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Abstract This review (with 144 refs.) focuses on the recent
advances in the preparation and application of magnetic mi-
cro/nanoparticles. Specifically, it covers (a) methods for prep-
aration (such as by coprecipitation, pyrolysis, hydrothermal,
solvothermal, sol-gel, micro-emulsion, sonochemical, medi-
um dispersing or emulsion polymerization methods), and (b)
applications such as magnetic resonance imaging, magnetic
separation of biomolecules (nucleic acids; proteins; cells),
separation of metal ions and organic analytes, immobilization
of enzymes, biological detection, magnetic catalysis and water
treatment. Finally, the existing challenges and possible trends
in the field are addressed.
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Introduction

Magnetic micro/nanoparticles general mean Fe-, Co-, and
Ni- based ferromagnetic elemental, alloy, oxide, or composite
structures. According to the different properties, materials are
divided into three types: paramagnetic, antimagnetic and fer-
romagnetic materials. Paramagnetic materials, whose magne-
tization intensity is proportional to exterior magnetic field and
their susceptibility are positive value. Antimagnetic materials,
whose magnetization intensity also is proportional to exterior
magnetic field, but their susceptibility are negative value. The
magnetization intensity of ferromagnetic materials increases
with the strengthening of exterior magnetic field observably at
the beginning, but when the exterior magnetic field intensity
increases to a value, their magnetization intensity will not
continue to increase, which is saturation phenomenon.
Theoretically, various inorganic materials including Fe;Oy,
v-Fe,03, CoFe,04, MnFe,04, CoPt; and FePt can be used
in microparticles to provide magnetism, among which Fe;04
nanoparticles are most commonly selected because of their
casy availability and superparamagnetism. Ideal microparti-
cles can be easily trapped by an external magnet but appear
individually dispersed when the magnetic field is removed.
Ever since magnetic micro/nanoparticles are known,
their preparation methods and applications have been the
key point of research (Fig. 1). Their preparations can be
divided into physical and chemical methods. The physical
methods mainly are mechanical attrition method, magnetic
materials being ground to a nanometer size, which is easy to
operate but has long production cycle. Nowadays, the
chemical methods primarily involve coprecipitation [,
18], thermal decomposition [19, 20], hydrothermal
[21-26], sol-gel [27-32], and micro-emulsion methods
[33]. On the one hand, some of them are entirely different,
such as coprecipitation method and micro-emulsion
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method, compared with the former one, the latter can avoid
the products to aggregate effectively. On the other hand, the
products prepared by those methods may have same prop-
erties. For example, the products prepared by pyrolysis and
hydrothermally both have the advantages of tunable size
and narrow diameter distribution [19].

Microparticles have good affinity [34, 35] and easy surface
modification. They can combine kinds of functional groups
and bioactive substances, such as enzymes, cells, antibodies,
DNA and so on, by adsorption or covalent bonding. It is easy
for them to separate from medium under external magnetic
field due to their good magnetic conductivity, so they are
widely used in the area of cell separation [7, 36-38], biolog-
ical detection [39—44], enzyme immobilization [45, 46], solid-
phase extraction and targeted drug delivery [8, 25, 47-49].
Moreover, they have good chemical stability, biocompatibility
and biodegradability, which makes them safe in the clinical
applications, so they also are used for MRI [50-53] and
targeting drug delivery. For serious diseases, especially the
premenstrual syndrome and effective treatment for cancer,
microparticles have broad application prospect.

Although a few reviews about micro/nanoparticles have
been reported up to now, those reporters did not focus on their
current status and highlighted applications. Recent advances
in magnetic micro/nanoparticles in this work, are reviewed
detailed and timely, including preparation methods and related
applications. We also speculate on their future and potential
development for their use in biomedical field and sample
treatment.

Preparations

Magnetic nanoparticles are usually embedded in some matrix
or coated with a matrix layer. Generally speaking, the prepa-
ration includes two steps, the preparation of magnetic nano/p
particles and the combination of those particles and the matrix.
Obviously, the nanoparticles prepared by kinds of methods
have variable size (Figs. 2 and 3), which can be controlled
by varying experimental parameters such as reaction time
and temperature. Kim et al. [54] presented a rapid and reliable
method using matrix-assisted laser desorption/ionization time
of flight (MALDI-TOF) mass spectrometry MS in order to
determine the sizes (Fig. 4).

Several methods (Table 1) have been proposed for the syn-
thesis of naked magnetic particles, such as coprecipitation
method, pyrolysis method, hydrothermal method, while other
methods are actually on the purpose of binding magnetic par-
ticles with matrix, such as sol-gel method, and micro-
emulsion method. It is worth nothing that magnetic micro /
nanoparticles are usually coated with a long-chain hydrocar-
bon layer that provides steric repulsion for particles stabiliza-
tion in solvents. The most common methods used for surface

modification of magnetic micro / nanoparticles are ligand ex-
change, ligand addition, and hydrophilic SiO, coating. Many
reagents have been developed for protection/stabilization/
functionalization, such as dopamine, poly (ethylene glycol)
(PEG), 2,3-dimercaptosuccinic acid (DMSA), PEG-
phospholipid copolymer and SiO,.

Coprecipitation method

Coprecipitation is a simple and efficient method for preparing
iron oxide (Fe;0y4, Fe,0s, etc.) and ferrite (Zn-Mn ferrite, Ni-
Zn ferrite, Co-Zn ferrite) widely. In this method, alkaline so-
lution (ammonia, sodium, hydroxide solution) is added into
metallic salt solution as precipitant, making metal ions precip-
itate from the solution. This method has the advantages of
shorter process, simple reaction conditions and higher product
purity. But the agglomeration phenomenon of product will
happen easily during washing, filtering and drying.

The coprecipitation method is most widely used to prepare
ferroferric oxide magnetic microparticles:

Fe?* + 2Fe’t + 80H —Fe;04 + 4H,0

Fe?* with Fe** were mixed up according to certain propor-
tion, and then excess ammonia water or sodium hydroxide
solution was added as precipitant, as a result Fe;04 magnetic
microparticles were made. Kim et al. [1] added sodium oleate
as surfactant to disperse precipitates in the process of prepar-
ing Fe;O4 magnetic microparticles by coprecipitation method,
thus getting monodisperse Fe;O4 magnetic microparticles.
Thapa et al. [18] prepared Fe;O, magnetic microparticles by
coprecipitation method, and they found out that when the
particle size was 10 nm, the magnetic microparticles had best
magnetism. When preparing ferrimagnetic microparticles,
precursor powder was first prepared by coprecipitation meth-
od, and then the final product was fabricated after high tem-
perature solid state reaction.

Pyrolysis method

Magnetic micro/nanoparticles can also be prepared by the
thermal decomposition of precursors such as metal com-
pounds ( Fe(acac)s;, Fe(CO)s, Co,(CO)g and Fe(Cup); (acac
and Cup are acetyl acetone and cup ferrate respectively )) at
high temperature and high pressure. Then they are further
oxidized to magnetic metal oxide nanoparticles. The method
has the advantages of high nanoparticle crystallinity, tunable
size and narrow diameter distribution [19].

