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Abstract—Magnetic bioseparation has been an essential process for decades in all areas of biosciences. A variety of
separation processes are being developed. Recently, much attention is being paid to applying magnetic nanoparticles for
magnetic bioseparation. The purpose of this review paper is to show the importance of magnetic bioseparation by
magnetic nanoparticles. Several synthesis and modification methods of magnetic nanoparticles are documented along
with interactions involved in binding of the biomolecules with magnetic nanoparticles. Some practical examples of
magnetic bioseparation processes are also discussed to show the efficiency of magnetic bioseparation technique.
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INTRODUCTION

The rapidly growing field of biotechnology has a critical need
for simple, fast and high-throughput processes for the extraction
of biomolecules from suspended solution. Isolation and purifica-
tion of various biomolecules such as proteins, DNAs, antibodies,
nucleic acids and antigens in highly purified form is a challenging
task [1]. Several bioseparation techniques have been proposed as
advanced alternatives to the classical separation methods: precipi-
tation, centrifugation, chromatography and ligand fishing. Among
these, ligand fishing is a technique where a target is immobilized
on a solid support and used for fishing out ligands from the com-
plex mixtures [2,3]. For example, magnetic nanoparticles (MNPs)
coated with protein A or protein G were used to isolate proteins
expressed in cellular extracts [4]. However, in most of the reported
ligand fishing studies, ligand fishing has been followed by prepara-
tive stage isolation and identification separately, those are elusive,
time-consuming and hamper structural information [3]. These chal-
lenges can be overcome by magnetic bioseparation technique, like
using MNPs. Magnetic bioseparation is simple, robust and versatile
in operation, receiving tremendous attention in biomedical appli-
cations due to important properties of magnetic nanoparticles such
as low toxicity, biocompatibility and large surface to volume ratios
[5]. In addition, all the separation steps of magnetic separation can
take place in a single test tube [6]. The interaction between MNPs
and targeted molecule with a magnetic force enables separation of
targeted molecules, and this is the major advantage of magnetic bio-
separation [7].

New functionalized MNPs were developed for separation pro-
cesses in the field of life sciences. Due to the possibility of controlling
the surface properties and their magnetic characteristics, they can
be easily withdrawn out of the solution. Magnetic nanoparticles
adsorb the desired product on the surface and selectively separate
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it from the solution. Among several MNPs, super-paramagnetic
Fe;O, nanoparticles are potentially employed because of their on-
off nature of magnetization with and without an external mag-
netic field. This may help biomolecule transport. In addition, they
are found to be non-toxic with well-established synthetic methods
[8]. The size of MNPs can also be controlled easily, ranging from
few nanometers up to tens of micrometers, comparable to those of
cells (10-100 um), proteins (5-50 nm) and genes (2 nm wide and
10-100 nm long) etc. [9].

The surface of MNPs is often modified with numerous biocom-
patible molecules such as polymers, organic and inorganic materi-
als to provide colloidal stabilities to MNPs [10]. In the absence of a
magnetic field, modified MNPs show no sedimentation or aggre-
gation in solution. Coating of MNPs can also be designed to facili-
tate conjugation of MNPs with the desired biomolecule. Specific
targeting can possibly be done by the conjugation of specifically tagged
antibodies, antigens or other molecules. For example, immunospe-
cific MNPs have been successfully developed to separate red blood
cells, bacteria, lung cancer cells and breast cancer cells etc [8].

The purpose of this review is to summarize magnetic biosepara-
tion process using MNPs. Advantages and disadvantages of numer-
ous synthesis techniques for MNPs are discussed along with modi-
fication processes. Furthermore, driving forces involved in the bind-
ing of MNPs with biomolecules such as protein and DNA have
also been documented. A broad list of magnetic purification and
isolation processes are described in detail, which will help the readers
to select the optimal MNPs and the separation procedures.

BASIC WORKING PRINCIPLE OF MAGNETIC
BIOSEPARATION

Bioseparation processes for specific biomolecules are found to be
useful in almost all areas of biosciences and currently become one
of the most valuable applications of MNPs. The basic working princi-
ple of magnetic bioseparation is comparatively simple compared to
other conventional methods. The simplified magnetic separation
system (Fig. 1), includes the following steps; [11]
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Fig. 1. Schematic diagram of bioseparation by magnetic nanoparticles.

1) Synthesis of MNPs: First step for magnetic separation is the
synthesis of MNPs that involve specific synthesis steps to get speci-
fied MNPs based on the target molecules. Several synthesis meth-
ods are discussed in section 3.

2) Modification of MNPs: After synthesis, MNPs are modified
to inhibit MNPs reactions and agglomeration in the aqueous phase,
which is a precondition for medical applications. Surface modifi-
cations endow MNPs with multifunctional properties such as bio-
compatibility; colloidal stability; and biotargeting.

3) Adsorption step: Modified MNPs (mMNPs) are mixed well
with the target molecules present in the sample solution and the mix-
tures are incubated for few minutes. The mMNPs will bind with
target molecules.

4) Separation step: Switching on the magnetic field retains the
mMNPs along with target molecules, while undesired molecules

are separated.

5) Several washing steps: Washing buffer is allowed to enter into
the column. The mixture is passed through several on-off magnetic
field cycles. During the off-period, mMNPs with target molecules
again suspended, while during the on-period, they are recollected
from the washing buffer.

6) Elution steps: After washing, the target molecules are recov-
ered by the addition of elution buffer.

7) Recycling step: After each separation, the MNPs are then in-
cubated with a specified solution to introduce fresh binding sites
for the next separation, i.e., washing of magnetic core-shell Fe;O,@
SiO,@poly(styrene-alt-maleic anhydride) spheres enriched with
Ni-NTA using EDTA solution release Ni**. The particles are then
incubated with Ni(CH,;COO), solution to introduce fresh Ni-NTA
sites for the next separation [12].

