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Abstract Magnetic polymer particles with high and uniform
magnetic content, modified with (3-cyclodextrin (3-CD)
were prepared. The resulting magnetic polymer particles
were characterized by Fourier transform infrared spectrosco-
py (FTIR), powder X-ray diffractometer (XRD), thermal
gravimeter analysis (TGA), scanning electron microscopy
(SEM), Transmission electron microscope (TEM), and vi-
brating sample magnetometer (VSM) measurements. FTIR
and XRD confirmed the presence of iron oxide (maghemite)
and (3-CD in the final magnetic polymer particles. TGA
measurements indicated that the final magnetic polymer
particles have more than 65 % iron oxide content and high
thermal stability. SEM and TEM revealed that all maghemite
particles were embedded in the polymer phase. According to
magnetometry data, shape of the hysteresis loops evidence
the ferromagnetic character of the material and no evidence
of superparamagnetism was seen.

Keywords Magnetic polymer particle - Iron oxide -
[3-cyclodextrin - Encapsulation - Miniemulsion
polymerization

Introduction
Magnetic polymer particles have been widely applied to var-

ious aspects in biotechnology and biomedicine fields, such as
immobilized enzyme, cell separation, protein purification,
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immunoassay, targeting drug, NMR and hyperthermia [1-7].
Furthermore, in recent years, 3-cyclodextrin (3-CD) plays
important roles in many disciplines such as supramolecular
chemistry, analytical chemistry, biomedicine and catalysis
[8—10]. B-CD is a torus-shaped cyclic oligosaccharide
consisting of seven «-1, 4-linked D-glucose units arranged
in a circle with a hydrophilic exterior surface and a hydropho-
bic interior cavity. The special structure affords it remarkable
ability to form inclusion complexes with many organic com-
pounds and biological molecules [11-13]. Because of this
unique supramolecular behavior, 3-CD and its derivatives
including (-cyclodextrin polymers have been extensively
researched in the fields of drug delivery system, separating
and absorption of material, environmental protection devices
and functional catalysts, etc. [14—18]. Recently, researchers
reported several successful designings and preparation
methods of cyclodextrin functionalized magnetic particles or
their spherical aggregates by conjugating cyclodextrin (CD)
units onto the surface of magnetite particles [19-22]. On one
hand, the innermost magnetite particles can sense and respond
to an externally applied magnetic field. On the other hand, the
outermost cyclodextrin moiety can function as inclusion sites
and specific containers for drugs and biomolecules. Generally,
the preparation strategies can be divided into two steps. First,
magnetic particles are surface decorated by modifiers with
active amino groups (—NHy). Then, the previously synthe-
sized cyclodextrin derivatives with some active groups such
as tosylate groups (—OTs) or carboxyl (— COOH) are cova-
lently bonded with amino groups (—NH,) and thus grafted
onto the surface of magnetic particles. However, the synthesis
of used CD derivatives and the surface modification of mag-
netite particles with amino groups (—NH2) are complicated
and the oxidation of magnetic particles cannot be prevented so
effectively. To be successfully used in the above areas, they
should fulfill such requirements as no sedimentation, near
nano-sized distribution, uniform magnetic content, no iron
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leaking and non-toxicity. The common route for synthesizing
magnetic polymer particles is monomer polymerization by
dispersing magnetic particles directly in the liquid phase of a
polymerizable formulation and polymerizing the monomer in
the presence of the iron oxide particles to form magnetic
polymer particles. Several processes have been developed
including emulsion polymerization [23], dispersion polymer-
ization [24], suspension polymerization [25], microemulsion
polymerization [26] and miniemulsion polymerization [27].
To obtain a good dispersion, reaction conditions must be such
that all the iron oxide particles are transferred uniformly into
the resulting particles, or the iron oxide particles must provide
the only site for precipitation of polymers. However, it often
carries the risk of incomplete and non-uniform encapsulation,
in which the resulting particles are usually of uneven sizes,
lack homogeneity and the distribution of iron oxide particles
in the polymer particles is not uniform. Another important
challenge in the preparation of magnetic polymer particles,
especially for their biological applications, is that the magnetic
content of the polymer particles should be large enough for
quick magnetic separation. However, it is difficult to disperse
high concentrations of inorganic hydrophilic particles into
droplets of hydrophobic monomers by those processes based
on direct monomer polymerization. Therefore, the magnetic
content in the polymer phase is usually limited [28, 29]. To
avoid these problems and obtain near nano-sized magnetic
polymer spheres with high and uniform magnetic content, an
indirect process based on miniemulsion polymerization
[30-32] was used.