Under high temperature, Murray, Sun et al. [20] prepared
ferrimagnetic nanoparticles, whose size ranged from few
nanometers to tens of nanometers, by refluxing ferric acetyl-
acetonate, long chain alcohol, oleic acid, lauryl amine and so
on, with diphenyl oxide as medium.
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Fig. 2 Small magnetic
nanoparticles prepared by (a) in
situ solvothermal synthesis, (b)
sol-gel method, (¢) thermal
decomposition and (d)
microemulsion progress.
Reprinted with permissions: (a, ¢)
from [19, 55] copyright 2003,
2001 American Chemical
Society; (b) from [29] copyright
2008 Elsevier; (d) from [56]
copyright 2005 John Wiley and
Sons

Fig. 3 Large magnetic
nanopatrticles prepared by (a)
one-pot hydrothermal process, (b)
sol-gel method, (¢) solvothermal
method and subsequent calcining
process and (d) self-assembly of
nanocrystal in mixed solvents of
ethylene glycol and water.
Reprinted with permissions: (a, b,
¢, d) from [26, 31, 57, 58]
copyright 2015, 2009, 2009, 2013
Elsevier
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Fig. 4 a Mass spectra of sample a
aliquots drawn from the reaction
solution during heating. For
clarity, the spectra in the mass
ranges of <10.5 kDa (leff) and
>11 kDa (right) have been plotted
using different scales. b TEM
images of the NCs in the sample
aliquots. ¢ Schematics describing
the formation mechanism
proposed on the basis of the ex
situ MS measurements. Reprinted
with permission from [54].
Copyright (2013) American
Chemical Society
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Hydro-thermal method

The hydrothermal method is that under high temperature
and pressure condition of autoclave, with water as reac-
tion medium, those substances, which are usually sparing-
ly soluble and insoluble, are dissolved and react, then
recrystallize, thus getting ideal product. High temperature
is beneficial to improve magnetism, and high pressure is
good to improve product purity. Hydrothermal method
can control the size and shape of particles effectively,
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and particles seldom agglomerate. Besides, the particles
have a good dispersibility [24], and uniform size distribu-
tion [22]. The hydrothermal method can make substances
react in static or dynamic closed environment, and the
latter can speed up synthetic rate greatly due to the mag-
netic stirrer in autoclave.

Chen et al. [21] prepared Fe;O, magnetic microparticles
with different diameters in hydrothermal reaction vessel. Yao
[23] et al. prepared magnetic carbonaceous (MC) microparti-
cles, by two-step hydrothermal reactions.

Table 1  Some preparation methods for MNPs and characteristics of products
Methods Magnetic source Particle ~ Modification Specific Magnetization ~ Superparamagnetic Ref.
size (nm) surface area  saturation values feature
(emu-g )
Hydrothermal-sol-gel method ~ Fe;0, - SiO, 041 cm’g™' 459 Y? [25]
Solvothermal method (Fe[(NH,) » 2COJ¢(NO3);) 20-30  — 587m?.g! - NP [55]
Thermal decomposition v-Fe,04 4-16 - - N [19]
Hydrothermal method FeCls » 6H,0 250-450 — 50.04m>-g ' 767 Y [26]
Sol—gel and electrostatic Fe;04 - SiO, - 11.7 Y [29]
self-assembly method
Modified miniemulsion FeCl,-4H,0 100-200 SiO, - 13.2 Y [10]
polymerization FeCl;
Inverse emulsion polymerization Fe;Oy4 150-250 polystyrene — 22.83 Y 9]
Sol-gel method Fe;04 - SiO, - 34.3-473 Y [31]

#Y: MNPs possess superparamagnetic feature;
®N: MNPs do not possess superparamagnetic feature
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At low temperature, Fe;O4 microparticles assembled by
specific nanoparticles [24] are obtained via hydrothermal
method, and the products still have good dispersibility.
Combined with other synthetic processes, core—shell struc-
tured magnetic composite microparticles with ordered hex-
agonal mesopores, bright luminescence, and high magneti-
zation saturation value are prepared [25]. This multifunc-
tional system shows positive sustained properties by the
surface modification, which can be potentially used as
targeted drug delivery system. More recently, Liu et al. [26]
prepared Water-dispersible monodisperse hollow Fe;O, mi-
croparticles via a one-pot hydrothermal process which exhib-
ited superparamagnetic properties with high saturation mag-
netization value of about 76.7 emu-g ' at room temperature,
and whose bet surface area was 50.04 m > g .

The microwave hydrothermal synthesis method combines
traditional hydrothermal method with microwave field. With
microwave field as heat source, the reaction makes place in
special reactor, through which microwave field can pass.

Solvent-thermal method

The solvent-thermal method is similar to hydro-thermal meth-
od, except the solvent of the former is nonaqueous solution.

Liang [57] et al. firstly prepared a kind of maghemite mi-
croparticles with such high surface area of 82.7 m>g ' by the
solvothermal method and subsequent calcining process.

Recently, Lu et al. [58] synthesized sodium polyacrylate
modified Fe;O04 magnetic microspheres (SPMFMs) with
quasi-superparamagnetic behavior and high saturation magne-
tization by a solvothermal method. The loading capacity of the
SPMFMs for bovine hemoglobin was 95 mg'g ', and 33 % of
the loaded bovine hemoglobin was released in a period of
75 h. The SPMFMs after the adsorption of the organic pollut-
ants can be recycled and reused effectively with a slightly
reduced adsorption capacity. Jiang et al. fabricated magneti-
cally separable BiOBr/CoFe,0, microparticles assembled
from nanoparticles by a facile solvothermal method at
160 °C for 12 h. [59] Zhu et al. reported an immobilization
of Candida rugosa lipase (CRL) onto PAMAM-dendrimer-
grafted magnetic nanoparticles synthesized by a modified
solvothermal reduction method. And this immobilized lipase
exhibited excellent reusability [60].

Sol-gel method

The sol-gel method is frequently performed by preparing sol
with metal organic compound solution or metal inorganic
compound at first, and then the sol is dehydrated under certain
conditions (heating) to get gel, at last nano-scale product is
prepared with the gel after drying and roasting. This method
has the advantages of mild reaction conditions, high product
purity, accurate stoichiometry, simple process and a short

@ Springer

reaction period, and usually used to prepare the core-shell
SiO, magnetic composites [27, 28, 31].

Liu [29] et al. prepared a new kind of magnetic luminescent
nanocomposite (MLNC) particles by a combination of sol-gel
process and electrostatic self-assembly techniques. Xu et al.
[30] prepared Fe;O, magnetic microparticles with different
size after annealing treatment under the vacuum condition of
200 to 400 degrees Celsius. Shao [31] et al. first made a study
on the separation of protein by submicron-size microparticles
grafted with flexible polymer chains. Liu et al. successfully
prepared Silica encapsulated core—shell structured carbonyl
iron (CI) magnetic particles (CI@SiO,) via a facile sol-gel
method based on the silane grafted CI particles, which shows
enhanced property of heat-induced oxidation resistance with
decreased particle density [32]. Xu et al. successfully fabricat-
ed novel core—shell structured magnetic Fe;Oy4/silica nano-
composite with gridlock-copolymer grafted on their surface
(Fe;04@Si0,@MDN) by sol-gel method and a seeded
aqueous-phase radical copolymerization approach. [61] It
has the excellent characteristics of the strong magnetic
responsivity, outstanding hydrophilicity and abundant 7-
electron system.

Micro-emulsion method

The micro-emulsion method has been developed into an ef-
fective method of preparing magnetic microparticles. The
micro-emulsions are transparent, isotropic and low viscosity
thermodynamic stability system, which is made from oil (hy-
drocarbon), water (electrolyte aqueous solution) and surfac-
tant (sometimes with alcohols as cosurfactant.). They are di-
vided into water in oil type (W/O) and oil in water type (O/W).
The droplet size of them is nanometer and the droplet sepa-
rates from each other. The reaction space is limited to this
micro-reactor — droplet. As an example, surfactant succinic
acid-1-ethyl hexyl sodium sulfonate (AOT) dissolving in n-
hexane can become water in oil type reversed-phase
microemulsion system [33]. This method can make particles
avoid agglomerating effectively, so it is easy to prepare mag-
netic microparticles with narrow particle size distribution, reg-
ular shape and good dispersion property.

Zhou et al. [62] prepared Fe;0, magnetic microparticles
with particle size of smaller than 10 nm, which had high co-
ercivity, in the O/W microemulsion system with cyclohexyl-
amine as oil phase, Fe;,SO,4 and Fe(NOs); as aqueous solution.
Chen et al. [2] prepared chitosan/montmorillonite—
Fe;04(CTS/MMT-Fe;0,4) microparticles, a magnetically sep-
arable adsorbent, by microemulsion process.

