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ABSTRACT

We describe here the synthesis of aqueous dispersed cationic polymer coated magnetite
nanoparticles. The cationic polymer was synthesized by two-steps reaction: the ring-opening
reaction of commercial poly(maleic anhydride-a/#-1-octadecene) (PMAO) with 2-
(2-aminoethoxy)ethanol and subsequently grafting with glycidyltrimethylammonium chloride
to obtain modified poly(maleic anhydride-a/+-1-octadecene) (MPMAO). The characterization
of MPMAO was determined by ATR-FTIR, '"H and "C-NMR spectroscopy. By emulsion
evaporation method, the magnetite nanoparticles prepared by the chemical co-precipitation
were encapsulated with MPMAO to form modified poly(maleic anhydride-a/-1-octadecene)
coated magnetite nanoparticles (MPMAO-Fe O, NPs). The average hydrodynamic diameter
and {-potential value of MPMAO-Fe,O, NPs were analyzed by dynamic light scattering
measurement which found to be 43.2 nm and +29.3 mV, respectively. Thermogravimetric
analysis, transmission electron microscopy and vibrating sample magnetometry of MPMAO-
Fe,O, NPs were also studied.
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1. INTRODUCTION

Magnetite nanoparticles (Fe,O, NPs) have
gained increasing attention because of their
promising bio-applications including
hyperthermia [1], magnetic resonance imaging
[2], cell and bio-separation [3], drug targeting
[4], magnetic transfections [5], tissue
engineering [6] and chelating therapy [7].
Numerous chemical methods can be used
to prepare Fe,O, NPs such as chemical
co-precipitation [8], microemulsion [9], sol-

gel reaction [10], sonolysis [11], and hydrolysis
and thermolysis of precursors [12]. However,
Fe O, NPs are basically not stable under
neutral condition in aqueous solution or in
physiological fluid, resulting in agglomeration
and precipitation. To improve the stability of
Fe O, NPs and to avoid their aggregation,
the surface modification of Fe, O, NPs is
thus necessary. Several approaches have
been described for the preparation and
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encapsulation of Fe,O, NPs through the use
of polymers [13], organic surfactants [14],
inorganic metals [15] and bioactive molecules
[16]. Among them, polymer coating has
received much attention because it can serve
as a good phase transfer agent as well as
versatile platform for further applications,
for example, the conjugation of nanoparticles
to biological molecules.

The commercially available polymer,
poly(maleic anhydride-a/-1-octadecene),
PMAO, and its related polymers have been
extensively employed as the phase transfer
agents for transferring hydrophobic
nanoparticles into water. Pellegrino ez al.
demonstrated water-soluble nanocrystals,
CoPt,, Au, CdSe/ZnS and Fe O,, coated
with PMAO-based polymer using bis
(6-aminohexyl)amine as a cross-linker.
Nanocrystals exhibited well dispersion in
water upon hydrolyzation of the unreacted
anhydride groups of PMAO coating [17].
Yu e al. reported the stabilization of Fe O,
NPs and CdS/ZnS quantum dots, using
PMAO-based polymer grafted with poly
(ethylene glycol)methyl ether, which were very
stable in water over pH 4-10 and physiological
buffers [18,19]. Lees ef al. also reported
aqueous dispersion of polymer coated
CdSe/ZnS quantum dots, which was formed
by grafting Jeffamine M-100 polyetheramine
onto poly(styrene-co-maleic anhydride). These
nanocrystals exhibited long-term stability
across pH 3-13 and showed the same optical
spectra as those formed initially in organic
solvents [20].

The surface modification of polymer can
be accomplished by utilizing either a “grafting
from” or a “grafting onto” methods. The first
method required the nanoparticle surface
owning the reactive functional groups
to initiate the polymerization as well as
the reaction under the complicated and
sophisticated conditions. In contrast, the
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latter method basically utilized the reaction
of functional groups on the polymer with the
grafting agents. Advantageously, the grafting
onto approach not only provides the simple
pathway to carry out but also could generate
a verities of the polymer modification.