In this work, an indirect process based on miniemulsion
polymerization was used to preparation of magnetic polymer
particles modified with (3-cyclodextrin.

Experimental
Materials

All materials in this work were used without further purifica-
tion, except styrene (ST, Merck) and divinyl benzene (DVB,
Merck) that were washed three times with sodium hydroxide
solution (5 wt. %) to remove inhibitor, dried over calcium
chloride and stored at 4 °C before use. All other materials
including iron oxide (y-Fe,O3) (brown pigment Bayer 686),
oleic acid (OA, Merck), ammonia (25 wt. %, Merck),
hydrochloric acid (HCI, 36 wt. %, Merck), hexadecane
(Merck) octane (Merck), 2,2'-azobisisobutyronitrile (AIBN,
Merck), 2-hydroxyethyl methacrylate (HEMA, Merck), sodi-
um dodecyl sulfate (SDS, Merck), dimethylformamide (DMF,
Merck), methanol (Merck), acetone (Merck), maleic anhy-
dride (MAH, Merck), acrylamide (AAm, Merck), potassium
persulfate (KPS, Sigma-Aldrich) and 3-cyclodextrin ([3-CD,
Fluka) were used as received.
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Apparatus

The magnetic polymer particles were characterized using
Fourier transform infrared spectroscopy (FTIR), Bruker,
Equinox 55 (Germany); X-ray diffractometer (XRD), Sie-
mens D5000 instrument (Germany); scanning electron mi-
croscope (SEM), VEGA, TESCAN (Czech); transmition
electron microscope (TEM), Philips CM 120 (Poland); ther-
mal gravimetry analysis (TGA), Mettler-Toledo TGA/DSC1
(Swiss) and vibrating sample magnetometer (VSM),
Princeton Applied Research VSM 155 instrument (USA).

Methods
Synthesize of core particles (MPP)

Ten grams of iron oxide powder dispersed in 250 mL of
water. Then 23.2 g of OA was dissolved in 25 mL of acetone
and added to the reaction system followed by 120 mL of
ammonia solution and was stirred at room temperature. After
3 h, the sediment was neutralized by 1 N hydrochloride acid
solution. Then anhydrous ethyl alcohol was introduced to get
rid of the residual OA. Finally, the by product ammonium
chloride was eluted by water from the sediment. After dry-
ing, the coated iron oxide particles were dispersed in the
octane with a iron oxide content of 14 wt. % to form to a
ferrofluid. Next, 14 g ferrofluid with 0.3 g hexadecane con-
stituted the oil phase was added to 24 g water containing
0.7 g SDS. The mixture was stirred for 1 h. Then octane was
carefully evaporated at 80 °C to obtain stable water-based
iron oxide dispersion. At the same time, the styrene mono-
mer miniemulsion was prepared using the following recipe:
3.0 g of styrene,1.0 g of DVB, 0.1 g of AIBN and 0.120 g of
hexadecane were added to a surfactant solution containing
0.036 g of SDS dissolved in 12 g of water and was stirred for
1 h. Finally, the styrene miniemulsion and the iron oxide
dispersion as obtained above were mixed and stirred. After
3 h, 1 g of HEMA dissolved in 20 mL of water and was
added to the reaction mixture and polymerization was carried
out at 80 °C for 16 h with continual stirring at 600 rpm. After
the polymerization reaction was completed, the mixture was
allowed to cooling to room temperature; the sediment was
washed with water and methanol respectively, and dispersed
in the DMF with iron oxide content of 14 wt. %. Then
methanol was carefully evaporated at 80 °C to obtain
DMF-based core particles dispersion.