Table 1. Comparison of physical, chemical and microbial synthesis methods for MNPs

Methods Advantages Disadvantages References
Physical Gas phase deposition Easy to synthesize MNPs Difficulty in particle size control [15]
methods  Electron beam lithography ~ Good control over inter-particle spacings ~ Expensive [16]
Sol-gel synthesis Precisely controlled size and aspect ratio ~ Weak bonding and high permeability [19]
Coprecipitation Simple in operation and efficient Low purity [20]
Chemical Hydrothermal synthesis Controlled particle size and shapes High reaction temperature and pressure [21]
methods Oxidation method Uniform size and narrow size distribution ~ Small sized colloids [22]
Electrochemical method Control over particle size Reproducibility [23]
Sonochemica‘l. . Narrow particle size distribution Synthesis mechanism still not [24]
decomposition reactions understood
ﬁféﬁ:&? Microbial incubation Lozgf;su}ligilhgdd and good Required large time (18]
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SYNTHESIS OF MAGNETIC NANOPARTICLES

Because of the pronounced potential of MNPs in several appli-
cations, a wide range of synthetic methods have been developed to
synthesize MNPs with the pronounced control over the size, shape,
composition and a wide size distribution [13]. We provide here an
extensive review of different synthesis methods (Table 1) [14]. Physi-
cal methods for MNPs are easy to perform [15] along with good
control over the inter-particle spacing of nanoparticles [16]. Sev-
eral chemical methods are also being developed for the synthesis
of MNPs, such as sol-gel synthesis, chemical coprecipitation, hydro-
thermal and thermal decomposition. Of all existing methodologies,
coprecipitation of iron salts in aqueous medium presents the most
simple and efficient method. In a typical method, a base is added
to precursor solution (ie., solution of ferric and ferrous salt). Sta-
ble suspensions are formed by washing the flocculates with acidic
and basic solutions. Size and shape of nanoparticles can be adjusted
by controlling the experimental conditions: nature of salt, pH of the
solution, ionic strength and reaction temperature [17]. Microbial
method to synthesize MNPs of particular shape and size ensures
high yield at low cost along with good reproducibility. However, it
is a time-consuming process including fermentation processes [18].

MODIFICATION OF MAGNETIC NANOPARTICLES

The biomedical applications of MNPs depend on several fac-
tors related to size, shape, magnetization and biocompatibility [25].
Hence, modification of MNPs is required to protect them from
agglomeration and to sustain their desired properties [26]. For modi-
fications, different coating materials have been studied such as poly-
mers, organic and inorganic materials [10]. Weissleder worked in
different groups to demonstrate the functionality of dextran-coated
monocrystalline [27] and cross-linked iron nanoparticles [28]. They
found that these particles have the potential to be used as multi-
functional imaging agents [29]. Bae et al. (2010) developed effective
heat mediator for cancer hyperthermia by chitosan coated oligosac-
charide-stabilized ferrimagnetic iron oxide nanocubes [30]. These
particles showed efficient antitumor efficacy without serious toxicity
through caspase-mediated apoptosis. Heating ability of these parti-
cles was found to be higher than commercial superparamagnetic
iron nanoparticles. Chitosan has several biological applications due
to high charge density, biocompatibility, ability to improve dissolu-
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tion and low toxicity. Chitosan-embedded MNPs show relatively
low cytotoxicity due to whole surface coverage of particles [31], while
the dextran-coated nanoparticles cause cell death as naked nanoparti-
dles [32].

Hafeli et al. [33], who developed polyethylene oxide (PEO) coated
MNPs, found that PEO tail block length is inversely correlated with
toxicity [33]. Tail length above 2 kDa is suitable for in vivo applica-
tions. Mahmoudi et al. (2009) reported polyvinyl alcohol-coated
MNPs that showed much lower toxicity than uncoated MNPs be-
cause of the substitution with surface saturated particles [34]. Poly
(lactide-co-glycolide) (PLGA) is an approved polymer coating
material for a variety of drug delivery systems [35]. PLGA-coated
MNPs have much superior r, relaxivity than normal superpara-
magnetic iron nanoparticles [36]. Dimercaptosuccinic acid coat-
ing eliminates the toxicity of particles by preventing direct contact
of human dermal fibroblast with these particles [37]. Polyethylene
glycol (PEG) coating produces a shielding effect which reduces the
toxicity [38]. PEG coating may also decrease the uptake of MNPs
by macrophages to increase their circulation time in the blood-
stream for in vivo analysis [39].

Surface silanization is the most commonly used modification
methodology to impart functionalized group over the surface of
bare MNPs to maintain several properties such as increased stabil-
ity, low toxicity, inertness to redox reaction and high responsive-
ness. Various silane molecules are shown in Fig. 2. The main ad-
vantage of silane coating is that coating process can be carried out in
both organic and aqueous medium at medium temperature with
no particular reaction conditions. Silane molecule first being acti-
vated by hydrolyzation follows a condensation reaction between
the Si-OH groups of the silanol and the OH groups on the sur-
face MNPs, which forms a stable bond to the surface [40]. Wu et
al. (2008) synthesized silane-coated 25+5 nm MNPs [41]. A sche-
matic of silane-coated MNPs is shown in Fig. 3. Hydroxyl group
present on the surface of MNPs reacted with methoxy groups of the
silane molecules to form Si-O bonds while leaving the exposed ter-
minal group for the attachment of other molecules. Results show
that silane coating increases the hydrodynamic size of the synthe-
sized particles while maintaining all other properties such as satu-
ration magnetization constant.

Physical and chemical nature of MNPs has decisive effects for
the selection of coating material. Nowadays, inorganic coating by
silica is most widely gaining attention due to several advantages of

Silane molecule: Silanes
basic structure H3CL0 0_/CH3 CI)ACHS OCHs
F >Si? HiC™ O-Si HaCO-Si
~ oo 3 2 " NH 3 S e
: i o HyC._O OCHs /\g’
5'| Tetraethoxysilane (TEOS) Aminopropyltriethoxysilane [APTES) 3-Glycid opyltr (GPTMS)
2 |\ QCHs siCl
OR OR OR HSA/—g—ocHg SiCl, 3
F = organo-functional group OCH;
OR =°'ga;irih:d'°|“'sable ptopropy hoxysil Octadecyltrichlorosilane (OTS) Phenyltrichlorosilane
U

Fig. 2. (Left) Basic chemical structure of silane molecule for silanization reaction with MNPs, (Right) Organo-functional silane molecule
structures contain two different basic reactive groups: an organic hydrolyzable group (OR) and an organo-functional group (F) [40].
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Fig. 3. Physicochemical mechanism for modifying the silane agents on the surface of iron oxide NPs [41].

silica such as colloidal stability, water solubility and photostability
[42,43]. Ding et al. (2012) developed Fe;O,@SiO, core-shell nano-
particles by controlled synthesis via reverse microemulsion method
[43]. They demonstrated that by controlling the size of the aque-
ous domain, the thickness of silica shell can be controlled. At pres-
ent, Stober methods and sol-gel method are the principal choices
to coat iron magnetic nanoparticles with silica. Naeimi et al. (2014)
synthesized Fe;O,@SiO, nanoparticles by a simple and low-cost
method. First, magnetite nanoparticles were synthesized by copre-
cipitation, which follows the silica deposition (to further improve
the stability) by the ammonia-catalyzed hydrolysis of tetraethylor-
thosilicate (TEOS). This work leads to the development of efficient
and reusable catalyst by further synthesis of Fe;O,@silica sulfonic
acid, core-shell composite (Fig. 4) [44]. Moreover, silica thickness
can be tuned from 5-200 nm by controlling the amount of ammo-
nia and TEOS.

