size of
OA-Fe3O4 nanoparticles was 10 nm; (F) TEM image of MCNPs which was
prepared from OA-Fe3O4 nanoparticles by employing three-step
miniemulsion polymerization. Reprinted with permission from You et al.
(2017). Copyright 2017© Springer Nature; and (G) TEM image and (H)
HRTEM image of core/shell structure magnetite/carbon superparamagnetic
CNPs. Reprinted with permission from Wang et al. (2010). Copyright© 2010
Royal Society of Chemistry.
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Therefore, the dipole-dipole interaction of two adjacent particles
along theMF is gravity, which is perpendicular to the direction of the
MF is the repulsion force. The magnetic dipole repulsion along the
MF is in balance with the electrostatic force (or long-range
gravitational force), and MNPs will move in the direction of the
weakening of the MF, which allows NPs to form a nano-chain
structure along the MF direction. In this case, the magnetic dipole
repulsion and electrostatic repulsion (or long-range repulsion)
between the nano-chains can be separated from each other;
thereby eventually forming a periodic configuration of the PCs
on a plane perpendicular to the MF. This periodic structure has
a specific photonic bandgap, where the transmission of light in the
photonic bandgap could be restrained and reflected. It can be visible
as bright color by naked eyes, and the optical fiber spectrometer
could be used to capture its specific reflection peak. In the magnetic
field, the diffraction of one-dimensional nano-chain accords with the
Bragg diffraction law (Ma et al., 2017) can be expressed by Eq. 2:

λ � 2ndsin θ (2)
Where λ is the spectral peak, n is the refractive index of the

solvent, d is the distance between two adjacent particles, namely,
the PCs cycle, and θ is the angle of incidence. Therefore, the
factors affecting the structural color of PCs mainly include the
refractive index of the solvent, periodicity, and the angle of
incidence. Under a condition of constant refractive index and
the incident angle, the PCs period d of the nano-chain will
become small, and along with the blueshift of the diffraction
peak, if the strength of the MF is increased, and the moving range
is related to the particle size.

He’s research group (Yang et al., 2016) proved that Fe3O4@
PAA colloidal aqueous solution with a diameter of 123 nm has
310 nm reflection peak movement in the MF including most of
the visible spectrum. However, Fe3O4@PAA colloidal aqueous
solutions with a larger diameter and smaller diameter have only
about 200 nm reflection peak movement because the size of the
MNPs limits the variation of the PCs cycle under varying MFs
(Figure 2).

The random-stated and assembly SMNs can be formed into
ordered chain-like 1D structures and then evolve into the multi-
chains and the long-range 2D planar/sheet structures (Liu J. et al.,

2019). Further increasing the SMNs concentration and the
interparticle potential may lead to coalescence of the 2D
planar structures and eventually assemble to 3D crystals
(Wang and Yin, 2016). Originally, in the absence of EMF,
these SMNs were of randomly dispersed and scattered
distribution (Brownian motion) in aqueous solution by the
strong electrostatic repulsive interactions and the color in the
visual field turned to almost brown (left panel of Figure 3A). The
forces imposed on SMNs were illustrated in the right panel of

FIGURE 2 | Reflection spectra of Fe3O4@PAA colloidal aqueous solutions with different particle sizes. (A) 123 nm; (B) 160 nm; and (B) 100 nm, under different
MFs achieved by changing the sample-magnet distance from 7 to 3 cm for (A), from 8 to 3 cm for (B), and from 6 to 1 cm for (C) with a step of 0.5 cm. Reprinted with
permission from Yang et al. (2016). Copyright 2016© Royal Society of Chemistry.

FIGURE 3 | (A) Schematic illustration of the forces on Fe3O4@C@SiO2

SMNs in the absence (left) and presence of the EMF (right). F1: dipole-dipole
attractive force (the small dotted arrow), F1′: dipole-dipole repulsive force (the
small dotted arrow), F2: electrostatic repulsive force (the solid arrow). a′
to e′ refers to the different directions; and (B) Assembling a 3D orderly array
under the EMF. The MRPCs diffraction was correspondingly red-shift from left
to right as blue, green, and red with the SMNs-magnet distance gradually
increased. Reprinted with permission from Liu et al. (2019) Copyright© 2019,
Frontiers Media S.A.
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Figure 3A. The MRPCs diffraction was correspondingly red-shift
from left to right as blue, green, and red with the SMNs-magnet
distance gradually increased (Figure 3B). The key point for the
assembling of MRPCs in an aqueous solution is to establish a
balance among the dipole-dipole attractive force, exclusion force,
and dipole-dipole electrostatic repulsive forces (Wang and Yin,
2016).

