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Monodisperse magnetic iron oxide nanoparticles (MNPs), coated with PEG at different molecular weight,
were prepared via self-assembly method. The particle diameters were measured by dynamic light scattering
and transmission electron microscope. Increasing the molecular weight of PEG in the coating polymer
increased the overall particles diameter. As coating thickness increased, the saturation magnetization (Ms)
and T2 relaxivity decreased. The interactions of these MNPs with macrophage cells were also investigated.
The results showed that cellular uptakes of MNPs depended on nanoparticle concentration and surface
chemistry. The results of this study will have implications on the chemical design of nanomaterials for
bio-imaging and bio-detection.

1. Introduction

Magnetic iron oxide nanoparticles (MNPs) are of considerable
interest in various biomedical applications, such as magnetic
resonance imaging (MRI) contrast enhancement (Seo et al.
2006; Cheng et al. 2005; Tomita et al. 2008), hyperthermia
(Sonvico et al. 2005), targeted drug delivery (Talelli et al. 2009;
Tai et al. 2009) and cell separation (Horak et al. 2007), due
to their size-dependent superparamagnetism, low toxicity and
biocompatibility with cells and tissues (Mahmoudi et al. 2009).
Iron oxide nanoparticles may potentially provide higher contrast
enhancement in MRI than conventional paramagnetic Gd-based
contrast agents (Aime et al. 2002) because of their superpara-
magnetic property. Moreover, MNPs with suitable particle size
can specifically accumulate in tumor sites by EPR effect as a
result of the presence of leaky vasculatures around solid tumors
(Matsumura et al. 1986).
Nanoparticle size (Muller et al. 2007; Chithrani et al. 2006),
surface chemistry (hydrophilicity/hydrophobicity) (Yuan et al.
2006), charge (Win et al. 2005) and their interactions with the
components of the reticuloendothelial system (RES) (Owen
et al. 2006) have a profound effect on the biodistribution of
nanoparticles. Therefore, surface modification of iron oxide
nanoparticles with biocompatible polymers is potentially bene-
ficial to prepare MR contrast agents for in vivo applications such
as cancer imaging (Larsen et al. 2009; Barrera et al. 2009). In
particular, a protein resistant surface is required for the nanopar-
ticles to accumulate in tumors by the enhanced permeability
and retention (EPR) effect during systemic circulation. Other-
wise, nanoparticles are quickly cleared by RES due to its high
surface-to-volume ratio as well as attractive forces between the

nanoparticles (Herrwerth et al. 2003). Several synthetic and nat-
ural polymers such as dextran (Jarrett et al. 2007), polyethylene
glycol (PEG) (Larsen et al. 2009), or polyethylene oxide (PEO)
(Narain et al. 2007), have been employed to modify the sur-
face of the particles to minimize aggregation of the particles. In
the commonly used method, the polymer is covalently linked to
the surface of iron oxide cores, which requires developing com-
plex conjugation chemistry and is impractical to synthesize in
large amounts on an industrial scale. In another approach, iron
oxide cores are dispersed in polymers (e.g., poly-DL-lactide-
co-glycolide (PLGA) (Okassa et al. 2007), polylactide (PLL)
(Arbab et al. 2003) that are typically used in developing other
nanocarriers for drug delivery. However, this approach usually
leads to the formation of large-sized microparticles with limited
encapsulation of MNPs resulting in significant loss in magneti-
zation (∼40–50%) of the iron oxide cores (Strable et al. 2001),
which could adversely influence its imaging property including
magnetic spin anisotropy (spin disorders) and ultimately proton
relaxivity (Duan et al. 2008). Therefore, the use of magnetic
nanoparticles for cancer imaging must address issues such as
stability in physiology environment in terms of evasion from
agglomeration and macrophage uptake, retention of magnetic
properties and high contrast enhancement after modification
with polymers. And to the best of our knowledge, not much work
has been done regarding to in vivo application and non-invasive
cancer imaging.
We have previously developed an antibiofouling of PEG coated
monodisperse iron oxide nanoparticles comprising a “surface
anchoring moiety” (oleic acid) and a “protein-resistant moi-
ety” (PEG), denoted as methoxy-poly(ethylene glycol)-lipids
with di-oleoyl chains (DO-PEG), which is synthesized from
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Fig. 1: Schematic structure of PEG coated iron oxide nanoparticles

N�,N�-dioxyl lysine and Amino-mPEG with various molecu-
lar weight (MW = 1000, 2000, 4000). Protein and cell resistant
surfaces are successfully generated on oleic acid capped iron
oxide cores via the interactions between the inner oleic acid layer
and the hydrophobic groups of outer DO-PEG polymer (Fig. 1).
And the resulting particles have been demonstrated retention
of magnetic properties and high contrast enhancement after
modification with polymers, and much reduced non-specific
uptake by macrophage cells. These make the particles ideal
candidates for higher signal-to-noise ratio in cancer imaging.
Work on using these particles for cancer imaging is under-
way.