For further extended functionality of MNPs@silica, Ma et al.
(2006) reported the synthesis of Fe,O,@silica by modified Stober
method and sol-gel method [45]. Superparamagnetic iron oxide
nanoparticles were first coated with silica to isolate the magnetic
core from the surrounding, which follows the incorporation of the

FeD)  NH,0Ac, N,
+ —_—
90 °C, 60 min

Fe(1II)

1. TEOS/EtOH/H,0
2. NaOH

Fig. 4. Preparation steps for fabricating sulfonic acid-functionalized
magnetic Fe;O, nanoparticles [44].
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dye molecule. This complex showed the improved photostability
and versatile surface functionalities. After silica coating, a profound
decrease in saturation magnetization (M), (about 35 emu-g ), coer-
civity and blocking temperature was observed. It can be seen that
MNPs@silica is a facile coating process [46]. Silica-coated MNPs can
easily attach with several biomolecules as these agents have a siloxy
group at one terminal and another end is free to attach a biocom-
patible group. On the other hand, silane coupling agents inhibit this
type of further attachment process [47].

BINDING OF MNPs WITH TARGET BIOMOLECULE

Proteins are copolymers of twenty-two different amino acids [48]
which vary in the extent of hydrophobicity, hydrophilicity, polarity
and nonpolarity [49]. The nature of amino acids defines the refer-
ence to improve the interactions between biomolecules and MNPs
[50], for further improvement in purification and separation pro-
cesses [51]. Immediately; after the addition of MNPs into the bio-
logical solution, MNPs start binding with protein complexes which
describe the biological identity of nanoparticles [52]. The adsorp-
tion behavior of protein and peptides on the surface of MNPs is
the result of their several interactions such as electrostatic, hydro-
phobic and ligand binding interactions. Other driving forces such
as van der Waals forces may also influence the adsorption of pro-
tein on surfaces of MNPs.

Electrostatic properties of amino acids are important for the ad-
sorption of zwitterion molecules, which is highly dependent on the
pH of surrounding medium (Fig. 5(a)) [53]. With the increase in
pH, there is an increase in anionic character, which increases the
net negative charge of protein, while the decrease in pH increases
net positive charge along with increased cationic character [54].
The electrostatic interaction may also generate due to the presence
of side chain groups along the length of the peptide chain. These
interactions help to orient the protein complexes in specific direc-
tions to form a connection with MNPs to ease their separation [55].
Adsorption of protein with MNPs can be controlled effectively by
controlling the surface charges of the protein complexes, as protein
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Fig. 5. (a) Effect of surrounding environment pH on the nature of protein, (b) and (c) Schematics of electrostatic interaction between nega-
tively/positively charged magnetic nanoparticle and counter charged protein molecule.

complexes have both positive and negative charges. Based on the
net charge of protein molecule, nanoparticles are being selected to
study their binding behavior. Negative or positive charged protein
will bind with counter charged MNPs as shown in Fig. 5(b) and
(©) [55].

Calatayud et al. (2014) studied the role of surface charge of MNPs
to bind with proteins [56]. They synthesized colloids of opposite
charge with same hydrodynamic size; (Fe;O,) core of 25-30 nm
functionalized with (a) positive polyethyleneimine (PEI-MNPs) and
(b) negative poly(acrylic acid) (PAA-MNPs). They found an increase
in the hydrodynamic size of particles after a few seconds of incu-

(a)

bation due to the wrapping of MNPs by protein adsorption. These
results were also found to be consistent with large sized protein [56].
Surface charge may also denature the adsorbed protein. Lynch et
al. (2008) demonstrated the interaction behavior of protein with a
positive, negative and neutral ligand attached nanoparticles [57].
Owens et al. (2006) confirmed the denaturation of the protein mole-
cule in the presence of charged ligand, while neutral ligand retains
the structure of protein [58].

Protein complexes ensemble themselves to incorporate hydro-
phobic residues towards the inside, while hydrophilic groups occupy
outer surfaces. Increasing the hydrophobicity increases the adsorp-

(b)

Fig. 6. (a) Scheme of hydrophobic partitioning modification on the Si-MNPs with various alkyl groups (for n-propyl (C3), n-octyl (C8), n-
dodecyl (C12), and n-octadecyl (C18) groups) as a hydrophobic pocket and various amine groups (x=0, 1 and 2 denotes monoamine,
diamine, and triamine, respectively) as a receptor. TEM image shows the core-shell structured Si-MNPs with 40 nm of average parti-
cle size. (b) Confocal microscopic images of various hydrophobic pocket sized Si-MNPs at pH 4.65 (The scale bar is 4 pm) [60].
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594 H. Fatima and K.-S. Kim

tion mechanism [59]. Chang et al. (2010) showed efficient separa-
tion of protein molecules such as bovine serum albumin (BSA) by
hydrophobic partitioning effect [60]. They demonstrated modified
MNPs having hydrophobic pockets over the silica-coated MNP
surface with various alkyl groups. The separation efficiency was
strongly influenced by salt concentration, pH level and alkyl chain
lengths (Fig. 6). Hydrophobic nanoparticles demonstrate more ad-
sorption efficiency in comparison with hydrophilic nanoparticles.
This suggests the presence of higher number of binding sites in
hydrophobic nanoparticles. This may also happen due to cluster-
ing phenomenon of hydrophobic particles, which forms a distinct
“island’ (act as binding sites for protein) [61].