Research Progress of Magnetically Induced
SELF-ASSEMBLING PCS
Synthesis and Modification of Magnetically
Induced NPs
Similar to the traditional magnetic materials, the synthetic
methods of MRPCs are including co-precipitation, hot-
injection, and one-step method, etc. Asher’s group employed
coprecipitation of ferric and ferrous chloride in ammonium
hydroxide solution to synthesize MNPs with a particle size of
about 10 nm and then uses emulsion polymerization method to

coat the non-magnetic material polystyrene (PS) on the surface
of MNPs. A magnetic field self-assembles the particles and
controls the diffraction wavelength and crystal parameters of
the array. In this case, the particle size was about 134 nm, the
ferromagnetic content was 17.1wt.-%, and the polymer MNPs,
which has no coercivity and remanence at room
temperature (RT).

The method used by Yin’s group (Ge et al., 2007) was called
hot-injection, which is based on the high-temperature
reaction, including three samples, two changes of reaction
temperature, inlets nitrogen under the condition of 220°C
for nearly 3 h to get Fe3O4 NPs with a large number of
carboxyl groups on the surface. Also, the addition of NaOH
(25 M) in the system could regulate the particle size of MNPs
in the range of 30–180 nm (Figures 4A–F). The MRPCs from
this method are homogeneous, the monodisperse is satisfied
with the accurate and controllable particle size which presents
superparamagnetic and high saturation of the magnetic
intensity at RT. However, the synthesis conditions are

FIGURE 4 | TEM images of MNPs. The average diameters of the MNPs can be controlled from 30 to 180 nm (A–F) by increasing the amount of NaOH (25 M) in the
system. Reprinted with permission from Ge et al. (2007). Copyright© 2007 John Wiley and Sons.
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relatively difficult to control, and the yield is not high, which
limits its further application.

In recent years, the one-step method has gradually become
mainstream for the synthesis of MNPs. It has become
increasingly popular to use simple and one-step methods for
MNPs. This kind of method is generally used to combine the
reaction precursor and pour it into the hydrothermal reaction
kettle with a Teflon inner gallbladder at a certain temperature.
Because of its simple operation, controllable conditions, and good
repeatability, it is an ideal method to synthesize MRPCs MNPs.
He’s group (Yang et al., 2016) and Yin’s group (Ge et al., 2007)
used nearly the same raw materials to produce the high-stability
MNPs (Figure 5A) through the simple thermal solvent “one-step
method.” Because more PAA could be bound to the particle
surface and crevices under the condition of a hot solvent and the
prepared Fe3O4@PAA colloidal aqueous solution can maintain a
high surface charge (−30 mV) in a longer period (30 days)
(Figure 5B) while maintaining a relatively wide moving range
of diffraction peaks after 3 months of storage (Figure 5C). In this
case, at the same time, under the condition that the consistency of
the product quality is assured, it could increase the reaction
system by nearly 20 times and 2 g products could be obtained at
most once (Figure 5D), which might increase the possibility for
the industrialization and wider application of MRPCs.

In another one-step method, Chen et al. (Wang et al., 2010)
used ferrocene as the iron source to obtain the Fe3O4@C after the
reduction of hydrogen peroxide (Figure 6A). The particle size of
this method was homogeneous. Carbon nanostructures rich in
carboxyl groups were uniformly coated on MNPs surface in the
process of synthesizing MNPs, and this inert carbon coating
greatly enhanced the stability of NPs colloids. After 8 months of
storage in ethanol, the colloidal suspension still had a clear color

response in the MF (Figures 6B–E). However, the temperature
reaction time of this method was up to 72 h, which would reduce
productivity.

FIGURE 5 | (A) TEM image of a 138 nm Fe3O4 CNC sample; (B) Evolution of zeta potential values of Fe3O4 CNCs dispersed in deionized water during storage for
30 days; (C) Reflection spectra of the 123 nm Fe3O4 CNC sample in aqueous suspension after storage for 3 months under different MFs achieved by changing the
sample–magnet distance from 7 to 3 cmwith a step of 0.5 cm; and (D) Themass yield and particle size of Fe3O4 CNCs obtained by hydrothermal reactions with different
amounts of EG. Reprinted with permission from Yang et al. (2016). Copyright© 2016 Royal Society of Chemistry.

FIGURE 6 | (A) Schematic of synthesis of carboxyl-functionalized
magnetite/carbon core/shell nanoparticles; Black dot represents magnetite
nanocrystals; red ring symbolizes the carbon; (B) Reflection photographs of
the CNPs solution without MF; and (C–E) Reflection photographs of the
CNPs solution under an external MF (0.20 T) with different stored time: (B,C)
0 m; (D) 4 m; (E) 8 m. Reprinted with permission from Wang et al. (2010).
Copyright© 2010 Royal Society of Chemistry.
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Another simple “one-step method” for synthesizing of MRPCs
is the employment of hexahydrate ferric chloride as an iron
source (Luo et al., 2014), sodium acetate to provide alkaline
conditions, and PVP as a surfactant, the mixture is poured into
the hydrothermal reaction kettle for 10 h after forming
homogeneous solution in glycol. This method is simple, rapid,
and the obtained particle size was easy to control. Dong (Dong
et al., 2016) used the conical bottle, which was commonly used in
the laboratory and instead of the inner gallbladder of the
hydrothermal reaction kettle, directly as a container for high-
temperature reactions; and it could effectively rule out the
possibility of pollution caused by repeated use of the reaction
kettle and greatly reduces the cost of the experiment. However,
the feasibility and safety of this method is required to be further
verified.