Sonochemical method

The ultrasonic vaporization bubble produced by ultrasonic
wave [3] can make local high temperature and high pressure
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environment come into being and has micro-jet with strong
impulsive force, which promotes oxidation reaction, reduction
reaction, decomposition reaction, hydrolysis reaction and so
on for preparing micro/nanoparticles. The application of ultra-
sonic technology, there not being special requirements to the
properties of this system, only requests for liquid medium for
energy transmission and has strong universality to all kinds of
reaction medium. Compared with conventional stirring tech-
nology, ultrasonic cavitational effect produces shear action on
agglomeration, which is beneficial to form small particles, and
it makes the uniform mixing of medium easier to be realized,
avoiding inhomogeneous local concentration, improving re-
action rate.

Vijayakumar et al. [4] prepared superparamagnetic Fe;O,
magnetic microparticles with the particle size of 10 nm from
acetic acid ferric salt solution at Ar atmosphere of 0.15 MPa in
the high-intensity ultrasonic wave environment. Gedanken
et al. [63] prepared Fe-Fe;C magnetic microparticles with sta-
bility in air and controllable particle size by this method. Most
recently, Wu et al. [5] prepared magnetic targeted antibiotic
microspheres (MTAMs)with ultrafine size, high biocompati-
bility, biodegradability, controlled-release, and antibiotic ef-
fect by a sonochemical method in the presence of hydrophobic
Fe;0,4 nanoparticles and tetracycline.

Medium dispersing method

The medium dispersing method is a new method for preparing
magnetic micro/nanoparticles with superior thermal stability,
great oxidation resistance, outstanding dispersity and small
particle size. In this method, the usual mediums are nano-
silica, meso-material and nano-ceramic.

Silica as carrier

Hong et al. [64] made ferric nitrate disperse in nano-silica by
mechanical attrition method, then acetic acid was added to
produce ferrite, then the solvent is removed via rotary evapo-
ration following calcining, finally getting y- Fe,05/SiO, com-
posite magnetic microparticles with small particle size,
monodispersity and excellent thermal stability.

Carbon nanotubes as carrier

Since discovered in 1991, carbon nanotubes have become the
hotspot in many fields research such as physics, chemistry,
biology, material science and etc. Its special one dimensional
quantum nanostructure and remarkable properties make it
widely applied in many areas such as machinery, medical
treatment, and electronic industry. Many substances are coated
on the carbon nanotubes or filled in it, endowing it with new
functions. Among them, the composite material of carbon
nanotubes and magnetic microparticles has the excellent

properties of both perfect oxidation resistance and chemical
stability, exhibiting much potential application value, such as
drug delivery, cellular control, catalysis and water purification
detection.

Jiang et al. [55] prepared carbon nanotubes complex coated
with Fe;0,4 magnetic microparticles with the particle size of
20 to 30 nm. Pu et al. [65] prepared the carbon nanotubes
complex tightly coated with Fe;O4 magnetic microparticles.
Kim et al. [66] prepared y- Fe,O3 magnetic microparticles on
the carbon nanotubes wall by medium dispersing method.

Other meso-material as carrier

The meso-material is the porous material with pore size
distribution of 2 to 50 nm. This kind of material has the
advantages of light density, high porosity, good gas perme-
ability and good permselectivity. Zayat et al. [67] chose
Vycor glass as mesoporous support, soaked it in saturated
ferric salt solution for a certain time, and treated it by
heating in air to get Fe,O3 particles, then sample was re-
duced for 3 h in H, 0of 360 °C, at last it was heated for 3 h in
air of 240 °C to prepare y- Fe,O3/ Vycor composite mag-
netic microparticles.

Emulsion polymerization

Emulsion polymerization is that with mechanical stirring,
monomers disperse in water to become emulsion under the
effects of emulsifier, then polymerize initiated by initiator.
At least, the emulsion polymerization system is composed of
monomer, initiator, emulsifier and water.

With controllable particle size and narrow size distribution,
water-soluble microparticles have been investigated for desir-
able application in biotechnology. Liu [68] et al. prepared
magnetic polymer-coated microparticles, which were linked
well with the avidin and fluorescein isothiocyanate (FITC)
antibody. Yang [6] et al. prepared moderately uniform mag-
netic poly methl methacrylate-divinylbenzene-glycidyl
methacrylate(MMA-DVB-GMA) microparticles with better
capacity of protein adsorption by spraying suspension copo-
lymerization. Lu [69] et al. prepared non-porous core-shell
magnetic polymer microparticles with a narrow size distribu-
tion and high saturation magnetization with little remanence
using a novel micro-suspension polymerization technique.
Sun [34] et al. first made a research on a simple one-step
method to prepare magnetic polymer microparticles that have
both controllable morphologies and -NH, groups located on
their surface. Chen [9] et al. reported a new approach to pre-
paring super-paramagnetic magnetite/polystyrene (PSt) com-
posite particles by inverse emulsion polymerization.

Shao [10] et al. prepared monodispersed magnetite/silica
composite microparticles by modified miniemulsion poly-
merization. Zhang [70] et al. firstly prepared magnetic
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composite microparticles by a modified dispersion polymeri-
zation process. And it was found that the microparticles
contained high magnetite contents, which is much higher than
others reported thus far. Zhang [71] et al. prepared magnetic
polymer enhanced hybrid capsules (MPEHCs) from a novel
Picking emulsion polymerization. Later, Zhang [72] et al. pre-
pared submicron magnetic composite microparticles by a new
surfactant free controlled radical polymerization. Salih et al.
prepared streptavidin-modified magnetic monodispersed poly
(2-hydroxyethyl methacrylate) (STV-mag.PHEMA) micro-
particles by multiple swelling polymerization and firstly
adapted STV-mag.PHEMA microparticles as solid support
in a DNA-based protocol [73]. Yuan et al. prepared
superparamagnetic polymer composite microparticles Fe;0,/
P(GMA-AA-MMA) by soap free emulsion polymerization,
which were used to support Schiff base palladium complex.
And the supported magnetic catalyst acted as a true heteroge-
neous catalyst in the Suzuki coupling reactions. Furthermore,
the novel catalyst can be conveniently recovered and reused at
least seven times without significant loss of its catalytic activ-
ity or Pd leaching [74].

From above, in a word, further surface modification is re-
quired to yield hydrophilic particles. There are some of the
strategies followed to achieve this are summarized in Table 2.

The application of magnetic micro / nanoparticles

With the development of magnetic microparticles, they are not
only applicated to be ferrofluids [75—77], their applications
but also have been expanded to a wide range of fields such
as magnetic resonance imaging, magnetic separation,
immobilized enzymes, biological detection, magnetic cata-
lysts and water treatment.

Magnetic resonance imaging

Fe,O3; magnetic micro/nanoparticles have
superparamagnetism, they themselves have no magnetism—
magnetism comes into being under the effect of external mag-
netic field, and it disappears with external magnetic field
disappearing, so they are safe and easy to be controlled in
body. The property can be used for distinguishing healthy
tissues and lesion tissues by the MRI contrast agent.
Superparamagnetic Fe;O, microparticles are injected into
body combine with plasma proteins and are identified by re-
ticuloendothelial cells under the effect of opsonin, and then
the phagocytes of healthy tissues take in them as foreign body.
When imaging, the magnetic microparticles weaken the signal
of corresponding area, making image dark. However, the tu-
mor tissues cannot absorb magnetic microparticles because of
having no healthy phagocytes, forming sparkling spots.

Magnetic micro/nanoparticles are mainly used in those tis-
sues with rich reticuloendothelial cells in MRI, e.g. digestive
tract, liver, spleen and lymph [50, 51]. Moreover, as a kind of
blood-pool agent for perfusion imaging, Fe,O; magnetic mi-
croparticles are also used to diagnose cerebral or myocardial
ischemic patients [52, 53].