Furthermore, specific affinity ligand attached nanoparticles also
showed the tendency to bind with the protein complexes, ie., by
dendrimers [62], protein complex binding to quantum dots by
replacing mercaptoacetic acid on the nanoparticle surface [63] and
thiol-containing peptides for gold nanoparticles [64]. Khng et al.
(1998) investigated the behavior of functionalized magnetic parti-
cles attached to the carboxylic acid group [65]. Resulting material
exposed higher surface in addition to the higher density of func-
tional groups, which make them ideal candidates for protein isola-
tion. However, ligand attached molecule must have an affinity as
strong as possible to interact with the target molecules [64,66].

Binding of DNA molecules with MNPs follows the same mech-
anism as with protein complexes. The peculiar interaction between
DNA molecules and MNPs is driven through several interactions
such as electrostatic interaction, hydrophobic interaction, and hy-
drogen bonding. These interactions can be explained by charge den-
sity distribution of DNA molecule. Highest negative charge density
is distributed over the phosphate group that is present on the sur-
face of DNA molecule and in the inner grove [67,68]. Nanoparti-
cles bind to DNA through Fe-O-P bond. [69]. Nanoparticle surfaces
and DNA molecules are mainly deprotonated at the pH values 7.2-
74 [70]. The reduction in pH values may cause protonation of
phosphate groups of both MNPs surface and DNA, which increases
the grafting density [71]. In addition, the lengthening of DNA mole-
cule increases the number of phosphate groups, which ultimately
increases the potential of DNA binding with MNPs [72]. Further-
more, the electrostatic interaction between the cationic nanoparti-
cles and DNA molecules leads to forming extended composite
aggregates through surface recognition [73]. One more strategy to
form DNA@nanoparticle binding involves the formation of the
pre-silanized surface of poly(amidoamine) MNPs, which forms a
stable complex with negative charged DNA via strong electrostatic
interactions [74].

DNA molecules consist of both hydrophobic and hydrophilic
surfaces. Phosphate forming the backbone of DNA is readily avail-
able in water, hence it is considered to be hydrophilic, while nucle-
otides tend to repel water molecules by invading themselves and
are found to hydrophobic. Double stranded DNA molecule exposes
the apolar surface to the water molecules and whole DNA molecule
remains fully hydrated. The relative strength of hydrophobicity for
nucleotides is dependent on the H-bonds between nucleotides and
water molecules. Some bases such as adenine, thymine, and cyto-
sine form a lesser number of H-bonds with water molecules. Ghosh
et al. (2007) demonstrated that hydrophilic nanoparticles can ac-
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commodate more DNA on their surfaces than hydrophobic sur-
faces. Furthermore, electrostatic interactions dominate over the
hydrophobic interactions [75,76]. High-affinity interactions are
often used to form noncovalent specific binding of MNP to DNA
by modifying the surfaces of MNPs through affinity ligands such
as biotin, avidin etc. [74].

MAGNETIC BIOSEPARATORS

The basic geometry of magnetic bioseparators is very simple. The
most conventional magnetic system consists of a small permanent
magnet that is placed near a batch column. A magnetic gradient is
adjusted by controlling the distance between magnet and column
as well as the shape of magnetic poles. Laboratory scale, commer-
cially available batch separators are usually fabricated by embed-
ding magnets within the disinfectant-proof material. Some of the
magnetic systems also have separable magnetic plates to facilitate
the washing of suspended solids. Low separation volume and low
magnetic field gradient generation are the main limitations of these
separators. These problems tend to exert too small a force on indi-
vidual particles and very small accumulation rate. However, the appli-
cation of a magnetic field is easy for such type of separation systems.

Alternatively, flow through magnetic separators can generate high
magnetic force on individual particles. A typical example of such
systems is high gradient magnetic separators (HGMS). For such
systems, the magnetic field can be generated by using different
coils, wires or tapered electrons [77-81]. These separators are char-
acterized by the flow of suspended solution through the separation
system. Characteristically, separation efficiency is increased by pro-
viding a high magnetic region. Typical design of flow through sep-
arators consists of a large column containing magnetic steel wool
or beads inside to create the gradient field as shown in Fig. 7. Steel
wool or beads act as dipole magnets and flux lines enter them es-
sentially perpendicular to them, creating intensive field lines. These
flux lines direct the target magnetic materials towards steel wool or

Feed
I—— — — —= Wash waler

Electromagnet coil

—— 46) —
P— (- 4 ( : ——
Steel wool
Wash — = = = — — -r
Filtrate

Fig. 7. Principle of high gradient magnetic separation [83].
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beads, while nonmagnetic materials pass through the column. In
this way, target materials are retained with magnetic beads, while
nonmagnetic entities pass through the column. The recovery pro-
cess of target products through washing or little vibration without
applying magnetic field follows [82]. A typical example of HGMS
is the separation of red blood cells [83]. Many HGMS systems
have been developed based on the position of the magnet across the
separation column, such as positioning of the magnet along the
side column [84], or both sides [85] or bottom of the column. These
separators are found to be more expensive due to their compli-
cated design, but they give fast separation [86].

WASHING AND ELUTION OF PRODUCTS/
NANOPARTICLES

The possibility of increasing the selectivity by magnetic biosepa-
ration through the use of mild conditions in washing and elution
steps is a well-established practice. After magnetic separation, the
product stream is passed through a number of elution steps. Both
the adsorption and elution mechanisms are primarily governed by
the surface properties such as electrostatic, hydrophobic, hydro-

100 95.34% 95.29% 95.72%

D(%)

0.8 0.9 1.0
NaCl (molL" )

Fig. 8. Desorption BSA from the surfaces of (2-hydroxyethyl)-N,N-
dimethyl-3-(triethoxy) silyl propyl-ammonium chloride-MNPs
experiment [87].
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philic and H-bonding between MNPs and biomolecules. For ad-
sorption, these interactions may result in attractive forces, while for
elution, repulsive forces are activated.

Chen et al. (2014) reported the performance of protein extraction
using hydroxy functional ionic liquids modified on the surface of
silica-coated Fe;O, MNPs. After separation, they recovered the tar-
get protein by adding different concentrations of NaCl solution.
Results shows that with the increase in salt concentration, there is
an increase in desorption efficiencies. They also recovered MNPs in
each run [87]. Fang et al. (2014) developed Fe;O,@SiO,@poly(sty-
rene-alt-maleic anhydride) with or without nitrilotriacetic acid (NTA)
to study their separation efficiency for His-tagged protein (Fig. 9)
[12]. Green fluorescent protein (GFP) was used as a model pro-
tein to demonstrate the separation efficiency of developed MNPs.
They incubated the desired amount of both synthesized MNPs for
10 min and allowed to separate target molecule from the solution
by applying the magnetic field. A decrease in fluorescence inten-
sity was observed for both Fe;0,@SiO,@polymer/Ni-NTA and
Fe;0,@Si0,/Ni-NTA (8.2% and 2.2%, respectively) due to bind-
ing of GFP on both types of NTA-modified magnetic spheres. The
recyclability of both NTA-modified magnetic spheres was also inves-
tigated. After each run of separation, the magnetic spheres were
washed with EDTA solution to clean the exposed surfaces and to
release Ni**.