At present, most of the synthetic temperature of MNPs is
around 200°C. Almost all of the solvents used to dissolve the
precursors are organic solvents with high boiling points, such as
ethylene glycol (EG), diethylene glycol (Wang W. et al., 2015),
and acetone (Jia et al., 2015). Whereas, Liu (Liu et al., 2015)
prepared the water-dispersible monodisperse hollow Fe3O4

microspheres via a one-pot hydrothermal process at RT with
high saturation magnetization value of about 76.7 emu g−1. Due
to its hollow properties, the magnetically induced assembly of
NPs whose maximum particle size of 380 nm in aqueous solution
could be realized and it exhibits great application potential in
biomedicine, MRI agents, and color display areas. Besides, You
(You et al., 2017) synthesized MRPCs by a three-step method.
Firstly, MNPs were prepared by co-precipitation method, and
then sodium lauryl sulfate was used as a surfactant to separate the
MPs from each well. However, these particles did have the
properties of PCs, and they needed to copolymerize with
monomers and crosslinking agents and to form the polymers
in multiple MNPs. With the increase of surfactant concentration,
the magnetic saturation intensity would therefore be increased.
Although the three-step method was relatively complicated, the
generated MNPs could quickly respond to some compounds in
an aqueous solution, which allowed it a great application for
potential in optical sensors.

In the present period, as more attention on new materials,
(i.e., MRPCs) is gradually being paid by researchers, higher
demands are required for the synthesis method and efficiency
of the basic materials. Therefore, it is imperative to develop
synthesis methods that are simple, easy prepare, have easily-
controllable conditions and particle size, and with high
production efficiency.

The Formation of an Ordered Structure of
MRPCs Under EMF
Specific structural colors could be generated by the periodic
arrangement of MRPCs under MFs, even of an ordinary
magnet. The induced color could be randomly controlled by
MF size, particle size, and solvent; and the structural color does
not easily fade. These unique properties grant MRPCs good
application prospects in the fields of anti-counterfeiting, secret
information storage, real-time MF detection, etc. Asher’s group

(Xu et al., 2001a) set an important precedent by reporting Fe3O4@
PS ferromagnetic fluid as early as 2001 (Figure 7). Under the MF,
a regular PCs structure is formed under the drive of the kernel
MNPs. Because of the low saturation magnetization of the
colloidal MNPs, the response to EMF is relatively slow, which
would take a few minutes or even 1 h, so that the wavelength of
MRPCs prepared is narrow and the response time was relatively
longer.

Yin’s group (Ge et al., 2007) has advanced a big step in the
research of MRPCs. The electrostatic repulsion provided by a
large amount of charge on the surface of the Fe3O4 MNPs coated
with PAA could separate MNPs from each other. In this way, a
paramagnetic chain structure is formed rapidly (<1 s) under the
MF. After coating a silicon ioxide shell (SiO2) on the surface, a
large number of silica oxygen bonds can be well dispersed into
organic solvents by controlling the thickness of the silicon shell,
and the diameter of Fe3O4@SiO2 could be adjusted randomly.
The ethanol solutions of Fe3O4 and Fe3O4@SiO2 with different
particle sizes have different structural colors and diffraction
peaks; therefore, the increase of particle size could result in
the redshift of the diffraction peak.

Similarly, due to the different refractive indices in different
solvents, MNPs with the same particle size in different solvents
also showed different structural colors and diffraction peaks in
different solvents under the equivalent EMF. However, the charge
on the surface of NPs is difficult in the long-term storage in the
water, and the surface charge will be reduced due to the
separation of PAA on its surface, resulting in a narrow
diffraction range of the PCs response. In the subsequent
studies, it could be solved by hot reflux closure
polyelectrolytes. Subsequently, the Yin’s group (Ge et al., 2009)
combined the microfluidic technology with MRPCs, using
microfluidic channels to polymerize the nano-level Fe3O4@
SiO2 into tens of micron-sized photon microspheres
(Figure 8A), and the color changes were clearly observed
under the light microscope when the MF was applied (Figures
8B–G). The micron grade of material is very stable, well
compatible with dispersion medium, and capable of rapid
color change with the MF applied, which could be very
suitable for color display, signal identification, biological and
chemical detection, and MF sensor.

Liu’s group (Tang et al., 2018) fabricated a hydrophilic and
size-controllable Fe3O4@poly (4-styrenesulfonic acid-co-maleic
acid) (PSSMA)@SiO2 MRPC by orderly assembling of the core-
shell colloidal nanocrystal clusters (CNC) via a two-step facile
synthesis approach under EMF in aqueous solution. Figure 9A
demonstrates a rainbow-like color effect within 1 s when the
prepared MRPC was placed in a circular shaped disk-like NdFeB
magnet. Figure 9B displays the intensity distribution of the EMF
simulated by COMSOL Multiphysics 5.3. This was the
verification of MRPC formation.