Azhdarzadeh et al. [78] engineered super-paramagnetic
iron oxide nanoparticles (SPIONs) for MRI contrast enhance-
ment of colon cancer cells. The cells treated with aptamer-
Au@SPIONSs exhibited a higher death rate compared to con-
trol cells upon exposure to near infrared light (NIR), so
MUCI -aptamer targeted Au@SPIONs are better to be used
as actively-targeted dual-purpose agents for MRI of colon
cancer in a drug-free approach.2 FITC-dextran dye entrapped
and silica coated Gd,O; nanoparticles (NPs) were prepared by
Kumar et al. [79] for dual purpose of optical and magnetic
resonance imaging. Entrapment of dye imparts thermal

Table 2  Routes for transferring to magnetic nanoparticles
Coating Method Examples Ref.
Polymer Miniemulsion polymerization Styrene-co-acrylic acid-co-acrylamide, P(St-co-MAA-co-AM) microparticles®  [34, 68]
Solvothermal method SPMFMs® [58]
Inverse emulsion polymerization Magnetite/polystyrene composite particles [9]
Spraying suspension copolymerization ~ Poly(-MMA-DVB-GMA) microparticles® [6]
Silica Sol-gel method CI@SiO, particles, [29, 31, 32]
PAA-modified Fe;0,@silica core/shell microparticles,
MLNC particles®
Chemical procedure v-Fe,03/Si0, nanocomposite [64]
Gold Hydrothermal treatment Nano-size barium hexa-ferrite particles [22]
Surfactant ~ Chemical solution method Sodium oleate coated Fe;O,4 nanoparticles [1]

4P (St-co-MAA-co-AM) microparticles: polymer( styrene-co-methacrylic acid-co-acryamide) microparticles

® SPMFMs:Sodium polyacrylate modified Fe;0, magnetic microparticles

¢ poly(-MMA-DVB-GMA )microparticles:poly(methylmethacrylate—divinylbenzene—glycidylmethacrylate) microspheres

9MLNC particles: magnetic luminescent nanocomposite particles
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stability to NPs and enhances their fluorescence in comparison
to bare dye. Moreover, particles do not possess cytotoxic na-
ture. Holbrook et al. [80] prepared Gd(I1)-dithiolane gold
nanoparticles contrast agent that accumulates in the pancreas
and provides significant contrast enhancement by MRI to al-
low early detection of pancreatic adenocarcinoma. Significant
contrast enhancement was observed allowing clear identifica-
tion of the pancreas with contrast-to-noise ratios exceeding
35:1. Zhang et al. [81] reported NaHoF, and NaDyF, nano-
particles with modulated sizes (9—40 nm) and shapes (spher-
ical-like, hexagonal prism, rod-like), which is suitable for
high-field MRI. They found that the NaHoF, and NaDyF,
nanoparticles have r, relaxivities of (274.0 £ 6.9) x 10* and
(47673 +160.9) x 10* mMyp ' s per nanoparticle and high
ry/r; ratio of 781 and 410 at a high magnetic field of 9.4 T,
respectively, making them indeed good candidates for high-
field (>3 T) T, imaging contrast agents. A multifunctional
theranostic magnetic mesoporous silica nanoparticle
(MMSN) with magnetic core was developed by Chen et al.
[82]. Platinum(IV) prodrug in MMSNs would be restored to
active platinum(Il) drug after active-targeting endocytosis by
cancer cells in response to the innative reducing microenvi-
ronment in cancer cells. With an external magnetic field, drug
loaded MMSNs showed high contrast in MRI in vivo and
exhibited magnetically enhanced accumulation in the cancer
site. Ni et al. [83] firstly reported high-performance nano-con-
trast agents for ultra-high field MR and CT dual-modality
imaging. They synthesized and explored NaHoF, nanoparti-
cles (NPs) with varied particle sizes as high-performance dual-
modality contrast agents for ultra-high field MR and CT im-
aging. Chen et al. [84] made a novel multifunctional
envelope-type mesoporous silica nanoparticle (MEMSN) sys-
tem with the advantages of pH-responsiveness, non-toxicity
and biological specificity, which is demonstrated for magnetic
resonance imaging (MRI). Watcharin et al. [85] investigated
the possibility of Gd-DTPA and rhodamine 123 (Gd-Rho-
HSA-NPs) -conjugated human serum albumin nanoparticles
for detecting hepatocellular carcinoma (HCC) by T1-
weighted MRI. The new non-toxic biodegradable NP-based
MRI contrast media may provide additional tools for the de-
tection and differential diagnosis of liver lesions, because they
have different pharmacokinetics compared with the currently
used small molecule contrast media. Gd-Rho-HSA-NPs en-
able sensitive detection of HCC by T1-weighted MRI in mice.
And poloxamine coating of the NPs delayed the tumor local-
ization of the NPs.

Magnetic separation
Separation of metal ions and organic analytes

Magnetic beads are widely used for preconcentration of metal
ions and organic analytes. Bunkoed et al. [86] prepared Fe; O,/

MWCNTs/alginate composite sorbent. Respectively, magnet-
ic NPs are good to simple and fast separation of the sorbent,
the 7—7t interactions of the MWCNTs with the aromatic rings
of PAHs and their large surface area facilitate strong adsorp-
tion obviously, and the hydrophilicity of the calcium alginate
cage strengthens the dispersity of the sorbent in the water
sample. So the composite sorbent can successfully applied to
extract polycyclic aromatic hydrocarbons (PAHs) from
(spiked) water samples, which has several attractive advan-
tages of easily preparation and environmentally friendliness,
a convenient and fast extraction procedure, and high extrac-
tion efficiency. And maybe this method can be used to extract
non—polar molecule from water samples. Kifle et al. [87] used
a commercial cyanomodified microparticle-based solid phase
as a sorbent for the retention and elution of ions of the precious
metals Au, Pd, Ir, Pt, Rh and Ru, sometimes in the presence of
nonprecious elements ions. As a result, only Au and Pd (in the
form of their chloro complexes) were retained, and Au has a
much higher affinity for the sorbent than Pd. Obviously, the
method can separate Au or both Au and Pd from hydrochloric
acid solutions containing ions of other elements, which is
proved to have effectiveness selectivity, high stability and
good reusability. Wang et al. [88] used magnetic microparti-
cles (m-MPs) as the separation substrate for immobilizing
target brain natriuretic peptide (BNP), which provides a gen-
eral strategy for screening of specific aptamers against various
analytes. And with the help of BNP-m-MP as immobilization
matrix by SELEX., oligonucleotides are bound to be separated
directly, quickly, and with high efficiency. Yang et al. [89]
synthesized a graphitic carbon nitride (g-C3N,) nanocompos-
ite with magnetite as a sorbent for solid phase extraction of
phenolic acids. In combination with the magnetism of Fe;Oy,
the high affinity of g-C3;N4 for phenolic acids provides an
efficient means for magnetic solid phase extraction. The meth-
od has the advantages of low limits of detection, good linear-
ity, and high recovery, indicating that g- C3N4/Fe;O4 has a
potential application in the separation of phenolic compounds,
organic acids, and even other bioactive compounds containing
carbon-based ring structures, from biological samples.

Separation of nucleic acids

Separating and purifying nucleic acids by magnetic separation
technology follow three steps, adsorption, washing and de-
sorption. Nucleic acids are adsorbed on the magnetic micro/
nanoparticles surface in high concentration denaturant or
PEG. Then those magnetic micro/nanoparticles are separated
from sample solution under external magnetic field. After
washing, purified nucleic acids are obtained through desorp-
tion in water. This method can simplify and quicken the prog-
ress of nucleic acid separation and purification, realizing the
miniaturization, automation and parallelization of nucleic acid
purification treatment. Oster et al. [12] separated DNA from
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1 uL,10 puL,100 uL and 10 mL blood using M-PVA magnetic
beads with 60 % Fe;0,4 and low bonding rate non-specific
protein, that had high yield, Among them, the DNA yield of
10 mL fresh blood was about 200 ~ 300 pug. Zhang [90] et al.
prepared porous magnetic silica microparticles, which were
used as solid-phase adsorbents for the extraction of genomic
deoxyribonucleic acids (DNA) from biological samples.
Zhang [91] et al. modified magnetic silica microparticles and
compared with other magnetic silica microparticles bonded
with epoxide, diol and carboxyl, respectively, the magnetic
silica microparticles surface-modified with silanol groups pro-
duced the highest DNA recovery yields. Shao [10] et al. pre-
pared monodispersed magnetite/silica composite microparti-
cles (Fig. 5).