Synthesis of 3-CD based reactive monomer (3-CD-MAH)

In order to obtain a 3-CD based reactive monomer which can
be copolymerized and cross-linked with acrylamide compo-
nent, a modified 3-CD carrying five vinyl carboxylic acid
groups was designed and synthesized [33]. Specifically,
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Fig. 1 FTIR spectra of a MPP, b MPP-MAH, ¢ 3-CD, d 3-CD-MAH and e MPP-3-CD

5.68 g of 3-CD (0.005 mol) was dissolved in 30 mL of DMF,  vigorously stirring. After the reaction was completed, the
and 4.90 g of MAH (0.05 mol) was added afterwards. The = mixture was allowed to cooling to room temperature, and
mixture solution was heated at 80 °C for 10 h under the then, 30 mL of trichloromethane was added. A white

Fig. 2 Powder XRD pattern of
a bare iron oxide (maghemite),
b B-CD and ¢ MPP-B-CD

Intensity

@ Springer



199, Page 4 of 8

J Polym Res (2013) 20:199

precipitate obtained was filtrated, and washed at least three
times using large amount of acetone, finally, dried in a vacuum
oven at room temperature for 1 day, and 80 °C for 3 days.

Vinyl modification of core particles (MPP-MAH)

In order that to have reactive groups on the core particles
which can be participate in copolymerization of 3-CD-MAH
and AAm to form a hydrogel, a modified core particles
carrying vinyl groups were designed and synthesized. Par-
ticularly, in 30 g of DMF-based core particles dispersion was
dissolved 4.90 g of MAH (0.05 mol). Afterwards, the mix-
ture solution was heated at 80 °C for 10 h under the vigor-
ously stirring. After completion of the reaction, the mixture
was allowed to cooling to room temperature. Then, the
sediment was filtrated, and washed at least three times using
large amount of distilled water, and dispersed in the distilled
water with iron oxide content of 5 wt. %.

Modification of core particles by B-cyclodextrin (MPP-3-CD)

The AAm/3-CD-MAH hydrogels on the core particles were
synthesized by the copolymerization of AAm with 3-CD-
MAH in the presence of vinyl modified core particles water-
based dispersion. Specifically, 0.5 g of 3-CD-MAH was
dissolved in 30 mL core particles water-based dispersion,
and 0.5 g of AAm and 0.01 g of KPS were added afterwards.
The mixture solution was heated at 80 °C for 24 h under the
vigorously stirring. After finishing the reaction, the mixture

was allowed to cooling to room temperature. Then, the
sediment was filtrated, and washed at least three times using
large amount of distilled water, and dispersed in the distilled
water with iron oxide content of 5 wt. %.

Results and discussion

As it is known, magnetic polymer particles modified with f3-
CD have been widely applied to various aspects in biotech-
nology and biomedicine fields. To be successfully used in the
above areas, they should fulfill such requirements as no sed-
imentation, near nano-sized distribution, high and uniform
magnetic content, no iron leaking and non-toxicity. Therefore,
an indirect process based on miniemulsion polymerization
was used. In other words, oleic-acid-coated iron oxide parti-
cles were firstly synthesized and dispersed into water using
sodium dodecyl sulfate as a second emulsifier and hexadecane
as an osmotic agent. The prepared water-based SDS/oleic acid
bilayer coated iron oxide dispersion was mixed with monomer
phase miniemulsion, and a second miniemulsification was
carried out. Subsequently, the polymerization generated poly-
mer particles with iron oxide fully encapsulated [34]. In this
work, similarly the magnetic polymer particles were prepared
with surface decorated by hydroxyl groups, and named as core
particles. The hydroxyl groups on the surface of the core
particle chemically transformed to vinyl groups and at the
same time, aside {3-cyclodextrin derivatives with the vinyl
groups were synthesized. Finally, the vinyl 3-CD monomer
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Fig. 3 TGA thermogram of a MPP and b MPP-[3-CD in N,, at heating rate of 10 °C/min
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in the presence of acrylamide is polymerized onto the surface
of core particles.