MRPCs relying on the long-range steric hindrance effect were
firstly reported by Guan’s group (Luo et al., 2014). The force is
provided by the macromolecular PVP which wraps the surface of
MNPs. In the organic solvent dimethylformamide, with the
increase of the MF, the reflection peak was blue-shifted with a
width of 280 nm which has been considered as the widest
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diffraction peak displacement of the MRPCs reported in the
organic phase. Whereas the diffraction peaks of NPs with the
same particle size only shifted 238 and 200 nm in ethanol and
dichloromethane. Both the electric field and MF are similar
referring to the regulation of MNPs arrangement. Joo (Joo
et al., 2014) reported PCs that can be either induced by MF
and electric field, the hydrophobic group, and the positive charge
modified Fe2O3@SiO2, which could be well distributed in polar
and non-polar solvents. The electrostatic repulsive force can be
balanced with the magnetic dipole attraction between particles,
and a bright color response would occur under EMF. When the
same magnetic colloid solution was injected into the conductive
glass interlayer, the structure colors were similar to those in EMF
which could be assembled under the electric field due to the
repulsive force of the electric field. As same as the MF, along with
the increasing of the electric field, the diffraction peak also takes a
blueshift.

Induced byMF, theMNPs of MRPCs with different particle sizes
are characterized as periodic permutations of dielectric constants.
Chen’s group (Hu et al., 2012) mixed Fe3O4@C MNPs with two
different particle sizes in EG solution, and then sealed the result in
polydimethylsiloxane gel film in the form of micron droplets. After
self-assembling by magnetic inducing, MRPCs containing a two-
photon bandgap structure were prepared and successfully achieved
photon toning, which is difficult for ordinary pigments or chemical
dyes to imitate. It could be used as a new type of anti-counterfeiting
identification, and also provides the idea of multi-channel detection
for sensing technology.

Compared with the general magnetic materials, MRPCs not only
have good magnetic response effect but are also characterized as a
monodispersing and periodic arrangement under MF as well as
having good application prospects when combined with other

technology. It was reported liquid fluorescence enhanced
substrates consisting of suspensions of Fe3O4 NPs could assemble
3D PCs under EMF (Hu et al., 2016). Combining the dye molecules
whose incident wavelength overlapping with the PCs photonic
bandgap on the surface of MRPCs, the periodic PCs can provide
a continuous and highly ordered substrate, whereby enhancing the
collection efficiency of fluorescence incident, and reaching each up to
12.3-fold fluorescence enhancement without the utilization of metal
particles (Hu et al., 2016). They also emphasized that the dynamic
modulation and precise control of the photonic bandgap of the
liquid Fe3O4 PC system may significantly contribute to more
accurate and flexible applications of fluorescence enhancement.
Kwon’s group (Kim et al., 2012) modified amino on the surface
of Fe3O4 wrapped in silicon shell and further coated the shell
structure of Au NPs. It also reported that, under EMF, the
magnetic core could cause the promotion of Au NPs to form a
periodic one-dimensional chain structure, and the introduction of
the Au NPs has expanded the application of MRPCs in localized
surface plasmon resonance, such as the surface-enhanced Raman
matrix construction (Liu et al., 2017), whereby the orderly structure
makes the MRPCs difference from general magnetic materials, and
can significantly improve the sensing Raman signal by the coupling
of the core-shell structure owing to the high surface to volume ratio
of PC beads as well.

The Non-Spherical Materials Self-Assemble
Into PC Structure Under EMF
Besides the spherical magnetic materials, the non-spherical
materials, such as elliptic and fusiform, also can be quickly
assembled into PCs under magnetic induction. Clays’s group
(Ding et al., 2009) prepared the elliptical and densely packed

FIGURE 7 | Response of superparamagnetic PCCA film to a 2.4 kOe MF with a 3.2 kOe/cm gradient. Reprinted with permission from Xu et al. (2001). Copyright©

2001 John Wiley and Sons.
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Fe2O3@SiO2 by direct convective self-assembly with the aid of
EMF (Figures 10A–E). The PCs of this cube lattice have a bright
structural color, and the color takes a blueshift when the axial
proportion of ellipsoid is larger. Ellipsoidal NPs have special
properties under MF due to their unique structure which could
respond to the direction of the MF. Accordingly, Fe@SiO2 nano-
ellipsoids as anisotropic building blocks. Wang (Wang M. et al.,
2015) employed the ellipsoidal FeOOH@SiO2 colloidal solution
to respond to the direction of applying the MF. When the

direction of the MF which used to be perpendicular to the
incident angle becomes parallel to the incident angle, the
diffraction peak takes a blueshift up to 210 nm. Compared
with the spherical magnetic colloidal solution which only has
two colors on the Halbach magnet array (Wang et al., 2013), due
to its response to the different MF directions of ellipsoidal special
structure, three different color responses could occur on the
Halbach array (Figure 10F).