The silica composite microparticles with high magnetite
content and good uniformity can effectively separate the plas-
mid DNA from its solution under quickly magnetic manipu-
lation. In 2009, solid-phase extraction has been widely report-
ed for the preparation of DNA templates for polymerase chain
reaction (PCR)-based analytical methods [92]. The purified
DNA templates were amplified by PCR for screening of ge-
netically modified organisms (GMOs). The magnetite-loaded
silica microparticles encapsulated with silica shells served as
great adsorbents in extraction and purification of DNA from
raw and processed foodstuffs and the DNA templates obtained
were amplifiable for rapid detection of GMOs in food. Later,
Liu [93] et al. reported a facile approach to synthesizing high-
magnetization y-Fe,Os/alginate/silica microparticles. The
composite microparticles with a typical average diameter of
4.4 m were spherical and superparamagnetic. The products
were convenient to use, reliable, cheap, amenable to automa-
tion, and more importantly, time-saving, which will allow
them to serve as ideal candidates for isolation of DNA, cancer
diagnosis and treatment and drug delivery system. Gao [35]
et al. demonstrated for the first time that the SA (streptavidin)-
CBD (cellulose binding domain)-MCMS (micron-sized
magnetic cellulose microparticles) created an effective affinity
condition on paramagnetic particles that allows for a one-step
isolation of mRNA from eukaryotic cells and tissues.

The basic principle of separating nucleic acids with specific
base pair fragment by magnetic microparticles is that a length
of primer chain is coupled with complementary base pair to

Fig. 5 Schematic illustration of -*— 3
the procedure for synthesis of '*' '*' " te
composite microparticles _*_ *' waier v

* ¥ H Triton X100

embedded with iron oxide
nanoparticles. Reprinted with
permission from [10] copyright
2008 Elsevier

Fe;0, nanoparticles
in TEOS

'*‘ Fe,0, nanoparticles
+—— Triton X-100
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target nucleic acid, and then nucleic acid is separated and
purified with complementary base pairing effect between
nucleic acid molecular. Compared with traditional one, this
method has the advantages of simplicity, speediness and high
selectivity.

Separation of protein

The separation of protein is that modifying magnetic micro-
particles surface with functional groups, which can recognize
target proteins and have the ability of reversible binding of the
functional group, then separating target protein directly by the
operation of affinity adsorption, magnetic field separation,
desorption, washing and etc. It is fast and has high purity
and recovery rate (Table 3).

Obrien et al. [94] coupled imine iminodiacetic acid chelate
copper ion on the surface of pass-free magnetic microparti-
cles, whose adsorption capacity to cytochrome C and hemo-
globin with much histidine was over 200 mg-g . Liu [13]
et al. prepared magnetic silica nanospheres coupled with
organosilane on the surface, which were treated by the
amino-silane coupling agent. Because this kind of microparti-
cles has active groups of -NH, to be transformed to aldehyde
groups, they can easily connect to proteins and enzymes via
Schiff base linkage. Yang [6] et al. prepared moderately uni-
form magnetic poly (-MMA-DVB-GMA) microparticles
modified by ethylene diamine (EDA) with amine groups
which can be easily connected to proteins and enzymes.
Shamim [95] et al. prepared a kind of thermosensitive poly-
mer coated nanomagnetic adsorbents with high protein ad-
sorption of 104 mg-g '. And these thermosensitive nanoparti-
cles were used as a bioseparation tool for the separation of
BSA. The adsorption and desorption was done quickly due
to their high adsorption capacity. Wang [96] et al. prepared
amino-silane modified magnetic composite spheres, which are
the effective supports for bioseparation, and the maximum
bovine serum albumin immobilization capacity of them is up
to 87.4 mg-g ' in 0.1 mol-L ™' phosphate buffer at pH .0. Tsai
[14] et al. found a method of protein detection based on a
competitive immunoassay of magnetic separation in thin
channels using functional magnetic nanoparticles (Fig. 6).
Gasilova et al. chose Cg-functionalized mesoporous magnetic
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Table 3  Magnetic separation for proteins by MNPs

Target Microparticles Adsorption capacity (mg-g ") Ref.
Bovine serum albumin(BSA) Magnetic iron/mesoporous silica composite spheres 87.4 [96]
PNIPAM coated nanomagnetic particles® 104 [95]
Magnetic poly(-MMA-DVB-GMA) microparticles® 70 [6]
Fe;0,@P(DVB-co-CMS)-PDMAEMA composite microparticles® 660 [98]
Amino-silane modified superparamagnetic silica nanospheres 63 [13]
Bovine hemoglobin Cu**-EDTA-Fe;0, particles® 1250 [99]
Healthy human serum Fe;0,@PDA-PBA magnetic microparticles® - [100]
Native haem proteins Non-porous magnetic chelator supports ~200 [95]

#PNIPAM coated nanomagnetic particles: poly (N-isopropylacrylamide) coated nanomagnetic particles

® Magnetic poly (-MMA-DVB-GMA) microparticles: Magnetic poly(methylmethacrylate—divinylbenzene—glycidyl methacrylate) microparticles
¢Fe304 @ P(DVB-co-CMS)-PDMAEMA composite microparticles: Fe;0,@ poly(divinylbenzene-co-chloromethylstyrene) - poly(2-(dimethylamino)

ethyl methacrylate) composite microparticles

4 Cu?* -EDTA-Fe;0y particles: Cu®* - ethylenediaminetetraacetic acid -Fe;0, particles

°Fe;0,@PDA-PBA magnetic microparticles: Phenylboronic acid-Fe;O4@polydopamine magnetic microparticles

microparticles as a sorbent, spatially confined with an applied
magnetic field, which ensures a selective enrichment and anal-
ysis of large hydrophobic peptides (2.5-7 kDa) [97].

The linear range of IgG detection was from 5.0 x 10~ to
1.0 x 107'' M, the detection limit was 3.69 x 102 M, and the
running time was less than 10 min. In addition, selectivities
were higher than 92 % and the relative errors were less than
7 %. The recoveries of IgG spiked in serum were found to be
higher than 94 %. Above results all indicate that this method
can provide simple, fast, and selective analysis for protein.

Separation of cells

Magnetic micro/nanoparticles with specific ligand (antibody)
bonded on the surface are mixed and incubated with cell stock
solution, then they are magnetic separated, finally polymer
micro/nanoparticles are separated from them to realize the

Interpolar gap
4——>

Channel o
=)

height

Magnetic field

a Side view of channel

b Predeposition zone formed

separation of cells. Magnetic polymer microparticles can be
used to separate unwanted cells (negative voltage separation)
and enrich needed cells (normal-phase separation) by choos-
ing different surface specific antibody. Compared with fluo-
rescent activated cell separation method and affinity cartridge
separation method, immune magnetic cell separation method
has the advantages of cheapness, simple operation, no effect
on cell activity and easy amplification operating when needing
to separate a certain kind of living cells. Traditional centrifu-
gation and filtration methods for separating cells need a lot of
shear stress and need breaking cells. This disadvantage can be
overcome by magnetic separation method. The application of
immune magnetic micro/nanoparticles is a revolution in the
history of bioseparation, which is used widely, and it is one of
the typical applications of magnetic micro/nanoparticles.
Poynton et al. [36] fabricated ligands (antibiotic protein,
plant condensation and etc.) bonded on the surface of

C Competitive complex formation

b4 Magnetic nanoparticles labeled with protein A on the surface

B ® Other antigens

@ Micron particles

Fig. 6 Schematic diagram of the competitive immunoassay for IgG detection. Reprinted with permission from [14] copyright 2009 Elsevier

@ Springer



2666

Microchim Acta (2016) 183:2655-2675

magnetic microparticles and separated T cells from bone mar-
row for treating leukemia. Wang et al. [37] made the cyclin
express on the surface of breast tumor cells combine with anti
cycle protein antibody specifically and separated MCF-7
breast tumor cells from serum solution by using
supermagnetic Y- Fe;03-CdSe-ZnS nucleus-shell composite
magnetic microparticles with anti cyclin antibody. Chen [7]
et al. prepared immunomagnetic nanoparticles. The silica-
coated superparamagnetic nanoparticles modified with N-(2-
aminoethyl)-3-aminopropyltrimethoxysilane (AEAPS) were
covalently immobilized with anti-CD34" monoclonal anti-
bodies on the surface, which can rapidly and conveniently
separate the CD34" cells with high efficiency and specificity
than normal ones.