EXAMPLES OF MAGNETIC BIOSEPARATION

In the field of biology, it is vital to detect, purify and analyze bio-
molecule or other applications, often needing to separate it from
its environment. Among all existing methodologies, magnetic sep-
aration has proven to be convenient for selective separation [88].
Recent studies of MNPs show several successtul methods to con-
trol and probe interactions between synthesized MNPs and bio-
logical molecule [89]. Generally, two methods are common for
isolating protein: conjugation of MNPs with a specific ligand mol-
ecule, and conjugation of MNPs with antibodies. The following
section describes protein isolation in detail by both methods [90,
91]. The early achievement in the separation of protein was done
by employing nickel-nitrilotriacetic (Ni-NTA) functionalized MNPs
to isolate His-tag proteins from cell lysate [92]. Sun et al. (2000)
used mercaptoalkanoic acid to decorate FePt MNPs with the Ni-
NTA complex as shown in [93]. The synthesized MNPs separate

His-tagged GFP by
Fe,0,@SiO,/Polymer/Ni-NTA
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Fig. 9. Fluorescence spectra showing the change of emission intensity of the solutions of His-tagged GFP [12].
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out the His-tag protein from E. coli lysate with high capacity and
selectivity. Overall, the separation protocol is divided into three
steps; 1) addition of synthesized functionalized MNPs into the
suspension, 2) attraction of MNPs from the suspension by using
small magnet, washing them with deionized water to remove un-
bound protein molecules, 3) washing with concentrated imidaz-
ole solution to separate MNPs from target protein to get purified
protein. Target protein covers the exposed surface of MNPs rap-
idly to diminish generally abandoned surface zone that may cause
nonspecific targeting. Xu et al. linked the dopamine and NTA on
iron oxide surface by forming a strong dopamine-NTA bond [94].
The octahedral geometry of oxygen coordinated iron facilitates this
bonding. The subsequent product reacts with NiCl, to form MNP-
dopamine-NTA-Ni*", which facilitates ultimate separation of His-
tag protein with high selectivity. This complex also shows stability
under high salt concentration and heat. In another study, Xiaolan
et al. (2015) developed Ni**-NTA-functionalized magnetic-submi-
cron-particle for site-specific immobilization of 6His-tagged tar-
gets to screen out ligands from the mixture [95]. Zheng et al. (2015)
synthesized phenylboronic acid-Fe;O,@polydopamine (Fe;O,@PDA-
PBA) magnetic microspheres to evaluate the selectivity and bind-
ing capacity of the Fe;O,@PDA-PBA magnetic microspheres by
using standard glycoproteins and nonglycoproteins. They showed
that adsorption capacity of standard glycoproteins, ie. ovalbumin
and catalase from bovine liver, was 160 mg/g and 140 mg/g, which
was 3-8 times higher than for nonglycoproteins, lysozyme, myo-
globin and ribonuclease A and bovine hemoglobin, which were of
25, 57,47 and 20 mg/g, respectively [96]. Bucak et al. (2003) devel-
oped phospholipid-coated colloidal MNPs to recover protein from
protein mixtures. These particles showed high adsorptive capaci-
ties up to 1,200 mg protein/mL adsorbent [97].

Other kinds of separation include antibody attached MNPs, and
these MNPs are especially used for immunoassay. Matsunaga et al.
(2000) found antibody@MNPs for fully automated immunoassay
to determine human insulin [98]. They suggested antibody-pro-
tein A-bacterial magnetic nanoparticles for exact identification of
human insulin by forming guaranteed automated sandwich immu-
noassay. Ouyang et al. produced hemoglobin-functionalized MNPs
to improve human serum amyloid P part (SAP), vitamin D-bind-
ing protein, and serine peptidase inhibitor [99].

DNA separation also uses the same separation processes simi-
lar to protein. Binding of DNA with MNPs is dependent on the

mixtire of lysed celly
Gy & ©H
? Q&

surface properties of both DNA molecule and MNPs. Biao et al.
(2009) developed silica-coated biocompatible nanoparticles for the
isolation of bacterial plasmid DNA from bacterial culture. These
particles have positive surface charge at neutral pH, which facili-
tates easy binding of DNA with MNPs. MNPs respond efficiently
under the influence of a magnetic field to give high separation
yield and high purity of plasmid DNA [100]. Zhao et al. (2013) syn-
thesized water-dispersible salicylic acid-coated magnetic nanopar-
ticles. The synthesized MNPs were first bound with mammalian
cells to separate them from the native solution and further to bind
with genomic DNA by completing one step extraction and another
step separation processes [87]. Yongjun et al. (2013) gave a rapid
detection methodology for Pseudomonas aeruginosa, based on mag-
netic separation. They successfully amplified biotin-dUTP-labeled
DNA fragments of the gyrB gene by polymerase chain reaction
(PCR) and detected Pseudormonas aeruginosa with a detection limit
as low as 7.5fM of gyrB fragments [101]. They further improved
the Pseudomonas aeruginosa detection limits as low as 10 cfu/mL
[102]. Bin et al. (2013) improved efficiency in SNP genotyping ex-
periments using SNP detection system based on MNPs separa-
tion [103]. Xi et al. (2015) used DNA aptamers to construct a che-
miluminescence aptasensor based on magnetic separation system
and immunoassay to detect hepatitis B surface antigen (HBsAg)
from pure protein (detection limit: 0.1 ng/mL), contributing to bet-
ter detection of hepatitis B virus infection [104].

SUMMARY

The concepts of magnetic bioseparation using MNPs have been
developed rapidly due to benefits of advanced nanotechnology,
which enable us to produce specifically modified nanoparticles.
Different kinds of nanoparticles can be synthesized and modified
by various modification processes. Such magnetic nanoparticles
are stable in an acidic environment, not to form agglomerates by
the reduction in associated energy and to possess high surface area
to volume ratio. These modifications provide biocompatible sur-
faces to nanoparticles for further attachment of biomolecules effec-
tively such as protein, DNA, oligonucleotide, enzymes, and anti-
bodies. However, the type of modification material should be care-
fully selected.