The resulting magnetic polymer particles were examined
and characterized using Fourier transform infrared spectros-
copy (FTIR), X-ray diffractometer (XRD), thermal gravim-
etry analysis (TGA), scanning electron microscope (SEM),
transmition electron microscope (TEM) and vibrating sam-
ple magnetometer (VSM).

FTIR spectra of MPP, MPP-MAH, [3-CD, 3-CD-MAH and
MPP-3-CD were shown in Fig. 1. In FTIR spectra of core
particles (MPP) (Fig. 1a), seven signals were distinguished at
581, 1382, 1409, 1713 and 3432 cm ', which were attributed
to the Fe-O, symmetric CH; and CH,, C=0O and OH groups
stretching bands of iron oxide and polymer backbone respec-
tively. By modification of MPP with MAH, a sharp peak was
observed at 1,704 cm ' due to conjugated carbonyl group in
MAH (Fig. 1b) that approved the successful functionalization
of MPP by MAH. Comparing the spectrum of modified 3-CD

Fig. 4 SEM micrograph of a
MPP, b MPP-3-CD, at x45000
magnification

with 3-CD (Fig. lc, d), there is an additional signal at
1,724 cm™' was assigned to the stretching of C=0 in both
carboxylate and carboxylic parts of the molecule. So, it is
verified, functionalization of 3-CD by MAH. At the final step,
the modified 3-CD was copolymerized with AAm on the
surface of MPP-MAH particles and immobilization of 3-CD
onto the surface of magnetic microspheres was confirmed by
FTIR spectra as shown in Fig. le. In resulted MPP-{3-CD,
there are three signals at 555, 1041 and 1739 cm " attributed to
Fe-O vibration band, C-O and carbonyl stretching bands. The
sharp signal at 1,739 cm ™! is an evidence for elimination of
conjugated state of C=0 groups in MAH modified parts, and
indicates the ester groups of the prepared copolymer on the
surface of core particles.

One of the confident methods to find out the presence of a
chemical in a compound is XRD. In this method, crystal
compounds give sharp peaks at various angles; however, this
is not the case in amorphous compounds. Powder XRD
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Fig. 5 TEM image of MPP-
3-CD aggregates

pattern of bare iron oxide, 3-CD, MPP-f3-CD were shown in
the Fig. 2. Presence of intensive sharp peaks at 33.15, 33.55,
and 62.72° in the powder XRD pattern (Fig. 2a) indicate a
maghemite structure of bare iron oxide particles. Reiteration
characteristic peaks of maghemite in XRD pattern of synthe-
sized powder (Fig. 2c) were shown the existence of a
maghemite in the final synthesized particles and the fact that
the structure of iron oxide after encapsulation was not
changed. Besides, as it is observed in XRD of pure 3-CD
(Fig. 2b), presence of sharp peaks indicates the crystal struc-
ture of 3-CD. 3-CD exhibited characteristic peaks at 9.1,
10.8, 12.5, 14.6, 15.4, 17.0, 17.7, 18.8, 19.0, 19.5, 20.9,
21.4, and 22.88° because of its crystalline nature. Reiteration
some of these peaks and presence of other sharp peaks in the
powder XRD pattern of the synthesized particles (Fig. 2c¢),
which may be show the presence of 3-CD in the final product.