Immobilized enzymes

Immobilized enzymes is a kind of technology of that the en-
zymes limited to a certain area by solid material still can go on
its special catalytic reaction and they can be recycled. As
immobilized enzymes, magnetic microparticles have the ad-
vantages of enhancing the activity and stability of enzyme,
separating enzymes from the system simply and effectively
by magnetic separation method, reducing cost, improving us-
age rate, decreasing the operation in reaction system and mak-
ing them suited to large-scale continuous production. And the
external magnetic field can control the motion mode and di-
rection of magnetic material immobilized enzymes, improv-
ing the catalytic efficiency of immobilized enzymes. Demirel
[45] et al. improved the functions of the popular adsorbing
agent Duolite A568 by a simple process. The products have
become magnetic with the g factor of 3.5. In addition, immo-
bilization capacity for the enzyme was not changed and the
model enzyme activity remains the same as that of free en-
zyme. After activated by thionyl chloride, the magnetic mi-
croparticles with carboxyl on the surface can make peptide
bond with amino [46]. Lei et al. kept papain fixed on magnetic
carrier directly using this reaction and the fixed enzymes had
good catalytic activity and stability.

Sun et al. [101] used Aldehyde- and NHS-activated magnet-
ic microparticles to immobilize trypsin (CHO-trypsin and
NHS-trypsin), and NHS-trypsin provided greater sequence
coverage and identified more peptides for the digestion of bo-
vine serum albumin. A 1-min digestion at room temperature
using the immobilized trypsin also identified more peptides
(96 + 6 vs. 48 £+ 1) and produced higher sequence coverage
(90 +2 % vs. 75 £ 2 %) than traditional free trypsin digestion
for 12 h at 37 °C. Zhang et al. [15] prepared magnetic micro-
particles with carboxyl groups by copolymerization of vinyl
acetate (VAC), acrylamide (AM), and acrylic acid (AA). They
were applied as support to immobilize lipase via physical ad-
sorption and covalent binding (Fig. 7). Microparticles with dif-
ferent hydrophobicities/hydrophilicities had different
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immobilized ratios and different activity recovery. Compared
with microparticles having hydrophilic characteristics, that with
hydrophobic characteristics had a much higher lipase binding
efficiency.

Biological detection

The application of magnetic microparticles mainly is the early
diagnosis on the diseases of bacteria and virus and the detec-
tion to microorganism in water or food. The principle of de-
tection is based on immunoreactions between antigen and
antibody, radiolabelling, fluorescent labeling and so on.
Besides, the combination of magnetic microparticles and bio-
sensor can improve the detection sensitivity of biosensor
effectively.

Hallier-Soulier et al. [39] enriched a kind of protozoa,
which can cause enterogastric diseases in water environ-
ment by immunomagnetic microparticles, detected them
by PCR detection method. And the sensitivity of this meth-
od was up to the level of detecting one oocyst for every
100 mL water. Perez et al. [40] can detect quite low con-
centrated herpes virus and adenovirus in serum with the
help of MRI technology by using the recognition effect
between antigen and antibody, under the influence of the
magnetic microparticles coupled with antiviral antibody to
hydrogen proton spin relaxation time of surrounding water
molecule, leaving out the PCR operation and simplifying
detection process effectively.

In tests of hemolysis, Chen et al. found that the MMPs
displayed the weakest hemolytic activity [41], namely only
about 6 % at the highest concentration (20 mg'mL™"). On
the one hand, polymer-coated MMPs created less toxicity in
red blood cells than uncoated Fe;O4 nanoparticles. On the
other hand, the MMPs were shown to be less genotoxic than
Fe;04 nanoparticles by measuring the micronucleus (MN)
frequency in CHO-K1 cells. Those evidence of low toxicity
presented in the results is indicative of that the Fe;O4-poly(L-
lactide)-poly(ethylene glycol)-poly(L-lactide) (Fe3O4—
PLLA-PEG-PLLA) MMPs had great potential biomedical
applications.

Chen et al. [42] used Fe;0,@MIL-100 core—shell magnet-
ic microparticles, for the first time, as the sorbent for the mag-
netic solid-phase extraction (MSPE) of polychlorinated biphe-
nyls at trace levels in environmental water samples, demon-
strating that the Fes0, @MOF core—shell magnetic micropar-
ticles were promising sorbents in the MSPE of aromatic pol-
lutants from environmental water samples.

The Helminthex™ method [43] is a very sensitive tech-
nique for detection of Schistosoma eggs and exhibits 100 %
sensitivity at 1.3 eggs per gram of faeces, which is enough to
detect even low-level infections. Further understanding the
underlying egg-microparticle interactions would enable a
targeted optimisation of egg-particle binding and may thus
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Fig. 7 Scheme of lipase
immobilization onto support with
moderate hydrophobicity/
hydrophilicity. Reprinted with
permission from [15] copyright
2012 Elsevier
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enable a significant improvement diagnostic sensitivity in
areas with low infection rates.

In a further study, Plichta et al. [44] presented one opinion
that a nanobiosensor based on the use of porous magnetic mi-
croparticles (PMM) as efficient capturing/preconcentration
platform for detection of Alzheimer’s disease (AD) biomarkers.

These PMMs were prepared by a multistep swelling poly-
merization. Novel properties of PMMs in terms of high func-
tionality and high active area available for enhanced catalytic
activity of the captured AuNPs electrocatalytic tags were
exploited for the first time. What is more, the optimized and
characterized PMMs are also applied for the first time for the
detection of beta amyloid and ApoE at clinical relevant levels
in cerebrospinal fluid (CSF), serum and plasma samples of
patients suffering from AD.

Orlov et al. developed dry-reagent immunomagnetic
(DRIM) biosensing platform, which combines the advantages
of immune chromatography with highly sensitive quantifica-
tion of 200-nm magnetic nanoparticles (MP) from the entire
volume of lateral flow membranes, for rapid high-precision
quantitative analyses for simple, rapid and sensitive quantifi-
cation of protein biomarkers for in vitro diagnostics both in
laboratory and near-patient conditions, for food analysis, en-
vironmental monitoring, security, and safety applications
[102].

Magnetic catalysts

Semiconductor photocatalysts, especially TiO,, attract wide
attention of human because of their potential application for
removing all kinds of pollutants in water and air. However,
due to beset by the difficulties of recycling nanoscale TiO,
microparticles from water, their application still remains a
challenge to a great extent now. In order to overcome the
difficulty of separating catalyst, the engineered photocatalysts,
with TiO, coated on carriers (glass beads [103], glass fiber
[104], zeolite [105]) have been reported. However, the small
specific surface area of those carriers used by photocatalysts
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reduces their own photocatalyst activity. Because magnetic
nano-particles have the advantages of high specific surface
area and being recycled quickly and conveniently in the ex-
ternal magnetic field, they are used to be catalyst carrier, mak-
ing the prepared composite TiO, photocatalysts have the good
activity of powdery nanoscale TiO, and easy to be recycled by
external magnetic field, as a result, they are getting more and
more attention.