Recently, polymeric nanoparticles carrying
positive charges have been considered as a
new medicine and gene therapy in the
biomedical fields or utilized as an efficient
microalgae carrier in the environmental
applications. However, there are only a few
reports on the stable aqueous dispersion
of cationic polymer coated Fe O, NPs.
Theppaleak e al. reported Fe, O, NPs coated
with the copolymer of poly(ethylene glycol)
methyl ether methacrylate and diethylamino
ethyl methacrylate via atom transfer radical
polymerization (ATRP), followed by
quarternization of the amino moiety in the
diethylamino ethyl methacrylate units.
The prepared positively charged nanoparticles
led to better dispersion particles in water
and improved the immobilizing efficiency of
the PNAXDNA hybrids on their surface [21].
The cationic poly(2-(dimethylamino)
ethyl methacrylate) (PDMA)-grafted Fe O,
NPs via in situ ATRP, using 2-bromo-2-
methylpropionic acid as an initiator, was
reported [22]. The prepared nanoparticles was
then able to assemble with negatively charged
proteins, such as bovine serum albumin,
which could enhance green fluorescent protein
and were efficiently internalized by Hela cells
with low cytotoxicity under the external
magnetic fields. Ge ¢t a/l. reported the
application of Fe O, NPs coated with a
cationic PEI toward the separation of the
biofuel-producing algae, Scenedesmus dimorphus.
The PEI coating increased the harvesting of
the algae and reduced dose demand of Fe O,
NPs. The maximal levels of algal harvesting
efficiency achieved by Fe,O, NPs coated with
PEI was approximately 83% [23].
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In this work, the alternative approach
for the synthesis of cationic polymer,
MPMAQ, as well as the polymeric magnetite
nanoparticles, MPMAO-Fe, O, NPs, were
illustrated. By using the grafting onto
approach, the cationic polymer was prepared
by two step reactions which was started
from the grafting reaction of the
commercially available PMAO and 2-(2-
aminoethoxy)ethanol and later reacted
with glycidyltrimethylammonium chloride
in a consequence. The formation and
characterization of the MPMAO-Fe, O, NPs
was discussed in this paper.

2. MATERIALS AND METHODS
2.1 Materials Used

Poly(maleic anhydride-a/#-1-octadecenc)
(PMAO, Mn= 30-50 kD),
glycidyltrimethylammonium chloride,
2-(2-aminoethoxy)ethanol, ferrous chloride
tetrahydrate, ferric chloride hexahydrate,
and oleic acid were purchased from Sigma-
Aldrich. Chloroform and ammonium
hydroxide solution were obtained from ACI
Labscan (Thailand) and Merck, respectively.
All other reagents were used as received.

2.2 Synthesis of Fe,O, NPs [24]

FeCl-6H,0O (24.3 g) and FeCl -4H,O (12
g) were dissolved in 50 mL of deionized
water under flowing nitrogen gas. NH,OH
(25%, 40 mL) was then added to the reaction
mixture at 70-80°C. Oleic acid (40 %, w/w
of formed magnetite) was added dropwise
during 10 min and heated further for 30 min.
After that, the temperature was raised to
110°C to remove water and excess NH,OH.
The black lump-like gel was separated by
magnetic decantation and cooled to room
temperature. After washing several times with
deionized water and acetone, nanoparticles
were dried at 30°C for 24 h and obtained as
black powder.

1489

2.3 Synthesis of Modified Poly(maleic
anhydride-alt-1-octadecene) (MPMAO)

2-(2-Aminoethoxy)ethanol (0.86 mL) and
PMAO (0.3 g) were added in CHCIL, (3 mL).
The solution was switled at room temperature
for 12 h and dialyzed with deionized
(DI) water for 24 h. The polymeric solution
was then freeze-dried, resulting in a
yellowish powder, 0.36 g, named MPMAO
precursor. MPMAO precursor (0.2 g) and
glycidyltrimethylammonium chloride (90% in
water, 0.74 mL) were added in buffer pH
7.4 (3 mlL). The solution was stirred at
room temperature for 48 h and dialyzed
against DI water for 48 h. After lyophilization,
the MPMAO was obtained as white powder,
0.23 g, named MPMAO.