2. Investigations, results and discussion

2.1. Synthesis, self-assembly and characterization
of PEG coated magnetic nanoparticles

Monodisperse magnetite nanoparticles were synthesized by
thermal decomposition of iron-oleate in the presence of oleic

acid. The first advantage of this procedure based on iron-oleate
decomposition was that highly crystalline and monodisperse
iron oxide NPs could be prepared in a wide range of sizes (from
6 to 30 nm) merely by varying the rate of heating, the reaction
temperature of the solvent (usually exceeded the boiling temper-
ature of the solvent). The second one was that iron-oleate was
inexpensive and non-toxic. The TEM image (Fig. 2A) showed
that nanoparticles were monodisperse and the core particle size
was about 10 nm. These nanoparticles were highly crystalline
and uniform but were not soluble in water due to the hydrophobic
oleic acid capping layer.
To transfer hydrophobic oleic acid coated magnetic cores
from organic to aqueous, the hydrophobic cores were encap-
sulated within an amphiphilic polymer layer (DO-PEG),
which was consisted of hydrophobic N�,N�-dioxyl lysine and
hydrophilic methyl-polyoxyethylene amine and was condensed
via EDC/DMAP chemistry. An interesting feature was that the
PEG coated nanoparticles had a hydrophilic layer due to the
interactions between the inner oleic acid and the hydrophobic
groups of the outer polymer. In the PEGylated bilayer system,
the outer PEG segment provided steric stabilization and water
dispersibility to the superparamagnetic nanoparticles. In order
to study the effect of PEG length on magnetic properties and
reducing non-specific uptake, a series of DO-PEG polymers
with PEG molecular weight being 1000, 2000, 4000 were used to
encapsulate the magnetic cores. After modification, the nanopar-
ticles were able to disperse in water, forming a clear solution.
Fig. 2B showed TEM image of the iron oxide nanoparticles
coated by DO-PEG2000. Comparing Fig. 2A and B, one could
see that there was no obvious change in core size after surface
modification with DO-PEG. The PEG coating thickness around
the nanoparticles was characterized with dynamic light scatter-
ing (DLS) which measured the hydrodynamic diameter of the
nanoparticles in their dispersion state. The mean hydrodynamic
size of nanoparticles (measured in distilled water) was about
42.5 ± 3.3 nm, 57.0 ± 2.8 nm and 77.0 ± 5.4 nm for PEG1000,
PEG2000 and PEG4000 coated nanoparticles, respectively, indi-
cating magnetic cores were successfully encapsulated in the
hydrophobic core of DO-PEG.
The magnetic property of MNPs was measured by VSM. A
typical plot of magnetization versus applied magnetic field (M-
H loop) is shown in Fig. 3 which provided evidence that all
the MNPs were superparamagnetic at room temperature, with
no hysteresis and perfect Langevin behavior (Chantrell 1978).

Fig. 2: Transmission electron microscopy images of (A) oleic acid coated magnetic nanoparticles (MNPs-OA) dispersed in hexane; (B) PEG coated magnetic nanoparticles
(MNPs-PEG2000). The bar represents 100 nm
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Therefore the superparamagnetic property would not be altered
after the coating process. The magnetic parameters such as
saturation magnetization (Ms), coercivity (Hc) and remnant
magnetization (Mr) were given in the Table. The Ms of oleic
acid, PEG1000, PEG2000 and PEG4000 coated nanoparticles were
determined to be 82.7, 71.1, 60.7, 47.9 emu/g Fe, respectively.
There were several approaches that could explain the reduction
of Ms for polymer coated magnetic nanoparticles (Popplewell et
al. 1995; Mikhayaylvo et al. 2004). In this case, the presence of
nonmagnetic surfactant molecules on the surface of oleic acid
coated magnetic nanoparticles led to decrease of the Ms.