Klöckner (Klöckner et al., 2017) modified the surfactant outside
the fusiform Fe3O4 nano-rod to enable a large amount of charge on
its surface. The space resistance repulsion generated by the outer
wrapping polymer could effectively reduce the aggregation of NPs
and show good dispersibility so that it can be very well dispersed in
any solvent.With the incident angle of 45°, the “meteor” shape could
be observed in an optical microscope under the MF, which
intuitively shows that the fusiform magnetic sphere could also be
arranged in the direction of MF so as to form a periodic PCs
structure (Figures 10G,H).

He’s group developed, tailored, and assembled ellipsoidal
particles into PC supraparticles (PCSs) with unusual non-close-
packed structures with a spatially confined magnetic assembly
strategy (Liu J. et al., 2019) which exhibits anisotropic optical
properties and multiple magneto-optical responses. Based on the
above-mentioned, the periodic structure of PCs is not confined to
the spheres, and the formation of PCs by non-spherical magnetic
material under the MF also further have validated the regulation of
MNPs by the MF. This non-spherical material has shape-dependent
physical and chemical properties, which could provide new ideas for
the composition and display of non-spherical MRPCs photons, such
as a color display that can be used to detect the direction of MFs.

Yin’s group (Li et al., 2021) reported the construction of
magnetite nanorods by magnetic assembly into tetragonal
colloidal crystals and demonstrated that the assembly method
caused the nanorods to be assembled along a size-dependent
critical angle rather than the simple end-on attachment. The
unconventional assembly manner was determined by the coupled
shape and magnetic anisotropy and it led to the non-close-packed
and hard-contact phase. The novelty of thework lies in preparing the
body-centered tetragonal colloidal crystals by manipulating

FIGURE 8 | (A) Synthetic procedures for the magnetochromatic
microspheres. When dispersed as emulsion droplets, superparamagnetic
Fe3O4@SiO2 core/shell particles self-organize under the balanced interaction
of repulsive and attractive forces to form one-dimensional chains, each
of which contains periodically arranged particles diffracting visible light and
displaying field tunable colors. UV initiated polymerization of the oligomers in
emulsion droplets fixes the periodic structures inside the microspheres and
retains the diffraction property; (B–G) Optical microscopy images (500×) of
magnetochromatic microspheres with diffractions switched between “on”
(B,D,F) and “off” (C,E,G) states by using EMFs. These microspheres are
prepared using (B,C) 127, (D,E) 154, and (F,G) 197 nm Fe3O4@SiO2 colloids.
Reprinted with permission from Ge et al. (2009). Copyright© 2009 American
Chemical Society.

FIGURE 9 | (A) Photo of the rainbow-like colors effect displayed with a
NdFeB magnet with circular disk shape. Inset: A bottle of Fe3O4@PSSMA@
SiO2 CNCs without magnet placed (5 mg/ml in aqueous solution and the size
is 220 nm). (B) The EMF strength distribution simulated by COMSOL
Multiphysics 5.3. Copyright© 2018 American Chemical Society.
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FIGURE 10 | (A) 3D model of an assembled colloidal crystal of ellipsoidal building blocks with the aspect ratio of 1.5; (B–E) SEM images of different crystalline
planes. Scale bars: 2 mm. The figure insets show themodels of the corresponding crystalline planes. Reprinted with permission from Ding et al. (2009). Copyright© 2009
John Wiley and Sons; (F) Digital photo showing the photonic response of nano ellipsoids encapsulated in a flat glass tube under a non-ideal linear Halbach array. The
scale bar corresponds to 5 mm. Reprinted with permission fromWang M. et al. (2015). Copyright© 2015 JohnWiley and Sons; (G–I) Polarized optical microscope
images with crossed polarizers showing (G) dispersions of NRs functionalized with PDEGMEMA in excess P(DEGMEMA-b-DOPA), (H) its alignment under an applied
external MF; and (I) the rotation of the external MF by 45°. The scale bar in all images is 50 mm. Reprinted with permission from Klöckner et al. (2017). Copyright© 2017
Royal Society of Chemistry.
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magnetic interactions of various anisotropically shaped
nanostructures which are actively tuned by changing the
magnetic field direction.

The Non-magnetic Materials
Self-Assembling Into PC Structure
Under EMF
Non-magnetic materials in magnetic fluids have similar
properties to magnetic materials under MFs, therefore not
only magnetic materials but also non-magnetic materials

could be arranged and assembled into ordered structures
under EMF so as to form PCs structures. Non-magnetic
liquid mixed with magnetic colloids could become anti-
magnetic liquids, this concept was first proposed by
Skjeltorp (Skjeltorp, 1983). It was proposed that the non-
MPs incorporated into the magnetic fluid were named
magnetic holes forming a variety of different lattices. He
(He et al., 2010) investigated the phase transitions of the
diamagnetic liquid containing the PS microspheres using
EMF. Non-magnetic polymer beads measuring 185 nm
were assembled into PC structures, from 1D chains to 3D