MPMAO precursor. 'H NMR (400
MHz, CDCL): § 0.8 (br, CH,-), 1.0-1.3
(br, C-CH,-C), 3.2-3.6 (br, O-CH,-C)

MPMAO. Solid State "C-NMR: 0 14.1
(br, CH,-), 15.0-52.1 (br, C-CH,-C), 54.7
(br, CH,-N), 59.5-78.1 (br, O-CH-C, N-
CH,-C, O-CH-C), 169.5-187.9 (br, O=C-N,
0=C-0O)

2.4 Synthesis of MPMAO-Fe, O, NPs

MPMAO in H,0 (0.2 mg/2mL) solution
were dropwise in the Fe,O, NPs in CHCI,
(0.1 mg/2mL) and sonicated for 60 min.
Then, chloroform was slowly removed
by rotary evaporation. The solution was
stirred at room temperature for 24 h.
Aggregates were removed by centrifugation
(twice, 15 min each). The excess MPMAO
was removed from MPMAO-Fe O, NPs
by ultracentrifugation (90,000 g for 1 h). The
supernatant was discarded and MPMAO-
Fe O, NPs re-suspended in water. After the
solution was passed through a 0.2 pm nylon
syringe filter, MPMAO-Fe O, NPs solution
was obtained as brown filtrate.
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2.5 Characterization Techniques

Size and shape of particles were
determined using a transmission electron
microscope (H-7650 Hitachi). The crystalline
structure of particles was studied by an X-ray
diffractometry system (operated with CuK
radiation at 40 kV and 30 mA) and
determined in the 26 range from 10°to 80°
(X-Ray Diffractometer (XRD) Model
D8 Advance: Bruker AXS, Germany).
Hydrodynamic diameter and {-potential of
particles were measured by dynamic light
scattering (DLS, Malvern Instruments
Zetasier). Thermal gravimetric analysis
(TGA) was performed by a TGA/SDTA
851e (Mettler-Toledo AG, Switzerland).
The magnetic property of prepared NPs
were determined using vibrating sample
magnetometer (VSM, LakeShore 7404) at
room temperature. ATR-FTIR spectra were
obtained by a Bruker Vector 33 FT-IR
spectrometer equipped with a DTGS
detector. 'H-nuclear magnetic resonance
spectrum was recorded on a Varian Mercury
NMR spectrometer. PC-solid state nuclear
magnetic resonance spectrum was obtained
using a nuclear magnetic resonance analyzer
(Bruker-Advance, DPX-300 MAS-NMR).

3. RESULTS AND DISCUSSION
3.1 Synthesis of MPMAO

The cationic PMAO-based polymer
was synthesized in two steps as shown
in Scheme 1. The first step involved the
ring opening reaction of the maleic
anhydride moiety of PMAO with 2-(2-
aminoethoxy)ethanol, at the mole ratio
of 1:10, to obtain MPMAO precursor.
The second step was the reaction of
glycidyltrimethylammonium chloride, which
inherently carried the positive charges, with
hydroxyl group on MPMAO precursor, at the
mole ratio of 5:1, to yield MPMAO. Similar
approach utilizing glycidyltrimethylammonium
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chloride to introduce quaternary moieties
had been reported in the preparation of
quaternized polysaccharides such as chitosan
[25].

MPMAO precursor and MPMAO were
characterized by ATR-FTIR spectroscopic
technique. Figure 1b exhibited ATR-FTIR
spectrum of PMAO. It showed that the
characteristic absorption bands at 1778
and 1706 cm™, and 1184 and 920 cm™ were
assigned to C=0O stretching and C-O
stretching of cyclic anhydride of PMAO,
respectively. Figure 1c represented ATR-FTIR
specttrum of MPMAO precursor which
was similar to the one of PMAO, except
the broad bands at 1702 and 1119 cm™,
belonged to the C=0 streching of amide and
asymetrical C-O-C stretching of aliphatic
ether, respectively. The broad band at
3600-3000
stretching of unbounded hydroxy group of
MPMAO precursor. All the other characteristic
from MPMAQO precursor
corresponded to 2-(2-aminoethoxy)ethanol
were also observed. In Figure 1d, ATR-FTIR
spectrum of MPMAO showed a strong
absorption band at 1466 cm™, which was
attributed to the C-H bending of trimethyl
ammonium group. The greater broad
absorption band at 3600-3000 cm™ was
due to the increase in intramolecular

cm’ was assigned to O-H

vibrations

hydrogen bonding between hydroxyl groups
on cationic moiety of MPMAO.