2.2. Magnetic resonance imaging characteristics of PEG
coated magnetic nanoparticles

Effective magnetic resonance (MR) contrast agents must have a
strong effect to accelerate spin–lattice relaxation (T1), which
produced bright or positive contrast images, or to shorten
spin–spin relaxation (T2), which produced dark or negative-
contrast images (Tapan et al. 2008). Iron oxides were effective
MR agents because of their high relaxivities and a high
capacity to achieve T2 relaxation. The T2 relaxation process
occurred due to the exchange of energy between protons in
water molecules. In the presence of an externally applied
magnetic field, inhomogeneity in the magnetic field was cre-
ated by magnetic nanoparticles which resulted in dephasing
of the magnetic moments of protons and hence T2 shorten-
ing. This effect was quantified in the concentration-independent
transverse relaxivity r2, that was, the ability of the contrast
agent to shorten T2. The MRI signal intensity of nanopar-
ticles decreased in varied degrees in T2-weighted imaging
depending on the Fe concentration in agarose solution. As
the nanoparticles concentration, measured in �g Fe/mL, was
increased in the agarose solution, the signal intensity decreased
(Fig. 4). The relaxation rate, R2 = 1/T2, was linearly propor-
tional to the iron concentration (Fig. 4). We also found T2

relaxivity in the following order of decreasing values: MNPs-
PEG1000 > MNPs-PEG2000 > MNPs-PEG4000 (Fig. 5). The r2

value of MNPs-PEG1000 was about 1.5 times greater than that of
the MNPs-PEG2000 and MNPs-PEG4000 (p < 0.05). But no sig-
nificant variation between MNPs-PEG2000 and MNPs-PEG4000

was observed (p > 0.05). These results indicated that the r2 value
decreased as the molecular weight of DO-PEG polymer and
thus as the MNPs diameter increased. T2 relaxation process
required close proximity of hydrogen atoms to the contrast
agent (Okuhata et al. 1999). As indicated by the results, coating
thickness played important role in determining the net relaxiv-
ity of MNPs, which was consistent with previous observation
(Laconte et al. 2007).

2.3. In vitro cell cytotoxicity study and cell uptake

The potential toxicity of PEG coated iron oxide nanoparticles
as a MR contrast agent was demonstrated by the MTT cyto-

Table: Magnetic properties of oleic acid, PEG coated super-
paramagnetic nanoparticles

Samples Ms (emu/g) Hc (Oe) Mr (emu/g)

MNPs-OA 82.7 ± 4.2 4.6 ± 0.8 0.4 ± 0.05
MNPs-PEG1000 71.1 ± 3.1 3.5 ± 0.6 0.4 ± 0.08
MNPs-PEG2000 60.7 ± 3.4* 4.2 ± 0.8 0.5 ± 0.03
MNPs-PEG4000 47.9 ± 2.8* 2.8 ± 0.3 0.3 ± 0.03

Results were given as mean ± S.D. (n = 4)
∗P< 0.05 vs. MNPs-OA
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Fig. 4: Magnetic resonance imaging properties of MNPs-PEG2000: signal intensity of
T2 relaxation time (TR = 3500 ms, TE = 100 ms) at different iron
concentration and T2 relaxation rate (R2) of MNPs vs. iron concentration
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Fig. 5: Effect of coating thickness on magnetic imaging properties: comparison of T2

relaxivity (r2) of different formulation of MNPs. Results were given as
mean ± S.D. (n = 4), * p < 0.05 vs. MNPs-PEG1000

toxicity assay. After 12 h, cell viability was examined. Fig. 6
showed these nanoparticles did not inhibit KB cells growth with
up to 0.2 mg Fe/mL. These results indicated that PEG coated
nanoparticles expressed low cytotoxicity even at relatively high
concentration. Since the amount of iron at the highest con-
centration (0.2 mg Fe/mL) far exceeded that of iron used in
conventional iron oxide nanoparticles based MR contrast agent
for mice (1–20 mg/kg), the PEG coated nanoparticles could be
used as safe MR contrast agent.
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Fig. 6: In vitro cell viability graphs of MNPs-PEG1000, MNPs-PEG2000 and
MNPs-PEG4000 as a function of different iron concentrations of 0.02, 0.1 and
0.2 mg/104 cells by MTT. Percent viability of cells was expressed relative to
control cells. Results were shown as mean ± SD (n = 4)