Beydoun et al. [106] reported the study on the preparation
of magnetically separable photocatalysts with TiO, carried on
Fe;04. Chung et al. [16] prepared the photocatalysts with
NiFe,0, as carrier at high temperature by multistep ultrasonic
injection method. Specifically, a simple and green method for
the deposition of gold nanoparticles (Au NPs) on the surface
of polydopamine (PDA)-encapsulated Fe;O4 nanoparticles
was proposed to fabricate a core—shell Fe;0,@PDA—-Au
nanocatalysts (Fig. 8) [107]. Both the size of Au NPs and
the thickness of PDA layer were tunable to load more Au
NPs with appropriate size on the PDA coating. The Au con-
tent on Fe;04,@PDA—-Au nanocomposites endowed the
nanocatalyst with high catalytic performance in the reduction
of o-nitroaniline to benzenediamine by NaBH 4 (with a con-
version of 99 % in 7 min).

Most crucially, the catalyst can be easily recycled by using
an external magnetic field due to the high magnetization
(39.6 emu-g ') and showed excellent reusability (8 cycles
with a conversion of >98 % for o-nitroaniline).The catalyst
also showed good activity for the reduction of other nitroben-
zene analogs. These were good to the practical application of
the catalyst in reduction of nitroaromatic compounds.

Yang et al. [108] made 1-4-Hydroxyproline successfully
grafted onto the core—shell structural silica magnetic micro-
particles. They found that the synthesized catalyst can be rap-
idly separated from the reaction mixture through an external
magnetic field and reused up to five runs without any obvious
loss of activity, indicating its easy-separated property and ex-
cellent recyclability. Polyvinyl amine coated Fe;0,@SiO,
composite microparticles with a core-shell structure were
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prepared and employed as a magnetic catalyst for
Knoevenagel condensation under mild conditions [17]. The
catalyst can be readily recovered using a magnet and reused
several times without loss in activity or selectivity. The per-
formance of the magnetic base catalyst was compared with
that of polyvinyl amine functionalized mesoporous SBA-15,
which showed that the magnetic nanoparticles gave improved
reaction rate and yield. (PW;, _TH) , multilayer films
(PW,, = PW,,0° 4, TH = thionine) were deposited success-
fully on core—shell structured Fe;0,@SiO, magnetic micro-
particles through layer-by-layer (LbL) self-assembly method.
The microparticles exhibit better photocatalytic activity to-
ward the degradation of methyl orange (MO) under visible
light irradiation than the quartz slides support. In addition,
the use of magnetic support guarantees facile, clean, fast,
and efficient separation of the photocatalyst after the degrada-
tion of MO. Such catalysts can be reused several times and
display good reproducibility by magnetic separation [109].
Jiang et al. prepared novel magnetically MIL-
53(Al)@Si0O, @Fe;0,4 catalysts with different MIL-53(Al)
contents through an in situ method. The results prove that
the catalysts showed the excellent recycle rate and reusability.
And the recovery catalyst can be reused for five times and the
recycle rate remained above 99 % all the time [110]. Li et al.
prepared successfully a ternary magnetic composite of
Fe;0,@Ti0,/Si0, aerogel with good photocatalytic activity
by combining sol-gel and simple hydrothermal methods,
which meant that this material can serve as an efficient and
recyclable multifunctional photocatalyst for the degradation
of hazardous organic dyes in wastewater [111]. Zhang et al.
first prepared Fe;04/TiO, mircospheres by the solvothermal
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method, and then Ag nanoparticles were anchored onto the
out-layer of TiO, by the tyrosine-reduced method. The mag-
netic Fe;04/TiO,/Ag composite mircospheres were used as
photocatalysis for the photocatalytic degradation of methylene
blue [112].

Water treatment

The increasing contamination of surface and ground water by
a wide variety of inorganic and organic pollutants is one of the
major challenges faced by humanity at the beginning of the
twenty-first century. What lead to the emissions of these pol-
lutants, which tend to accumulate in the trophic chain, having
a detrimental impact on ecosystem and our health, are the
development of agriculture, industry and domestical activities.
Magnetic hollow silica microparticles (MHSM) have potential
application for adsorbent of heavy metal ions or organic pol-
lutants. MHSM were successfully synthesized by combining a
sol—gel technology with a low temperature drying by Shen
etal. [113].

Treatment of heavy metal

Up to now, an army of work concerning wastewater treatment
by magnetic micro/nanoparticles has been reported. For heavy
metals, with great adsorption and reusability (Table 4), the
microparticles are usually used to remove Cr(VI) or U(VI)
from an aqueous solution [13, 88-92].

Podzus [114] et al. successfully prepared magnetic chitosan
cross-linked microparticles with mechanical stability. The ap-
plication of this magnetic chitosan for heavy metal ions
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Table 4  Overview of metal detoxification by using MNPs

Target metal ion(s) MNP Modification Diameter (1m) Adsorption capacity (mg-g_l) Ref.
Cr(VD) Fe;04 PVA-PEI 10.39 88.4 [118]
Cr(VI) FeCl; = 6H,0 m-PGMA-PEI 2.27 492.61 [116]
FeCl, = 4H,0

Cr(VI) Fe;0,4 CTS-MMT 100 48.35 2]
Cu(Il) Fe;0,4 Chitosan-CMC 0.0135 21.5 [120]
Cu(Il) Si0,@ Fe304 v-MPTES 0.05-0.07 56.8 [121]
Cu(II) Fe;04 Amino gp - 25.77 [122]
184%)] Fe;0,4 Si0,-AO 0.2 104.97 [117]
CddI) Fe;04 APS and copolymers of AA and CA 0.015-0.02 29.6 [123]
Cddn Fe;0,4 TSH 0.025-0.035 107.5 [124]
Cddn Fe;0,4 carbon 0.2-0.6 71.03 [125]
Zn(II) Fe;04 Dendrimer with amine group - 243 [126]
Eu(Ill) v-Fe,04 Citrate gp 0.0074 0.5 mmol-g ! [127]
Mn(II) Fe;0,4 - 0.008 0.149 [128]

removal appears to be technically feasible and efficient.
Combined with reusability, this material seems to be a good
candidate for wastewater treatment. Ozcan [115] et al. pre-
pared functionalized superparamagnetic particles, which were
an effective extractant for Cr(VI). Chen et al. [27] found that
the extraction quantity of CTS/MMT-Fe;0,4 microparticles
for Cr(VI) decreased with the MMT content, which had high
adsorption capacity and uniform desorption efficiency during
the consecutive three-time adsorption—desorption processes of
CTS/MMT-Fe;04 microparticles, implying that the micro-
particle can be used as promising adsorbents for the removal
of Cr(VI) from wastewater. Following that, Sun et al. [116]
used polyethylenimine-functionalized poly(glycidyl methac-
rylate) magnetic microparticles, whose maximum adsorption
capacity was evaluated to be 492.61 mg-g ', for the removal
of Cr(VI) in batch experiments. And this material can be
reused without significant loss of adsorption efficiency. In
conclusion, this material should be a promising adsorbent
for the removal of Cr(VI) from waste water. Most recently,
Zhao et al. [117] applied the prepared Fe;0,@Si0,-AO to
adsorb U(VI) from aqueous solutions, which exhibited en-
hanced sorption capacity for U(VI) in comparison with
Fe;0,4 coated raw silica. Sun et al. [118] also generated a novel
adsorbent, polyethylenimine-functionalized poly(vinyl alco-
hol) (PVA-PEI) magnetic microparticles, and used them as
adsorbent to remove Cr(VI) from an aqueous solution.
Owing to the large magnetic content, relatively high adsorp-
tion capacity and rapid adsorption rate, the PVA-PEI magnetic
microparticles should be a promising adsorbent in the removal
of Cr(VI) from wastewater. Sun et al. firstly developed a novel
magnetic composite bio-adsorbent, graphene oxide and mag-
netic chitosan-ionic liquids (GOMCS-ILs) for removing
Pb(Il) from water, which demonstrated the potential applica-
tions of GOMCS-ILs microparticles in efficient removal of

Pb(Il) from wastewater and deep-purification of polluted wa-
ter [119].

Treatment of organic pollutants

Compared with the heavy metal wastewater pollution men-
tioned above, Organic wastewater pollution is more common
in the water environment. And organic contaminants such as
phenol and chlorophenols in water have long been a serious
issue to the environment even at a low level due to their resis-
tance to natural degradation. Microparticles have been widely
used for water treatment [57, 58, 129], because their advan-
tages of high surface area, magnetic separation and reusability.