The degree of substitution (DS) of
MPMAO precursor was detemined by
using 'H-NMR spectroscopy as shown in
the equation:

(%)

_ 8
(L2)

DS

where DS is the degree of substitution,
IH1 is the intergral areas of the methylene
protons of 2-(2-aminoethoxy)ethoxy moiety
at 3.6-3.2 ppm and IH2 is the integral area
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of methyl protons at 0.8 ppm. From the
calculation, the DS of MPMAO precursor
was found to be 0.85 indicating that 2-(2-
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aminoethoxy)ethoxy moiety were effectively
grafted onto the maleic anhydride groups.
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Figure 1. ATR-FTIR spectra of 2-(2-aminoethoxy)ethanol (a), PMAO (b), MPMAO precursor

(c) and MPMAO (d).

Due to the increase in hydrophilicity
of MPMAO, MPMAO could not dissolve
in CDCI,. Therefore, its identification
was performed by solid state "C-NMR
spectroscopic technique. Figure 3 represented
the solid state "C-NMR spectrum of
MPMAQO. The characteristic carbons of the
methyl groups of trimethyl ammonium unit
was appeared at 54.7 ppm indicated the
presence of quarternary ammonium moieties.

3.2 Synthesis of Fe,O, NPs

Fe.O, NPs were prepared by co-
precipitation method and oleic acid was
used as a surfactant. The crystalline structure
of the synthesized Fe,O, NPs was determined
by X-ray diffraction (XRD) as shown in

Figure 4. The six characteristic diffraction
peaks at 20 = 30.2° (d= 2.967 A°), 35.6°
(d= 2.532 A°), 43.1°(d= 2.099 A°), 53.6°
(d= 1.715 A°), 57.3° (d= 1.616 A°), 62.8°
(d= 1.485 A°) were assigned to (220), (311),
(400), (422), (511) and (440), respectively.
By comparing the diffraction pattern of the
sample with library data in the powder
diffraction files using Diffrac-plus software,
it revealed that the crystalline pattern
matched with the standard pattern of Fe O,
in isometric-hexaoctahedral crystal system.

The average diameter of the Fe O,
NPs was determined to be 6.2 nm, calculated
according to Scherrer’s equation:

KA

d :ﬁcose
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Figure 4. The XRD pattern (a) and TEM micrograph (b) of Fe O, NPs.
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where d is the average size (nm), Kis the shape
factor, A is the X-ray wavelength (nm), f3 is
the width at half-maximun of the strongest
peak (331) (radian) and 6 is the Bragg’s angle
(radian). As revealed by TEM micrograph in
Figure 4b, the morphology of the synthesized
Fe,O, NPs were apparently spherical
particles. In addition, their average diameter
were measured to be 9.8 = 4.2 nm. Due to
the average diameter less than 30 nm,
the synthesized Fe,O, NPs could presumally
exhibit superparamagnetic property [24, 26
and 27].

3.3 Synthesis and Characterization of
MPMAO-Fe, O, NPs

The Fe, O, NPs in chloroform were
mixed with MPMAO
chloroform was gradually removed by
rotary evaporation. MPMAO-Fe O, NPs
were obtained as dispersion in water which

in water then

significantly observed as brown solution.
The average of particle size of MPMAO-

Fe O, NPs, as shown in TEM micrograph

in Figure 5a, was found to be 10.8 = 3.0 nm.

# of

25 - particles DLS
20 b)
15
'6 MPMAO-Fe;0, NPs

S
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.5 0 50 100 150 200 250

Particle size diameter (nm)
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It was about 10% larger than Fe O,
NPs because of the determined polymer
encapsulation onto Fe,O, NPs. Figure 5b
showed DLS size distribution graph of
the MPMAO-Fe, O, NPs in an aqueous
media. The nanoparticles were relatively
monodisperse in water. The obtained
average hydrodynamic size of the colloidal
MPMAO-Fe O, NPs was found to be
43.2 £ 12.9 nm, which was larger than the
size measured by TEM. This difference was
due to the coordination of the MPMAO
outer layer of the particles with water which
increased the patticle size in aqueous media.