The key for in vivo use of iron oxide nanoparticles as a contrast
agent for cancer imaging was lower uptake of nanoparticles by
reticular endothelial system (RES) such as macrophages (Cheng
et al. 2005). Therefore the iron oxide nanoparticles could cir-
culate long enough to be accumulated into tumor by the EPR
effect. To investigate this hypothesis in vitro cell uptake experi-
ments were carried out using a macrophage cell line RAW264.7.
The uptake of various concentrations of MNPs-PEG1000, MNPs-
PEG2000, MNPs-PEG4000 by macrophages were compared with
that of Feridex I.V., which was currently used clinically for MRI
and was known to be taken up by macrophages because of
its size being larger than 100 nm (Lee et al. 2006). Uptake of
nanoparticles was concentration-dependent, with dosing con-
centration increasing from 0.02 mg Fe/ml to 0.1 mg Fe/ml. The
uptake amount was enhanced 2.5–4-fold, which was consis-
tent with previous observations (Xie et al. 2007; Mosqueira
et al. 1999). Fig. 7 showed the macrophage uptake results at
the 0.04 mg Fe/mL of PEG coated samples. It could be seen that
the dextran coated nanoparticles gave the highest uptake, fol-
lowed by PEG1000 coated particles, of which the uptake was
about 30% of that from dextran coated ones (p < 0.05). The
uptake ratios of PEG2000 and PEG4000 coated particles to dextran
coated ones decreased to about 15% (p < 0.05). Moreover, the
uptake of PEG2000 and PEG4000 coated particles were consid-
erably lower than that coated with PEG1000, but no significant
variation was observed (p > 0.05). PEG with molecular weight
higher than 2000 gave dense coating over the surface of the
nanoparticles, and therefore the length of PEG chain became
insignificant factor in terms of non-specific uptake.
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Fig. 7: Determination of the various MNPs for interaction with macrophage cells
with initial concentration at 0.04 mg Fe/mL. The cells were incubated with
MNPs for 6 h. Results were shown as mean ± SD (n = 4), * p < 0.05 vs.
MNPs-Dextran

3. Experimental

3.1. Materials

Methoxy-poly(ethylene glycol)-lipids with di-oleoyl chains (DO-PEG) was
synthesized according to our previous work with slight modification (Xiong
et al. 2006). 1-Octadecene was purchased from Alfa Aesar. PRMI-1640
was purchased from Gibco. The other chemicals were analytical reagents
and purchased from Shanghai Chemical Reagent Corporation, China. All
chemicals were used as received.

3.2. Synthesis of monodisperse iron oxide nanoparticles coated
with oleic acid

Monodisperse oleic acid-capped iron oxide nanoparticles of 10 nm in diam-
eter were synthesized in organic solvent at high temperature as reported
previously (Park et al. 2004). First, iron-oleate complex was prepared by
reacting metal chlorides and sodium oleate. In a typical experiment, 1.08 g
of iron chloride and 3.65 g of sodium oleate were dissolved in a mixture
solvent composed of 8 mL ethanol, 6 mL distilled water and 14 mL hex-
ane. And then, the solution was heated to 70 ◦C under magnetic stirring
conditions and kept at that temperature for 4 h. The upper organic layer con-
taining the iron-oleate complex was washed with 5 mL of distilled water.
After evaporating hexane, the iron-oleate complex in a waxy solid form was
obtained.
Second, 3.6 g of iron-oleate complex and 0.57 of g oleic acid were dissolved
in 20 g of 1-octadecene. The reaction mixture was heated to 320 ◦C at a
constant heating rate of 3.3 ◦C/min under a nitrogen atmosphere, and then
kept at that temperature for 30 min. The resulting solution was cooled and
precipitated by addition of excess ethanol and centrifugation. The precipitate
containing oleic acid coated magnetite nanoparticles was washed 4–5 times
with ethanol.

3.3. Surface modification of oleic acid coated iron oxide
nanoparticles with DO-PEG

Three amphiphilic DO-PEG polymers modified iron oxide nanoparticles
with 1000, 2000 and 4000 Da molecular weight of PEG chains were pre-
pared via the self-assembly method. Briefly, DO-PEG (60 �mol) and oleic
acid-coated magnetite nanoparticles (10 mg) were dissolved in THF (2 mL).
The above solution was slowly added into 5 mL of deionized water under
sonication using an ultrasonic generator (KQ116, Ultrasonic Instrument Co.,
Ltd., Kunshan, China) and then dialyzed against deionized water for 2 days
to allow the formation of hydrophilic nanoparticles and to remove organic
solvents (Mw cut-off: 50,000 Da). Afterwards, the nanoparticles solution
was removed from the dialysis bag and filtered through a 0.22 �m mem-
brane to remove large aggregates. Then, DO-PEG coated nanoparticles were
separated by magnetic decantation with a permanent magnet.