FIGURE 11 | (A,B) Reflection spectra of the 1 mm thick film of mixed PS beads and ferrofluid solution in response to an external MF with varying strengths. The
volume fractions are 4% for both PS and Fe3O4; (C,D) Time-dependent reflection spectra of the 1 mm thick liquid film of mixed PS and ferrofluid solution in response to
anMF of 2530 Gwith a gradient of 2500 G/cm. TheMFwas removed at 3 min 30 s. The volume fractions are 4% for both PS and Fe3O4. Reprinted with permission from
He et al. (2010). Copyright© 2010 American Chemical Society. (E) The brownmixture of the PS colloids and the ferrofluid shows a blue, green, yellow, and red color
in an MF of 650 Gauss, where the PS size is 311, 348, 397, and 470 nm, respectively. (F) The reflection spectra of the colloidal assemblies in ferrofluids with various
magnetite volume fractions (Fe3O4%); (G) The influence of the Fe3O4% on the reflection wavelength. Reprinted with permission from Ge et al. (2012). Copyright© 2012
Royal Society of Chemistry.
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assemblies as determined by the interplay of magnetic dipole
force and packing force.

The structural color could be significantly blue-shifted with
increasing MF (Figures 11A,B). Also, the intensity of the
diffraction peak continuously keeps rising within 3 min and
30 s after the application of a strong MF (2500 Gs), and even
continued to 6 min after the removal of MF, could be up to a
maximum of 83%, which is far beyond the maximum of
magnetically induced material and then slowly decreases
within 20 min (Figures 11C,D). In short, this is the entire
process of magnetization and demagnetization of PS
microspheres with negative charges on the surface of the
magnetic fluid. They also demonstrate the magnetic assembly
of Janus PCSs with increased complexity from a colloidal mixture
of nonmagnetic spheres and magnetic ellipsoids (Xiao et al.,
2021). According to these studies, PS microspheres can also
respond well under EMF, which provides new technical means
for the magnetic control of non-MPs.

Asher’s group (Xu et al., 2002) employed a 134 nm PS sphere
and a mixed colloidal solution of Fe3O4 or Co3O4 to form a PC
under MF, but the assembly time was as long as 60 min due to its
low contents of magnetic material. Besides, Deng (Deng and Li,
2013) observed the dynamics of the formation of different
structures by assembly of non-magnetic spheres, i.e., micro-
sized PS microspheres and nano-sized Fe3O4 magnetic colloid
under an EMF. When MF is parallel to the direction of the
incident light, PS microspheres were arranged from the original
random distribution to the chain-type arrangement under MF.
Along with the repulsion shown by the adjacent chains this
structure has a certain threshold value for the MF strength;
when applying a vertical MF, PS microspheres attracted each
other along the direction of the MF to form a short chain
structure. Subsequently, Ge (Liu et al., 2012) synthesized PS
with different particle sizes (311–477 nm). Under the weaker
MF (650 Gs), PC structural color changes from blue to purple
with the increase of particle size (Figure 11E). The peak intensity
of non-magnetic PS first increased and then decreased with the
increase of the concentration of the magnetic fluid solution,
reaching the highest value at 3% (Figure 11F), and the
wavelength decreased continuously with the increase of the
concentration of the magnetic fluid solution (Figure 11G).
The non-magnetic PCs of this system are relatively stable as
they still exhibit good reproducibility after multiple repetitions,
and they could also maintain consistent peak intensity under a
continuous 60-min MF.

The assembly of non-magnetic materials in magnetic fluids is
fast and efficient. However, due to the natural adsorption of
MNPs by MFs, it could only remain stable in liquids for a certain
period. Recently, Ge’s group (Zhang et al., 2017) prepared micro-
scale SiO2 inverse opal by emulsion polymerization and UV-
curing on the previous basis and then mixed it with the magnetic
fluid (Figure 12A). Under the MF, the response time decreased
with the increase of the MF strength, showing an exponential
correlation (Figure 12B); whereas the reflectivity increases with
increasingMF intensity which is linearly correlated (Figure 12C).
This system could simultaneously detect the relevant MF strength
of both the indicator response time and reflectivity. The

minimum detectable MF is 5.4 mT. The principle of this
magnetometer is only magnetic tuning instead of magnetic
assembly; therefore, it has subtly avoided the shortcomings of
traditional magnetic fluids in measuring magnetic intensity by
using magnetic assembly optical signals in the past, that is,
avoiding the PCs structural colors and reflection peaks being
too sensitive to EMF and also avoiding the reflectivity varies with
the applied MF time (He et al., 2012).