The C-potential measurement of
MPMAO-Fe, O, NPs was found to be +29.3
mV indicating the positive charges on the
surface of nanoparticles. This was the reason
why MPMAO-Fe,O, NPs in aqueous solution
showed well dispersion stability and did not
agglomerate for over 2 months at room
temperature because of the electrostatic
replusion of the positive charges on the
polymer coating surface.

Figure 5. TEM micrograph (a) and particle size distribution curve (b) of MPMAO-Fe,O,.

Figure 6 represented TGA curves of
Fe O, NPs and MPMAO-Fe O, NPs. As
for TGA data of Fe O, NPs, oleic acid
coated on the surface of Fe,O, NPs was
decomposed in the temperature range of
200-400°C, cotrresponding to 20.7 % weight
loss and 79.3 % magnetite content. From

TGA data of MPMAO-Fe O, NPs, the
content of MPMAO coated on the surface
of magnetite nanoparticles was calculated to
be 22.5 %.

The magnetic property of Fe O, NPs
and MPMAO-Fe O, NPs was determined at
room temperature. From the VSM graphs
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exhibited in Figure 7a and 7b, the saturation
magnetization value of Fe O, NPs and
MPMAO-Fe, O, NPs were found to be 20.3
and 5.0 emu/g, respectively. The decrease in
the saturation magnetization of MPMAO-
Fe,O, NPs compared to Fe,O, NPs was
due to the encapsulation of non-magnetic

Chiang Mai J. Sci. 2017; 44(4)

MPMAO on Fe,O, NPs. After the removal
of an external applied magnetic field, neither
remanence nor coercivity was observed on
the magnetic behavior of Fe,O, NPs and
MPMAO-Fe O, NPs indicating that both
NPs exhibited superparamagnetic behavior
at room temperature.

Weight (%)
100 -

TGA

Fe;0; NPs

B0 -

60

MPMAO-Fe;0, NPs

40
20 4

0 4

0 200 400

600 800 1000

Temperature (°C)

Figure 6. TGA curves of Fe O, NPs and MPMAO—F&:304 NPs.

Fe,O, NPs

oment/ Mass (emu/g)

M

-25
Field (G)

Figure 7. Magnetization curves of Fe O, NPs

temperature.

All the above results confirmed the
synthesized cationic polymer coated Fe O,
NPs based on PMAO. The schematic
representation of dispersed MPMAO-Fe O,
NPs was herein proposed as shown in
Figure 8, which was similar to some other
studies [19]. Oleic acid was coated over
Fe O, NPs as primary layer, by using its
carboxylic acid functional group bounded

MPMAO-Fe;04 NPs
6

b)

Moment/ Mass [emu/g)

10000

-6
Field (G)

(2) and MPMAO-Fe O, NPs (b) at room

to the surface of Fe,O, NPs and its long
chain hydrocarbon positioned out of Fe O,
NPs. Then, the hydrophobic site of MPMAO
was bounded to the hydrocarbon chain of
oleic acid, producing the second layer of the
complex. The carboxylic acid group and
cationic quaternary ammonium group were
bonded to neighboring waters to make the
nanoparticles well disperse in water.
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Hydrophobic moiety of oleic acid
coated Fe;04 NPs

Hydrophaobic side chain of
MPMAD

Hydrophilic side chain of
MPMAOQ

Figure 8. Schematic representation of dispersed MPMAO-Fe O, NPs.

4. CONCLUSIONS

The synthesis of the aqueous dispersed
Fe,O, NPs with cationic surface has
been successfully demonstrated. It involved
two simple reactions, the ring-opening
of PMAO with 2-(2-aminoethoxy)
ethanol and the grafting reaction of
glycidyltrimethylammonium chloride to
obtain the modified PMAO, which carried
the cationic charges. With the commercial
availability of several polyethylene glycols,
the structure of the certain cationic polymer
coated Fe O, NPs based on PMAO can be
designed to suit the desired applications,
for example, gene therapy and drug delivery
in the biomedical fields. Accordingly, this
work illustrated the greener synthesis to yield
aqueous dispersed Fe,O, NPs with positive
charge which was less complicated than the
other methods reported earlier.
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