Magnetic bioseparation by magnetic nanoparticles exhibits oppor-
tunities to separate and purify biomolecules to further analyze their

(b)

o

Fig. 10. Histidine-tagged protein purification using biofunctional FePt MNPs: (a) NTA-terminated MNPs selectively binding to histidine-
tagged proteins; (b) SDS/PAGE analysis of the fraction of proteins washed off the MNPs by imidazole solution at 10 (lane 3), 80 (lane
4), and 500 mM (lane 5) and the fractions washed off the reused nanoparticles using imidazole solution at 10 (lane 6), 20 (lane 7),

and 500 mM (lane 8) [93].
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functionalities in diagnostics. A high gradient magnetic field is guided
externally to isolate these types of modified magnetic nanoparticles
in addition with attached biomolecule and bioaffinity. Once the
magnetic particles are concentrated, it can release the targeted prod-
uct for further analysis, while the nanoparticles are recovered for
reuse. A combination of magnetic nanoparticles and external mag-
netic field has the potential to develop a strategy to diagnose differ-
ent diseases such as infectious diseases. However, it is still a great
challenge to develop specifically designed nanoparticles controlled
by the surface modification of magnetic nanoparticles and specific
ligand attachment. The ligand attached to the surface of MNPs
possesses the affinity to interact with target product, which facili-
tates their easy separation. However, the use of MNPs is not only
limited to magnetic bioseparation, but these MNPs can also have
their applications in molecular imaging (e.g., MRI) for diagnostic
and hyperthermia for therapy. In the near future, new biosepara-
tion techniques can be developed with novel magnetic separation
processes by utilizing the proper positioning of MNPs under a
magnetic field to use proper magnetic susceptibility of materials.

ACKNOWLEDGEMENTS

This work (grant number NRF-2016R1A2B4008876) was sup-
ported by Mid-career Researcher Program through NRF funded
by the MSIP. Instrumental analysis was from the central labora-
tory of Kangwon National University.

REFERENCES

1. V.L. Dhadge, P.1. Morgado, E Freitas, M. A. Reis, A. Azevedo, R.
Aires-Barros and A. C. A. Roque, J. R. Soc. Interface, 11, 20140743
(2014).

2. M. P. Marszall, W.D. Sroka, A. Sikora, D. Chelminiak, M. Ziegler-
Borowska, T. Siddmiak and R. Moaddel, J. Pharm. Biomed. Anal.,
127, 129 (2015).

3.S. G. Wubshet, I. M. Brighente, R. Moaddel and D. Staerk, J. Nat.
Prod., 78, 2657 (2015).

4. A. Heddini, C.]. Treutiger and M. Wahlgren, Am. J. Trop. Med.
Hyg., 59, 663 (1998).

5.D.T. Nguyen and K. S. Kim, AIChE ], 59, 3594 (2013).

6.1 Safarik and M. Safarikova, Biomagn. Res. Technol., 2, 1 (2004).

7.L-S. Qing, Y. Xue, Y. Zheng, J. Xiong, X. Liao, L.-S. Ding, B.-G. Li
and Y.-M. Liu, J. Chromatogr. A., 1217, 4663 (2010).

8.U. Jeong, X. Teng, Y. Wang, H. Yang and Y. Xia, Adv. Mater, 19,
33 (2007).

9.Q. A. Pankhurst, J. Connolly, S. K. Jones and J. Dobson, J. Phys. D:
Appl. Phys., 36, R167 (2003).

10. K.-S. Kim, Korean J. Chem. Eng,, 31, 1289 (2014).

11. G.S. Demirer, A. C. Okur and S. Kizilel, ] Mater. Chem. B., 3, 7831
(2015).

12. W. Fang, X. Chen and N. Zheng, J. Mater. Chem. B., 20, 8624 (2010).

13.1. W. Nah and K.-S. Kim, Korean Chem. Eng. Res., 53, 627 (2015).

14.]. Xu, J. Sun, Y. Wang, J. Sheng, E Wang and M. Sun, Molecules, 19,
11465 (2014).

15. C. Binns, K. Trohidou, J. Bansmann, S. Baker, J. Blackman, J. Bucher,
D. Kechrakos, A. Kleibert, S. Louch and K. Meiwes-Broer, J. Phys.

D: Appl. Phys., 38, R357 (2005).

16.]. G. King, W. Williams, C. Wilkinson, S. McVitie and J. N. Chap-
man, Geophys. Res. Lett., 23, 2847 (1996).

17.D. Stanicki, L. Vander Elst, R.N. Muller and S. Laurent, Curr.
Opin. Chem. Eng., 8,7 (2015).

18. K. B. Narayanan and N. Sakthivel, Adv. Chem. Phys., 156, 1 (2010).

19. G. Da Costa, E. De Grave, P. De Bakker and R. E. Vandenberghe,
J. Solid State Chem., 113, 405 (1994).

20.Y.1. Kim, D. Kim and C. S. Lee, Physica B: Condensed Matter, 337,
42 (2003).

21.E Chen, Q Gao, G. Hong and J. Ni, J. Magn. Magn. Mater., 320,
1775 (2008).

22.Y. Amemiya, A. Arakaki, S.S. Staniland, T. Tanaka and T. Matsun-
aga, Biomaterials, 28, 5381 (2007).

23.L. Cabrera, S. Gutierrez, N. Menendez, M. Morales and P. Her-
rasti, Electrochim. Acta, 53, 3436 (2008).

24.N. Enomoto, J.-i. Akagi and Z.-e. Nakagawa, Ultrason Sonochem.,
3, S97 (1996).

25.D.-W. Park, T. Kim and K.-S. Kim, J. Nanosci. Nanotechnol., 15,
591 (2015).

26.D. T. Nguyen and K.-S. Kim, KONA Powder Part ], 33, 33 (2016).

27.L. Josephson, C.-H. Tung, A. Moore and R. Weissleder, Bioconju-
gate Chem., 10, 186 (1999).

28. P Wunderbaldinger, L. Josephson and R. Weissleder, Acad Radiol.,
9, S304 (2002).

29.C. Tassa, S.Y. Shaw and R. Weissleder, Acc. Chem. Res., 44, 842
(2011).

