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Abstract Magnetic iron oxide nanoparticles (MNPs) have

been widely explored for use in biomedical applications. In

the present study, iron oxide nanoparticles were connected

to methoxy poly(ethylene glycol) (mPEG) via a new

method. The mPEG was acrylated at first and Michael

reaction was carried out between acrylated mPEG and

3-aminopropyl triethoxysilane as a coupling agent. The

chemical structures of modified mPEG were characterized

by Fourier transform-infrared spectroscopy (FT-IR) and

nuclear magnetic resonance. In the next step, iron oxide

nanoparticle was coupled with the above-mentioned adduct.

Preparation of magnetic nanoparticles with average particle

size of 20–30 nm was proved by scanning electron

microscopy. The structure of mPEG grafted on the surface

of MNPs was confirmed by FT-IR spectroscopy and thermal

gravimetric analysis. The synthesized nanoparticles have

the potential to be used in different biomedical applications.

Keywords Iron oxide nanoparticles � Polyethylene

glycol � Surface modification � Sol–gel reaction

Background

Magnetic iron oxide nanoparticles with tailored surface

chemistry have been widely used experimentally for

numerous in vivo applications such as magnetic resonance

imaging, contrast enhancement, tissue repair, immunoas-

say, detoxification of biological fluids, hyperthermia, drug

delivery and in cell separation [1–5]. Coating or modifying

these nanoparticles with hydrophilic molecules, especially

biomolecules, is a crucial step for the preparation of water-

dispersible magnetite nanoparticles (MNPs) for use in

biological applications [6]. Several synthetic and natural

polymers have been employed to modify the surface of the

MNPs. These polymers include dextran [7] poly(ethylene

glycol)s (PEG) [8], poly(vinylpyrrolidone) (PVP) [9] and

chitosan [10] all of which are known to be biocompatible

and result in a long blood-circulating MNPs. The PEG,

because of its hydrophilicity, nontoxicity and absence of

antigenicity and immunogenicity, can be selected to be

attached to surface magnetic iron oxide nanoparticles. The

hydrophilic PEG molecules have been used to reduce

phagocytic capture of nanoparticles by cellular components

of the immune system, leading to extended circulation and

subsequent accumulation in tumors as a consequence of the

enhanced permeability and retention (EPR) effect due to

leaky vasculature and poor lymphatic drainage in tumors

[11]. Several techniques have been employed to obtain

PEG-modified magnetic nanoparticles using different

methods [12–15].

Garcı́a-Jimeno and co-worker reported the formation of

stable aqueous suspensions of magnetite-based ferrofluid

stabilized by an unmodified PEG [16]. Accordingly, the

interaction between PEG and magnetite nanoparticles is

due to dipole–cation binding between the ether group of the

polymer and the positive charge of magnetite. In another

work, PEG was coated on oil-soluble Fe3O4 and Fe3O4–

CdSe nanoparticles stabilized by various ligands to render

them hydrophilicity [17].

Masoudi and co-worker [13] synthesized PEG-modified

nanoparticles using an ultrasonic assisted co-precipitation

technique. This magnetite nanoparticles coated with dif-

ferent PEG and with different concentrations of PEG in an

ex situ manner. The colloidal stability of iron oxide

S. Khoee (&) � A. Kavand

Polymer Chemistry Department, School of Science, University

of Tehran, PO Box 14155-6455, Tehran, Iran

e-mail: Khoee@Khayam.ut.ac.ir

123

J Nanostruct Chem (2014) 4:111

DOI 10.1007/s40097-014-0111-4



nanoparticles coated with carboxyl-PEG-phosphoric acid

has been reported by Lu et al. [18]. They showed that PEG

could be an excellent surfactant for the stabilization of

Fe3O4 nanoparticles. In situations, where particle stability

is of utmost importance, as in biomedical applications,

silane chemistry is being explored as an alternative func-

tionalization route because molecules can bind with the

surface of the particle, enhancing particle stability in sus-

pensions at physiological conditions [19]. Hydrophilic

molecules are usually polymeric [e.g., poly(ethylene gly-

col)], that can often linked to nanoparticle cores via silanes

[20, 21]. Carlos Rinaldi and co-workers [22] synthesized

stable colloidal dispersions of monodisperse magnetic

nanoparticles in water by the thermal decomposition

method, and exchanging the oleic acid molecules on the

surface of the particles for PEG–silane chains. Larsen and

co-workers [23] prepared silane-PEG-coated MNPs using a

simple synthesis method based on the use of biocompatible

silane-PEG as a coating agent.