Thermal behavior of the synthesized particles was studied
by TGA. The TGA results can quantify iron oxide content
and the thermal stability of polymer/iron oxide composite
particles. Figure 3 shows the TGA results of synthesized
particles (core particles and final particles). As it is seen,
the initial weight loss of 1.96 % (up to 250 ° C) is due to the
evaporation of physically adsorbed water. The subsequent
weight loss in the range of 300-500 ° C is consequence of
thermal degradation of polymer phase. In addition, the TGA
measurements were indicated the iron oxide content of core
and final particles was 84.42 % and 67.04 % by weight,
respectively and the synthesized particles have high thermal
stability (about 350 °C). So, the results confirmed the encap-
sulation of iron oxide particles and also show the successful
modification of core particles with 3-CD.

Morphology of the synthesized particles was studied by
SEM and TEM (Figs. 4 and 5). SEM micrographs of MPP
and MPP-3-CD (Fig. 4a, b) indicate that:
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1. The synthesized core particles (MPP) are spherical and the
surface of them is smooth. This hints that the iron oxide
particles mainly located inside of the polymer phase.

2. The size of the synthesized magnetic polymeric particles
(MPP) is less than 3 um.

3. After modification of MPP with 3-CD (MPP-$3-CD), the
surface of particles was found rough, due to polymeri-
zation on the surface of MPPs.

4. The MPPs after modification with (3-CD have larger size
(nearly 20 pum).

Transmission electron microscope (TEM) was used to
obtain direct information about the internal structure and
morphology of the prepared composite particles. The sample
for TEM was prepared by dropping dispersions of composite
particles in aqueous solution onto carbon coated copper grids
after sonication and drying under vacuum. The iron oxide
particles absorb electron beam and appear as dark spots

30 a
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Fig. 6 Hysteresis loops for the iron oxide (a) and composite particles (b)
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within the MPP-f3-CDs particles and the bright layer
surrounded them exhibited the polymer phase. TEM images
of MPP-3-CD (Fig. 5a, b) show the particles are spherical in
shape and were qualitatively suggested high content of iron
oxide in the composite particles. In addition, the TEM im-
ages show no evidence for the presence of polymer sphere
without incorporated iron oxide particles; also there is no
iron leaking outside the polymer sphere. Therefore, the re-
sults confirmed the successful encapsulation of iron oxide
particles.

The magnetic properties of the particles were determined by
vibrating sample magnetometer (VSM). The hysteresis loops
were recorded at room temperature are shown in Fig. 6. The
loops are closed and symmetrical versus origin of coordinate
system. Shape of the loops evidences the ferromagnetic char-
acter of the material. No evidence of superparamagnetism was
seen. Coercivity and remanence of the synthesized particles in
comparison to the iron oxide particles slightly decrease. But
their magnetic permeability considerably decreases. These var-
iations may be caused by encapsulation of iron oxide particles
with a polymer phase.

Conclusion

Magnetic polymer particles with high and uniform magnet-
ic content and surface decorated by hydroxyl groups based
on miniemulsion polymerization were prepared. The hy-
droxyl groups on the surface of these particles chemically
modified to vinyl groups and in the same manner the f3-
cyclodextrin derivatives synthesized with the vinyl groups.
Finally, the vinyl 3-CD monomer in the presence of acryl-
amide is polymerized onto the surface of modified magnet-
ic polymer particles. The resulting magnetic polymer par-
ticles were characterized by FTIR, XRD, TGA, SEM,
TEM, and VSM measurements. FTIR and XRD confirmed
the presence of iron oxide and 3-CD in the final magnetic
polymer particles. The TGA measurements indicated that
the final magnetic polymer particles have more than 65 %
iron oxide content and high thermal stability. The high
maghemite content of the final particles indicates that they
have a strong magnetic sensitivity under an outer magnetic
field and move toward the outer field very quickly and
obviously can be separated completely from water in very
short time. SEM and TEM revealed that all maghemite
particles were embedded in the polymer phase. According
to magnetometry data, shape of the loops evidences the
ferromagnetic character of the material and no evidence of
superparamagnetism was seen.
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