3.4. Characterization of magnetic nanoparticles

The hydrodynamic size distribution data of MNPs were measured with
a photon correlation spectrometer light scattering apparatus zeta poten-
tial/particle sizer 3000HS (Malvern Instruments, UK) and analyzed by
the Zetasizer 3000H (MALVERN software). TEM observations were pho-
tographed with an H-7650 transmission electron microscope (Hitachi,
Japan) at an acceleration voltage of 100 kV. The samples were dropped
onto a carbon-coated copper grid, forming a thin liquid film. The films on
the grid were negatively stained by adding immediately a drop of 2 wt. %
phosphotungstic acid and then air dried. The magnetic measurements were
carried out with a Vibrating Sample Magnetometer (VSM, Lakeshore 7407).

3.5. Magnetic resonance imaging

Suspensions of MNPs were prepared in 2% agarose solution and scanned
under a clinical 1.5 T MR imager (Eclipse, Philips Medical Systems, The
Netherlands) by using a 12.7-cm receive-only surface coil at room temper-
ature. T2-weighted images were acquired using the following parameters:
TR/TE, 3500/100 ms; DFOV, 4.5 × 4.5 mm; matrix, 256 × 256; slice thick-
ness, 1 mm. The magnitudes of image intensities were measured within
manually-drawn regions of interest (ROIs) for each of the samples. Relax-
ation rates R2 (R2 = 1/T2) were calculated with different iron concentrations.
T2 relaxivity rate (r2) was then calculated as slope from a plot R2 vs. iron
concentration in agarose solution.

3.6. Cell culture

Oral Squamous Carcinoma Cell line KB and macrophage cell line RAW
264.7 were purchased from the Institute of Biochemistry and Cell Biology,
Shanghai Institute of Biological Sciences, Chinese Academy of Sciences
(Shanghai, China). Cells were cultured in RPMI 1640 medium containing

484 Pharmazie 65 (2010)



ORIGINAL ARTICLES

10% fetal calf serum (FCS), 100 IU/mL penicillin and 100 IU/mL strepto-
mycin and incubated at 37 ◦C in 5% CO2 atmosphere. Medium was replaced
every other day. For control experiments, medium having no nanoparticle
was used. Each cell was detached mechanically and adjusted to the required
concentration of viable cells, by counting in a hemocytometer in the presence
of trypan blue.

3.7. In vitro cell cytotoxicity studies

The KB cell line was used to measure the in vitro cell cytotoxicity of iron
oxide nanoparticles coated with different PEG’s in medium. An amount
of 104 cells of KB were plated in each well of a 96-well plate. After 24 h
of culture, the medium in the wells was replaced with the fresh medium
containing nanoparticles in concentration range 0–0.2 mg Fe mL−1. After
12 h of incubation, the supernatant was removed and cells were washed
three times with PBS (pH 7.4). Then, 100 �L of MTT solution was added
to each well. After incubation for 4 h at 37 ◦C, each well was treated with
100 �L of DMSO with pipetting for 3 to 5 min. Absorbance of the solution
at 570 nm was measured by a microplate reader (Model 680, Bio-RAD).
The spectrophotometer was calibrated to zero absorbance, using culture
medium without cells. The relative cell viability (%) related to control wells
containing cell culture medium without nanoparticles was calculated by
[A]test/[A]control × 100. Where [A]test is the absorbance of the test sample
and [A]control is the absorbance of control sample.

3.8. Nanoparticle uptake by macrophages

An amount of 105 cells of Raw 264.7 macrophages were seeded in each
well of a 24-well plate. After incubation of 24 h, the medium was removed.
The cells were washed three with times with PBS (pH 7.4) before iron
oxide nanoparticles coated with different PEG’s and Feridex I.V. diluted in
RPMI, each with different concentrations (0.02, 0.04, 0.10 mg Fe mL−1)
were added. Cells grown without any nanoparticles were used as control.
After 6 h, the cell layer was treated with a 2 h digestion of particles in 30% v/v
HCl at 60 ◦C. A total of 1.0 mg of potassic persulphate was added to oxidize
the ferrous ions present in the above solution to ferric ions. Then, 1.0 ml of
0.1 M solution of potassium thiocyanate was added to this solution to form
the iron-thiocyante complex. 150 �L of the mixture was transferred to a 96-
well plate and the absorbance was measured after 10 min at 480 nm using
a microplate reader (Model 680, Bio-RAD) (Ge et al. 2009). A standard
curve for iron was made under identical conditions using known amount of
FeCl3·6H2O solution.
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