Formation of stable nanoparticles from the highly water

soluble polymers like PEG is quite difficult and thus,

coating of magnetic nanoparticles with a hydrophilic

polymer is a big challenge. High amount of polymer or

polymer with high molecular weight is needed to overcome

this drawback and consequently, an increase in the particle

size will be observed followed by a decrease in saturation

magnetization of the hybrid nanocomposite. In this work,

we have replaced the conventional coating with the graft-

ing method that results in a stable magnetic nanocarrier in

which a very low molecular weight polyethylene glycol

(1,100 g/mol) is chemically bonded onto the surface of

MNPs. Fe3O4 nanoparticles were synthesized using co-

precipitation of a Fe(II) and Fe(III) salt mixture in basic

aqueous solution. The acrylated mPEG (AmPEG) was

reacted with amino silane via Michael addition reaction to

produce triethoxysilyl-terminated poly(ethylene glycol)

[(EtO)3-Si-mPEG] and then grafted onto the surface of iron

oxide nanoparticles by a sol–gel reaction. The size of

nanoparticle is smaller than 30 nm. The mPEG-modified

nanoparticles were characterized by Fourier transform-

infrared (FT-IR), thermal gravimetric analysis (TGA) and

scanning electron microscopy (SEM).

Methods

Materials

Iron (II) chloride tetrahydrate, iron (III) chloride hexahy-

drate, ammonium hydroxide solution (25 % NH3 in H2O),

methoxy poly(ethylene glycol) (mPEG, Mn = 1,100 g/

mol), 3-aminopropyl triethoxysilane (APTS), triethylamine

(TEA), acryloyl chloride, acetone, dichloromethane

(DCM) and dimethylformamide (DMF) were purchased

from Merck Co. All these reagents were used without

further purification.

Synthesis of MNPs

Magnetite nanoparticles were synthesized by co-precipita-

tion of Fe(II) and Fe(III) chloride in alkali solution

according to the standard technique [24]. Briefly, under N2

purging, 1 g of FeCl2.4H2O and 2.6 g of FeCl3.6H2O were

dissolved in 25 ml distilled water and kept at 75 �C for

10 min, then 10 mL of ammonia solution (25 %) was

dropped into the above mixture under vigorous stirring and

keeping at 75 �C for a further 1.5 h. The resulting sus-

pension was washed with distilled water and ethanol three

times and dried under vacuum.

Synthesis of acrylated methoxy poly(ethylene glycol)

(AmPEG)

The mPEG was end capped with acrylate groups to link

APTS to mPEG via Michael addition reaction. Briefly,

4.4 g (4 mmol) of mPEG was dissolved in 20 ml of DCM

in a three-necked round-bottom flask. 1.12 ml (8 mmol) of

triethylamine and 0.49 ml (6 mmol) of acryloyl chloride

were added to the flask at 0 �C, under a stream of nitrogen

and the reaction mixture was stirred for 24 h at room

temperature. The reaction mixture was filtered to remove

triethylammonium chloride and acrylated mPEG was

obtained after precipitation of filtrate in cold n-hexane and

vacuum-drying the precipitate.

Modifying of magnetic iron oxide nanoparticle

with methoxy poly(ethylene glycol)- (MNPs-mPEG)

In first step, 2.2 g (2 mmol) of acrylated mPEG and

0.45 ml (2 mmol) of APTS were dissolved in anhydrous

DMF and the solution was kept at room temperature for

3 days (solution 1). In the second step, 0.5 g of magnetite

nanoparticles was dispersed in 25 ml of DMF with 10 min

ultrasonic irradiation and was rapidly added to solution 1.

Three drops of water were added to promote the hydrolysis

process of silane. The mixture was kept for 48 h with

stirring at room temperature. The product was separated

with centrifugation and magnetic field and was washed five

times with water and then dried under vacuum.

Characterization

Modified mPEG and surface of MNPs were characterized

by FT-IR spectroscopy (Bruker-Equinoxss) and nuclear

magnetic resonance (1HNMR) (Bruker, 500 MHz) in

CDCl3. The obtained nanoparticles were analyzed by
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scanning electron microscopy (HITACHI S 4160). Their

image reveals the size and shape of nanoparticles. The

sample was placed on a stub and then sputter coated with

gold before observation. Thermal gravimetric analysis

(TGA) was carried out using TGA Q50 V6.3 Build 189.

The temperature of the sample gradually increased from 25

to 600 �C at a rate of 10 �C/min under nitrogen atmo-

sphere. Hydrodynamic size of nanoparticles dispersion in

aqueous solution was measured by dynamic light scattering

(DLS) at 25 �C (Nano ZS, Malvern Instrument, UK).

Result and discussion

Synthesis of magnetite nanoparticles (MNPs)

The magnetite nanoparticles were synthesized through the

co-precipitation of ferrous and ferric hydroxides by addi-

tion of NH4OH to a solution of Fe(II) and Fe(III) salts at a

1:2 molar ratio under nitrogen atmosphere to prevent oxi-

dation. Scanning electron microscopy was used to illustrate

the morphology of magnetite nanoparticles. It could be

Scheme 1 Synthesis of

acrylated methoxy

poly(ethylene glycol) and

MNPs-mPEG

Fig. 1 SEM images of MNPs

(a) and MNPs-mPEG (b)
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seen that the MNPs took a spherical morphology and the

average diameter calculated from SEM image was

approximately *20 nm (Fig. 1a).