The combination of MRPCs with microfluidic technology and
the artificial aggregation of nanometer PCs into micron scales
have achieved the free control of micron-size PCs. Lee (Lee et al.,
2017) synthesize the “Janus”microspheres microfluidic devices to
include the PS and magnetic balls in equal proportion by the
microfluidic devices. Since half of them were made of magnetic
materials, when the incident light and MF direction was changed
from 0° to 60°, the diffraction wavelength of the other half-formed
PCs would shift accordingly. When the rotation angle is 180°, the
orderly arrangement of PCs disappears instantaneously. This
material not only has a stable PC structure but also has MF
responsiveness; therefore, it could store photon signals and served
as a carrier for biological materials (Shin et al., 2017). The
magnetically induced non-magnetic material has a stable
response signal and responds in a weak MF. Therefore, it has
a good prospect in PCs magnetometer and photon color display.

Research Progress in Response
Application of MRPC
The responsiveness of PCs refers to the influence of external
environmental changes on its photonic bandgap structure. This
responsiveness endows PCs with unique sensing characteristics,
enabling the conversion of various external environmental

FIGURE 12 | (A) Synthesis of hollow ETPTA-TPM IOMs by UV curing the
double emulsion droplet in glycerol and etching the silica content from the shell
of microspheres; (B) Negative correlation between field strength (H) and
quenching time (t); and (C) Positive correlation between field strength (H)
and quenching ratio (−ΔR/R0). Reprinted with permission from Zhang et al.
(2017) Copyright© 2017 Royal Society of Chemistry.
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responses into optical signals. MRPCs have the advantage of
rapid assembly, which attracted much attention in the study of
the responsiveness of PCs. The responsiveness of MRPCs could
be easily classified as physical (temperature, humidity, pressure,
etc.) and chemical (salt ion concentration and small molecule
concentration) responsiveness. Mixing the magnetic material
with a gel (such as acrylamide electrophoresis gel) could
immobilize the MNPs; therein, MPs are induced to self-
assemble into PCs. With the other external conditions such as
strength and direction of the MF are not changed, according to
Bragg’s diffraction law, the periodical changes of PCs caused by
external conditions would lead to the change of λ. If changing one
of the external conditions, it also would be altered of the
diffraction structural color which was visible to the naked eye
in the macroscopic. Due to its special and rapid assembly method,
this kind of MRPCs is widely used in the response of PCs.

Magnetic Induction of Physical
Responsive PCs
Physical parameters such as humidity, temperature, pressure, etc.,
greatly impact the periodic structure of PCs. Yin’s group (Wang
et al., 2014) reported a light-printable rewritable paper based on
color switching of commercial redox dyes which were introduced
as the imaging layer and used titanium oxide-assisted
photocatalytic reactions (Figure 13).

Fe3O4@SiO2 colloidal NPs were immobilized in a PEGDA
array and rapidly magnetically induced to self-assemble into PCs.
After contacting the “ink” of different humidity represented by
the saturated salt solution, the interval diameter of the particles in
the polymer matrix in the contact area increases, contributing to a
redshift of the diffraction peak, and it’s very stable at RT and

normal humidity. In addition, the residual salts on the surface of
the ink-free light-printable rewritable paper could be washed
away by using the distilled water, and the “ink” can also be wiped
off. After it dried, the light-printable rewritable paper would be
returned to its original state and could be recycled at least
20 times (Figures 13A–F). As the poly-N-isopropyl
acrylamide (NIPAM) gels have hydrophilic amide and
hydrophobic isopropyl on the macromolecular chain at the
same time, the cross-linked PNIPAM is characterized as
temperature-sensitive.

Guan’s group (Luo et al., 2017) have developed the first 1-D
magnetic PC balls with tunable lattice constants by fixing
collectively oriented periodical 1-D magnetic nanochain-like
structures in responsive polymer PNIPAM hydrogel balls
under magnetic field (H) and UV irradiation. They employed
PNIPAM as the crystal structure to build the matrix, i.e., the
MNPs and the gel mixture were then injected into the
microinjection solution, and the microsphere-sized polymer
spheres were subsequently prepared by dropwise addition to
induce into PCs in a fixed MF. When the temperature rises
from 10 to 40°C, the structural color changes from red to yellow,
and then to green, and the temperature is inversely correlated
with the wavelength of the reflected peak. Similarly, Wang (Wang
et al., 2016) immobilized the Fe3O4@C in PNIPAM gel. In this
case, the temperature changed in the range of 15–26°C which
initiated a blueshift of 100 nm. The change from green to dark
blue was visible by the naked eye, and the temperature-sensitive
test paper was made with 5-time repeatability.

You (You et al., 2015) mixed the product of polymerization of
Fe3O4@OA with monomer and crosslinker with polyacrylamide
gel, and polymerization is initiated by using EMF, and the
diffraction peak intensity of the obtained product film could