30. K. H. Bae, M. Park, M. ]. Do, N. Leg, J. H. Ryu, G. W. Kim, C. Kim,
T. G. Park and T. Hyeon, ACS Nano., 6, 5266 (2012).

31.J-H. Park, K-H. Im, S.-H. Lee, D.-H. Kim, D.-Y. Lee, Y.-K. Lee,
K.-M. Kim and K.-N. Kim, J. Magn. Magn. Mater., 293, 328 (2005).

32.C.C. Berry, S. Wells, S. Charles and A. S. Curtis, Biomaterials, 24,
4551 (2003).

33.U.O. Hifeli, J.S. Riffle, L. Harris-Shekhawat, A. Carmichael-
Baranauskas, E Mark, J. P. Dailey and D. Bardenstein, Mol. Pharm.,
6, 1417 (2009).

34.M. Mahmoudi, A. Simchi, A. Milani and P. Stroeve, J. Colloid
Interface Sci., 336, 510 (2009).

35.C. Xu, D. Miranda-Nieves, J. A. Ankrum, M. E. Matthiesen, J. A.
Phillips, I. Roes, G. R. Wojtkiewicz, V. Juneja, J. R. Kultima and W.
Zhao, Nano Lett., 12, 4131 (2012).

36.]. H. Maeng, D.-H. Lee, K. H. Jung, Y.-H. Bae, L-S. Park, S. Jeong,
Y.-S. Jeon, C.-K. Shim, W. Kim and J. Kim, Biomaterials, 31, 4995
(2010).

37. M. Auffan, L. Decome, J. Rose, T. Orsiere, M. De Meo, V. Briois, C.
Chaneac, L. Olivi, J.-L. Berge-Lefranc and A. Botta, Environ. Sci.
Technol., 40, 4367 (2006).

38.H. Zhou, K. Tao, ]. Ding, Z. Zhang, K. Sun and W. Shi, Colloids
Surf. A Physicochem. Eng. Asp., 389, 18 (2011).

39.Y. Zhang, N. Kohler and M. Zhang, Biomaterials, 23, 1553 (2002).

40. L. Treccani, T. Y. Klein, E Meder, K. Pardun and K. Rezwan, Acta
Biomater., 9, 7115 (2013).

41. W. Wu, Q. He and C. Jiang, ChemInform, 40, i (2009).

42.N. Erathodiyil and J. Y. Ying, Acc. Chem. Res., 44, 925 (2011).

43.Y. Chen, Q. Yin, X. Ji, S. Zhang, H. Chen, Y. Zheng, Y. Sun, H. Qu,
Z. Wang and Y. Li, Biomaterials, 33, 7126 (2012).

Korean J. Chem. Eng.(Vol. 34, No. 3)



598 H. Fatima and K.-S. Kim

44. W. Wu, Q. He and C. Jiang, Nanoscale Res. Lett., 3, 397 (2008).

45.D. Ma, J. Guan, E Normandin, S. Dénommée, G. Enright, T. Veres
and B. Simard, Chem. Mater., 18, 1920 (2006).

46.1.]. Bruce, J. Taylor, M. Todd, M.]. Davies, E. Borioni, C. Sangre-
gorio and T. Sen, J. Magn. Magn. Mater., 284, 145 (2004).

47.S.T. Selvan, T. T. Y. Tan, D. K. Yi and N. R. Jana, Langmuir, 26, 11631
(2009).

48.H. Churchill, H. Teng and R. M. Hazen, Am. Mineral., 89, 1048
(2004).

49. M. Hayes, L. Cuttle, M. Kempf, J. Fraser and R. Kimble, A method
of treatment, Google Patents (2006).

50.1. A. Mudunkotuwa and V. H. Grassian, Langrmuir, 30, 8751 (2014).

51.]. Y. Park, E. S. Choi, M. J. Baek and G. H. Lee, Mater. Lett., 63, 379
(2009).

52.S. Tenzer, D. Docter, J. Kuharev, A. Musyanovych, V. Fetz, R. Hecht,
E Schlenk, D. Fischer, K. Kiouptsi and C. Reinhardt, Nat. Nano-
technol., 8, 772 (2013).

53.].-E Lambert, Orig Life Evol. Biosph., 38, 211 (2008).

54.S.P. Schwaminger, P E Garcia, G. K. Merck, E A. Bodensteiner, S.
Heissler, S. Guiinther and S. Berensmeier, J. Phys. Chem. C., 119,
23032 (2015).

55.N. L. Burns, K. Holmberg and C. Brink, J. Colloid Interface Sci., 178,
116 (1996).

56. M. P. Calatayud, B. Sanz, V. Raffa, C. Riggio, M. R. Ibarra and G.E
Goya, Biomaterials, 35, 6389 (2014).

57.P. Aggarwal, . B. Hall, C. B. McLeland, M. A. Dobrovolskaia and
S.E. McNeil, Adv. Drug Deliv. Rev., 61, 428 (2009).

58.D. E. Owens and N. A. Peppas, Int. . Pharm., 307, 93 (2006).

59. B. Alberts, A. Johnson, J. Lewis, M. Raff, K. Roberts and P. Walter,
Ann. Bot., 91, 401 (2002).

60.]. H. Chang, J. Lee, Y. Jeong, J. H. Lee, I ]. Kim and S. E. Park, Anal.
Biochem., 405, 135 (2010).

61.S. Lindman, I. Lynch, E. Thulin, H. Nilsson, K. A. Dawson and S.
Linse, Nano Lett., 7, 914 (2007).

62.Y. A. Wang, J.J. Li, H. Chen and X. Peng, J. Am. Chem. Soc., 124,
2293 (2002).

63.X. Gao, W. C. Chan and S. Nie, J. Biomed. Opt., 7, 532 (2002).

64.R. Lévy, N.T. Thanh, R.C. Doty, I. Hussain, R.. Nichols, D.].
Schiffrin, M. Brust and D. G. Fernig, J. Am. Chem. Soc., 126, 10076
(2004).

65.H. P. Khng, D. Cunliffe, S. Davies, N. A. Turner and E. N. Vulfson,
Biotechnol. Bioeng., 60, 419 (1998).

66. L. Fabris, S. Antonello, L. Armelao, R. L. Donkers, E Polo, C. Toni-
olo and E Maran, J. Am. Chem. Soc., 128, 326 (2006).

67.]. Woda, B. Schneider, K. Patel, K. Mistry and H. M. Berman, Bio-
phys. I, 75, 2170 (1998).