Acrylated mPEG (AmPEG) was synthesized by fol-

lowing the same method reported previously, using acry-

loyl chloride (Scheme 1) [25].

The structure of the synthesized AmPEG was deter-

mined by 1HNMR spectroscopy in CDCl3. Vinylic protons

of AmPEG were splitted into three different peaks which

were located at 6.15 (–COCHC = C–), 5.85 ppm

(–COCHC = CH–, cis-proton) and 6.45 ppm (–COCHC =

CH–, trans-proton) (Fig. 2a). FT-IR spectroscopy was also

used to confirm the formation of acrylate group. The

presence of a strong peak at 1,718 cm-1 corresponding to

the C = O stretching bond and a characteristic peak at

1,633 cm-1 related to the C = C of acrylate group indi-

cated the formation of vinylic linkage. This result confirms

the reaction between hydroxyl end group of polyethylene

glycol and acryloyl chloride (Fig. 2b).

PEG-modified magnetite nanoparticle was synthesized

via a two-step method. In the first step, acrylate end groups

(–CH = CH2) of AmPEG are reacted with amine groups of

APTS through Michael addition reaction at room temper-

ature to produce (EtO)3-Si-mPEG (Scheme 1). In the next

step, the (EtO)3-Si-mPEG was condensed at the outer

surface of the MNPs via sol–gel reaction. The presence of

Fig. 2 1HNMR (a) and FT-IR

(b) spectra of acrylated methoxy

poly(ethylene glycol)
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mPEG layer on MNPs surface was characterized by FT-IR

spectroscopy. Fe–O stretching band as the characteristic

peak of magnetite nanoparticle (MNPs) was located at

580 cm-1, important IR bands at 2,927, 2,851, 1,644,

1,550, 1,453, 1,278, 1,096, 1,020 and 947 cm-1 can be

assigned to mPEG groups and clearly indicating that

mPEG has been grafted onto the surface of MNPs (Fig. 3)

[26, 27]. The peak at 1,096 cm-1 most likely derives from

the C–O stretching vibration of ether groups, the peaks at

947 cm-1 can be assigned to C–H rocking in the PEG

chain and appearance of two new bands around 2,927 and

2,851 cm-1 belonging to C–H stretching vibration implies

the presence of PEG chain in the structure of modified

MNPs. The peak at 1,020 cm-1 can be assigned to Si–O

stretch vibration on the surface of Fe3O4 nanoparticles

[23].

Moreover, the presence of PEG layer on MNPs surface

was confirmed by thermogravimetric analysis (TGA). The

first step of weight loss approximately at 100 �C is due to

the loss of physisorbed water. The second step, starting at

about 250 �C, is due to the loss of organic groups that

conjugated to the particles surface. A mass loss of about

14 % was found for MNPs-mPEG, attributed to the deg-

radation of mPEG (Fig. 4).

Particle size and size distribution of dispersed nano-

particles in water were specified using DLS. The size of the

prepared mPEG-modified magnetic nanoparticles is 45 nm

and showed narrow size distribution which exhibits zeta

potential of ?41 mV (data not shown). Figure 1b, shows

the SEM image of MNPs-mPEG. The sizes of MNPs-

mPEG were obtained by SEM *30 nm. MNPs-mPEG

nanoparticles show well-dispersed structure than pure

magnetic nanoparticles. This may be due to the grafting of

mPEG on magnetic nanoparticle surfaces that reduced

agglomeration.

Conclusion

Magnetite nanoparticles were synthesized by the co-pre-

cipitation of ferrous/ferric mixed salt in aqueous ammo-

nium hydroxide (NH4OH) medium. Then, magnetic iron

oxide nanoparticles were modified by reaction with bio-

compatible polyethylene glycol as hydrophilic shell. To

prepare the MNPs-mPEG, acrylated mPEG was first reac-

ted with ATPS and then a condensation reaction was car-

ried out between the triethoxysilyl-terminated PEG and

hydroxyl groups on the surface of magnetite nanoparticles.

Surface modifying of MNP with methoxy polyethylene

glycol provides stability and enhanced biocompatibility for

MNPs. The presence of the mPEG was confirmed by

Fourier transform-infrared spectroscopy and thermogravi-

metric analysis. These nanoparticles have the potential to

be used in different biomedical applications.

Fig. 3 FT-IR spectrum of

MNPs-mPEG

Fig. 4 TGA curves of bare MNPs and MNPs-mPEG at a rate of

10 �C/min
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