FIGURE 13 | Printing, erasing, and legibility of letters on the rewritable paper. (A) Schematic representation of writing letters on the rewritable paper using
photomask on UV light irradiation; (B) digital images of writing and erasing letters on the rewritable paper; Digital images of rewritable paper maintaining in ambient air
after writing of (C) 10 min, (D) 1 day, (E) 3 days and (F) 5 days. Scale bars, 5 mm. The photomask was produced by ink-jet printing on plastic transparency. The slight
variation in the background was due to the uneven thickness of the film resulting from the manual drop-casting. Reprinted with permission fromWang et al. (2014).
Copyright© 2014 Springer Nature.
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take a blueshift with the stretch of external force and generate a
redshift with extrusion because stretching reduced the interval
between adjacent particles in a self-assembled single chain.
Accordingly, Wang (Wang et al., 2017) offered simultaneous
multicolor displayed on the photopolymerization of hydrogel
under MF. Under a tensile force of 0–12 kPa, with the tensile
force increased the structural color changed from brown to blue,
whereby, a blueshift could reach 250 nm, and a gradient color
card was also made by the change of color with tension. The color
fixed by PCs would not fade over time, with long-term stability
which not only provides a good prospect for real-time pressure
sensing but also broadens the application of PCs hydrogels in
fast-response sensors. Research on MRPCs’ temperature,
humidity, and pressure response properties is an interesting
exploration of the physical response of MRPCs. These rapid,
reversible, and visualized features will broaden the application of
physicochemical sensors, and renewable photonic papers
and inks.

Magnetic Induction of Chemical
Responsive PCs
The uniform and orderly arrangement ofMNPs colloids in anMF
is a dynamic equilibrium system. Changes in conditions in the
system, such as salt ion concentration and compound
concentration, would destroy this dynamic equilibrium and
cause it to be rearranged into a new equilibrium, which would
result in changes in the PCs cycle. The nano-colloids such as
Fe3O4@PAA could build the MRPCs which rely on the
interaction between the surface electrostatic repulsion and the
magnetic dipole force. The electrons in the surface layer become
thinner as the ion concentration increases and the electrostatic
repulsion would also decrease or even disappear. As a result,
when the concentration of salt ions increases to a certain
concentration, MRPCs’ suspension would lose its color
response. While MNPs colloids rely on the long-range
repulsive provided by MNPs surface macromolecule flexible
polymer PVP (Luo et al., 2014), the salt ions have little effect
on their surface spatial conformation, and therefore the long-
range repulsion of the surface remains unchanged. And the
suspension of the MF could be tuned to a wavelength of
700–460 nm with a salt concentration of 0–100 mM. Chen’s
group (Wang et al., 2016) put the PNIPAM gel immobilized
with Fe3O4@C into the concentration gradient of 200–1,200 mM
NaCl solution. They suggested that with increasing salt ion
concentration, the gel color was gradually changed from green
to dark blue and could be observed by the naked eyes along with
the blueshift of the responsive diffracted wavelength, and the
color response to salt concentration could be completed in a
matter of seconds with good repeatability. The salt ion
concentration test strip manufactured on this principle has the
advantages of fast response and portability and is suitable for
rapid on-site detection.

You (You et al., 2015; You et al., 2016) combined MRPCs with
molecularly imprinted technology with specific recognition to
achieve an optical response to melamine and L-phenylalanine.
The surface of Fe3O4@OA was coated with a molecularly

imprinted polymer, and the holes left after removing the
template molecule had a specific recognition effect on the
template molecule. Under the action of a certain MF, the
specific recognition of template molecules with different
concentrations could be expressed directly through the optical
signal and could be visible to the naked eye. The study was able to
realize the visual detection of 10−2–10–5 mg/ml melamine and
6.0 × 10−7–6.0 × 10–4 ml-phenylalanine, which only took 5 min
with a diffraction shift of 200 nm. Although the response system
is fast and reversible, its stability, specificity, and responsiveness
to actual samples are a long way to go.

At present, although the application of MRPCs’
responsiveness still focuses on some simple physical and
chemical properties, the advantages of MRPCs have been fully
reflected and laid the foundation for their application
development. In the future research of MRPCs, the on-site
rapid detection of environmental pollutants, clinical targets,
and biological macromolecules will be the focus of researchers’
attention and development.

CONCLUSION

In recent years, MRPCs have received more and more attention.
Compared with other materials, it has many performance
advantages: the speedy assembling process which only takes
only a few seconds; the photonic bandgap is easily tuned
which could control the reflection peaks by controlling particle
size, solvent, and MF size, and achieve arbitrary regulation in the
whole spectrum; PCs can be formed in solvents including water
under the MF, thereby broadening their application in the
biological field. Photonic band gaps and colors of MRPCs are
responsive to external environments such as temperature,
humidity, pressure, salt ion concentration, and small molecule
compounds. Macroscopically, these changes could produce
visible color changes in the naked eye. Therefore, MRPCs are
prominent in application in the fields of anti-counterfeiting,
physical and biological sensors, chemical contaminant
detection, and monitoring. Current researches on MRPCs are
still in the exploratory stage and there are still faces many
technical troubles and challenges, including some optical
mechanisms are required to be further explored; further
research is needed to govern the interaction between MRPCs;
currently, most of the researches on MRPCs have stayed in the
field of materials and optics; therefore, the cross-
complementation of multi-disciplinary and multi-disciplinary
fields and the expansion of applications of MRPCs in the
fields of biology and rapid detection are necessary, and they
would become the focuses of future researches.
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