For organic pollutants, Liang [57] et al. prepared a kind of
maghemite (y-Fe,O3) with large surface area, which can re-
move the organic pollutants in water efficiently and be
recycled simply by magnetic separation and regenerated by
ethanol desorption. Li et al. [130] synthesized surface-
imprinted core-shell magnetic beads, which showed outstand-
ing affinity and selectivity towards bisphenol A (BPA) over
structurally related compounds (Fig. 9). Lu et al. [58] prepared
sodium polyacrylate modified magnetic Fe;O4 microparticles
(SPMFMs). After the adsorption of the organic pollutants,
SPMFMs can be quickly separated from the solution by a
magnet in less than 1 min, and they can be recycled and reused
effectively with a slightly reduced adsorption capacity, imply-
ing that the SPMFMs are promising for waste water treatment.
Shi et al. found that, compared with the conventional drinking
water treatment, the treatment with quaternized magnetic mi-
croparticles (NDMP) evidently reduced the concentrations of
dissolved organic carbon, adsorbable organic halogens
(AOX), bromide and disinfection by-products. As it can ef-
fectively reduce pollutant levels and the toxicities of drinking
water, NDMP might be widely used for drinking water
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Fig. 9 Synthesis route of surface-
imprinted core-shell magnetic
beads and their application for
removal of BPA with the help of
an applied magnetic field.
Reprinted with permission from

[130] copyright 2010 Elsevier FesOs

treatment in future [131]. Moreover, Zhou et al. [132] present-
ed that the Fe;0,4 coated SiO, decorated multi-walled carbon
nanotubes (Fe;0,@Si0,—~MWCNTs) adsorbent was a poten-
tial low-cost effective material for pentachlorophenol (PCP)
removal from contaminated wastewater. And Ma et al. [129]
prepared chitosan/kaolin/Fe;0,4 microparticles and used them
as adsorbents for the removal of ciprofloxacin from aqueous
solution. The adsorption capacity of the material showed no
obvious deterioration in four adsorption—desorption cycles at
least. In addition, the prepared microparticles had advantages
of good adsorption capacity, regeneration property, and can be
casily and rapidly separated (removed) from the solution
phase with magnetic force, which improved their potential
application in wastewater treatment. Lin et al. immobilized
laccase onto Cu(Il)- and Mn(Il)-chelated magnetic micropar-
ticles and successfully applied them to remove bisphenol A
(BPA) from water, which showed that metal-ion-chelated
magnetic microparticles have great potential for industrial ap-
plications [133].

Conclusion and prospects

This paper has provided an overview of the synthetic ap-
proaches and highlighted applications of magnetic micro/
nanoparticles. In this review, much work has been performed
to resolve the existing challenges hindering the development
of magnetic micro/nanoparticles.

However, there are still substantial development challenges
and potential applications waiting for exploiting. Although
nano-sized magnetic particles provide a large surface area,
they suffer from low magnetic response in dispersed state.
Considering the limited magnetic susceptibility, particle size
should be increased in a reasonable range to obtained high
magnetic response. Great reduction of microparticles surface
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area is avoidable if mesoporous materials are taken into con-
sideration. Endeavors are also continually needed to provide
low-cost, biocompatible and marketable magnetic micro/
nanoparticles prepared by simple and cheap procedures.
However, when it comes to the preparation of microparticles
with uniform and controlled particle size, good dispersity,
strong magnetic response and large specific surface area, the
method itself and its reproducibility deserves equal attention
and focus.

Multifunctional magnetic composites are interesting new-
comers to the world of magnetic micro/nanoparticles. For ex-
ample, magnetic carbon nanotubes have broad application
prospects in the area of ultra-high density magnetic storage,
environment pollutant treatment [ 134] and microwave absorp-
tion. Although the research on the physicochemical properties
of magnetic carbon nanotubes is extensive, there still has a
host of problems need to be deal with, such as the
micromechanism, formation mechanism and magnetic prop-
erties of the composites. Developing more accurate qualitative
and quantitative characterization technology and preparing
magnetic carbon nanotubes arrays with uniform performance
will become increasingly crucial. Moreover, magnetic micro/
nanoparticles can be used for the magnetic graphene oxide
composites preparation, making graphene functional effec-
tively, and giving it new characteristics and broadening its
applications, such as magnetic targeted drug delivery [135],
MRI [135], solid-phase extraction [136] and waste water treat-
ment [137]. In addition, microparticles have been applied to
metal-organic framework preparation [138], which is used for
magnetic resonance bimodal imaging, and magnetic nanopar-
ticle composite [139] for controlled drug release.

The magnetic nanoparticles are also widely used in bio-
medical applications, such as magnetic targeted drug delivery
system and magnetic resonance imaging, which brings much
gospel to patients. Up to now, MRI has been usually
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applicated to diagnose a certain disease in those tissues with
rich reticuloendothelial cells or cerebral or myocardial ische-
mic patients as a safe and controllable technology. Magnetic
targeted drug delivery system promises to be a breakthrough
point of tumor treatment. At the moment, the system is staying
on the stage from animal experiment to clinical application.
Magnetic targeting treatment used in the area of clinical treat-
ment has been reported in German and America in succession
[140]. There is still a series of obstacles before magnetic drug
is applied to patients, for example, how to enhance the active
targeting properties of carriers by changing their surface prop-
erties, how to protect magnetic drug from being phagocytosed
by reticuloendothelial system (RES) system after drug deliv-
ery through blood vessel, how to avoid adverse reaction
resulting from the accumulation of paramagnetic substance
in blood system and how to track biological metabolic pro-
cesses of magnetic particles and subcellular localization.
Magnetic micro/nanoparticles have brought sample treat-
ment including wastewater and biological products some sun-
shine up to now. Compared to other processing techniques,
microparticles have the advantages with faster analysis in large
volumes of sample treatment [141] and smaller loss in solid-
liquid mixture treatment. But the concerning applications
should not be only connected to their nonspecific physical ad-
sorption. The research focus in the future may be the modifica-
tion of magnetic micro/nanoparticles. For example, molecularly
imprinted polymer on the surface of magnetic micro/
nanoparticles makes them have specific adsorption to different
chemical substances. Therefore, they can remove pollutants
from water samples more selectively and effectively.
Magnetic catalysts, which can be applied in the field of
green chemistry, organic synthesis and sustainable and benign
chemical transformations, may replace traditional catalysts in
the future. Magnetic materials in this field began only in
around 2008 and continue growing increasingly year in and
year out. Magnetic catalysts can be easily, fast and cost-
effectively separated from the reaction medium. And the re-
cyclability and highly stability are the salient features for the
popularity and sustainable applications of magnetic catalysts
[142]. To produce magnetic catalysts endowed with both mag-
netic and catalytic properties, magnetic nanoparticles are often
combined with metal catalysts or enzymes, among which,
surface functionalization of magnetic nanoparticles is a subtly
designed way to bridge the gap between heterogeneous and
homogeneous catalysis. However, they suffer from unwanted
aggregation and high iron leaching which generates undesired
iron sludge and limits their reusability after the treatment
[143]. The former question has been improved by
transplanting catalyst onto pre-synthesized magnetic nanopar-
ticles, as well as by the functionalization and modification of
magnetic nanoparticles, and coating or encapsulating with sta-
bilizing materials such as polymers, ionic liquids and carbon.
But it is challenging whether their persistent activity is

maintained over a period of time due to the poisoning or
leaching of the catalysts in the reactions. Thus, the develop-
ment of new magnetic catalysts demands further research to
overcome these problems [144].

In conclusion, although there have been many exciting
practical and/or potential applications of magnetic micro/
nanoparticles, considerable challenges and issues remain un-
solved. Nevertheless, the whole trend undoubtedly is that fur-
ther utilization of magnetic micro/nanoparticles would poten-
tially lead to a most attractive and promising research area all
over the world.
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