68.P. K. Weiner, R. Langridge, J. M. Blaney, R. Schaefer and P. A. Koll-
man, Proc. Natl. Acad. Sci., 79, 3754 (1982).

69.T. Daou, S. Begin-Colin, J. Greneche, E Thomas, A. Derory, P. Bern-
hardt, P. Legaré and G. Pourroy, Chem. Mater., 19, 4494 (2007).

70. M. Pavlin and V. B. Bregar, Dig. J. Nanomater. Bios., 7, 1389 (2012).

71.P. Roonasi and A. Holmgren, Surf. Interface Anal., 42, 1118 (2010).

72.N.G. Holm, G. Ertem and J. P. Ferris, Orig Life Evol. Biosph., 23,
195 (1993).

73.S. Srivastava, B. Samanta, P Arumugam, G. Han and V. M. Rotello,
J. Mater. Chem., 17, 52 (2006).

March, 2017

74.T. G. Park, J. H. Jeong and S. W. Kim, Adv. Drug Deliv. Rev., 58,
467 (2006).
75.P.S. Ghosh, G. Han, B. Erdogan, O. Rosado, S. A. Krovi and V.M.
Rotello, Chem. Biol. Drug Des., 70, 13 (2007).
76.]. M. Kinsella, DNA templated magnetic nanoparticles, ProQuest
(2007).
77.C.H. Ahn, M. G. Allen, W. Trimmer, Y.-N. Jun and S. Erramilli,
J. Microelectromechanical Systems, 5, 151 (1996).
78.A. Rida, V. Fernandez and M. Gijs, Appl. Phys. Lett., 83, 2396
(2003).
79.T. Deng, M. Prentiss and G. M. Whitesides, Appl. Phys. Lett., 80,
461 (2002).
80. I. Safarik and M. Safarikova, Biomagn. Res. Technol., 2, 7 (2004).
81.C. Lee, H. Lee and R. Westervelt, Appl. Phys. Lett., 79, 3308 (2001).
82. M. A. Gijs, Microfluidics Nanofluidics, 1, 22 (2004).
83.L.R. Weatherley, Engineering processes for bioseparations, Elsevier
(2013).
84.N. Xia, T. P Hunt, B. T. Mayers, E. Alsberg, G. M. Whitesides, R. M.
Westervelt and D. E. Ingber, Biomed. Microdevices, 8, 299 (2006).
85.R. Rong, J.-W. Choi and C.H. Ahn, ]. Micromech. Microeng., 16,
2783 (2006).
86.E. Furlani, Y. Sahoo, K. Ng, J. Wortman and T. Monk, Biomed.
Microdevices, 9, 451 (2007).
87.Z. Zhou, U.S. Kadam and J. Irudayaraj, Anal. Chem., 442, 249
(2013).
88.L. Lu, X. Wang, C. Xiong and L. Yao, Sci. China Chem., 58, 793
(2015).
89.H. Gu, K. Xu, C. Xu and B. Xu, Chem. Commun., 941 (2006).
90. M. Yaneva and P. Tempst, Anal. Chem., 75, 6437 (2003).
91. C.-H. Teng, K.-C. Ho, Y--S. Lin and Y.-C. Chen, Anal. Chem., 76,
4337 (2004).
92. P Jain, M. K. Vyas, ]. H. Geiger, G. L. Baker and M. L. Bruening,
Biomacromolecules, 11, 1019 (2010).
93.S. Sun, C. Murray, D. Weller, L. Folks and A. Moser, Science, 287,
1989 (2000).
94.C. Xu, K. Xu, H. Gu, R. Zheng, H. Liu, X. Zhang, Z. Guo and B.
Xu, . Am. Chem. Soc., 126, 9938 (2004).
95.X. Yang, X. Hu, C. Chen, G. Long, ]. Wu, D. Tan, Y. Li, Y. Feng, J.
Pu and E Liao, Nanosci. Nanotechnol Lett., 7, 486 (2015).
96.]. Zheng, Z. Lin, L. Zhang and H. Yang, Sci. China Chem., 58,
1056 (2015).
97.S. Bucak, D. A. Jones, P.E. Laibinis and T. A. Hatton, Biotechnol.
Prog., 19, 477 (2003).
98. T. Tanaka and T. Matsunaga, Anal. Chem., 72, 3518 (2000).
99. B. Sun, L. Huang, N. Na, D. He and J. Ouyang, Electrophoresis, 32,
2091 (2011).
100. W. Neng-Biao, X. Lian, C. Li-Na, Z. Xian-Sheng and S. Rong-
Sheng, Chinese J. Biochem. Mol. Bio., 10, 958 (2009).
101. Y. Tang, Z. Li, N. He, L. Zhang, C. Ma, X. Lj, C. Li, Z. Wang, Y.
Deng and L. He, J. Biomed. Nanotechnol., 9, 312 (2013).
102.Y. Tang, J. Zou, C. Ma, Z. Alj, Z. Li, X. Li, N. Ma, X. Mou, Y.
Deng and L. Zhang, Theranostics, 3, 85 (2013).
103.B. Liu, Y. Jia, M. Ma, Z. Li, H. Liu, S. Li, Y. Deng, L. Zhang, Z. 1u
and W. Wang, J. Biomed. Nanotechnol., 9, 247 (2013).
104.Z. Xi, R. Huang, Z. Li, N. He, T. Wang, E. Su and Y. Deng, ACS
Appl. Mater. Interfaces, 7, 11215 (2015).



Magnetic nanoparticles for bioseparation 599

Kyo-Seon Kim is currently a Professor of
Chemical Engineering Department at Kang-
won National University, Chuncheon, Korea,
where he has been working from 1989. He
received the B.S, M.S. and Ph.D. degrees in
Chemical Engineering from Seoul National
University, KAIST and University of Cincin-
nati, USA in 1979, 1981 and 1989, respectively.
He worked at Korea Institute of Energy and

Resources as a researcher for 1981-1985. On his sabbatical leaves
from Kangwon National University, he was Visiting Professor at
Mechanical Engineering Research Laboratory, Hitachi, Japan for
1993-1994 and at DuPont Central Research Laboratory, USA for
2003-2004. His research interests are mainly focused on prepara-
tion and modification of nanoparticles for high-functional perfor-
mances and those nanoparticles can be applied for alternative solar
energy development, air pollution control and some medical devices.

Korean J. Chem. Eng.(Vol. 34, No. 3)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


