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bstract

We report the successful fabrication of the various types of water soluble PEGylated magnetic complexes (PMCs) for magnetism-related
iomedical applications. Various types of PMCs were synthesized and tested to accomplish phase transfer from organic to aqueous phase using
onomethoxy polyethylene glycol (mPEG)-fatty acid amphiphilic block copolymers (PFs) through conjugation of the hydroxyl group of mPEG
ith the carboxyl group of fatty acids. We also carefully investigate their colloidal stabilities in aqueous phase according to the ratio of hydrophilic

nd hydrophobic lengths relying on different types of fatty acids. Synthesized PMCs clearly demonstrated high magnetic sensitivity under magnetic

eld as magnetic resonance (MR) contrast agents. Furthermore, PMCs exhibited sufficient cell viabilities and excellent cell affinities in an in vitro
odel. Our results demonstrated that our PMCs possessed the potential for highly efficient magnetism-related biomedical applications such as MR

mage agents, drug delivery and tracking of cells.
 2008 Elsevier B.V. All rights reserved.
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. Introduction

Magnetic nanomaterials have been proposed for promising
pplications in biomedical field such as magnetic resonance

maging (MRI), hyperthermia for tumor treatment, site-specific
rug delivery, separation and tracking of DNA and cell [1–6].
n recent, monodispersed magnetic nanocrystals (MnFe2O4)
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oxy polyethylene glycol (mPEG); Magnetic complex

ith high crystallinity synthesized by the thermal decomposition
ethod have been introduced demonstrating excellent magnetic

ensitivity [7–10]. In addition, these magnetic nanoparticles are
aken up by a cell through the process known as pinocytosis
hich is a form of endocytosis [11,12].
In biomedical applications, however, it is essential to modify

he surface to increase physico-chemical stability in aqueous
olution because MnFe2O4 synthesized in organic solvents
re coated with hydrophobic ligands. Thus, hydrophobic lig-
nds on the surface of MnFe2O4 can be substituted with
ydrophilic ones or capped by amphiphilic block copolymers
13–15]. In particular, polyethylene glycol (PEG) backbone of
mphiphilic polymers served as hydrophilic ligands for this pur-
ose [13–23]. In this study, we report the fabrication of the
arious types of water soluble PEGylated magnetic complexes

PMCs). PMCs were synthesized to accomplish phase transfer
o the aqueous phase using mPEG-fatty acid amphiphilic block
opolymers (PFs). For the synthesis of PFs, the hydroxyl group
f monomethoxy polyethylene glycol (mPEG) was conjugated
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ith the carboxyl group of fatty acids [24]. Fatty acids are
nown as low toxic and essential components in human body
ystems, including the immune system and in blood pressure
egulation [25,26]. As fatty acids, moreover we used hexanoic
cid, lauric acid, stearic acid and oleic acid which were widely
mployed for hydrophobic ligands. The water solubilities of
repared PMCs were carefully investigated according to the
atio of hydrophilic and hydrophobic lengths which depend on
he carbon chain length of fatty acids. The size distribution
nd morphology of PMCs and their magnetic properties were
valuated. For assessing biomedical applications, we performed
iocompatibility test via MTT assay and in vitro cell affinity
xperiments.

. Materials and methods

.1. Materials

Hexanoic acid (HA), oleic acid (OA), stearic acid (SA),
auric acid (LA), triethylamine (TEA), N,N′-dicyclohexyl-
arbodiimide (DCC), iron (III) acetylacetonate, manganese (II)
cetylacetonate, 1,2-hexadecanediol, laurylamine, benzyl ether
nd 4-dimethyl amino pyridine (DMAP) were purchased from
igma Aldrich Chemical Co. Monomethoxy polyethylene gly-
ol (MW: 5000 Da) was obtained from Fluka Chemical Co.
hosphate buffered saline (PBS; 10 mM, pH 7.4) and DMEM
ere purchased from Gibco. All other chemicals and reagents
ere of analytical grade.

.2. Synthesis of magnetic nanocrystals (MnFe2O4)

MnFe2O4 nanocrystals were synthesized by thermal decom-
osition [8]. 2 mmol of iron (III) acetylacetonate, 1 mmol of
anganese (II) acetylacetonate, 10 mmol of 1,2-hexadecan-

diol, 6 mmol of dodecanoic acid, 6 mmol of dodecylamine, and

0 mL of benzyl ether were mixed under ambient nitrogen atmo-
phere. Then the mixture was pre-heated to 200 ◦C for 120 min
nd refluxed at 300 ◦C for 30 min. After cooling to room temper-
ture, the products were purified with an excess of pure ethanol.
pproximately 12 nm of MnFe2O4 was synthesized using the

eed-mediated growth method.

C
N
P
s

Fig. 1. The schematic illustration for
: Biointerfaces  64 (2008) 111–117

.3. Synthesis of PFs

mPEG-fatty acid amphiphilic block copolymers were syn-
hesized from the hydroxyl group of mPEG and the carboxyl
roup of fatty acids (hexanoic acid, lauric acid, stearic acid
nd oleic acid, respectively) by DCC method [1]. To obtain the
esired block copolymers, 30 mmol of fatty acid and 10 mmol
f mPEG were added into a flask containing 40 mL of anhy-
rous methylene chloride, 90 mmol of DCC, 90 mmol of DMAP
nd 90 mmol of TEA. The reaction was carried out for 48 h
t room temperature under a nitrogen atmosphere. The solvent
f the resulting products was rapidly eliminated using rotary
vaporator (50 Hz, EYELA). The synthesized amphiphilic block
opolymers were then dissolved in 10 mL of methylene chlo-
ide. Finally, the products were precipitated into excess ethyl
ther. The purified precipitates were lyophilized and stored under
acuum for later use.

.4. Preparation of PMCs

PEGylated magnetic complexes were prepared by nanoemul-
ion method [24]. 30 mg of MnFe2O4 nanocrystals was
issolved in 4 mL of hexane (as organic phase). This organic
hase was added into 20 mL of PBS (as aqueous phase) con-
aining 600 mg of mPEG-hexanoic acid amphiphilic block
opolymers (PHs). After mutual saturation of organic and
queous phases, the mixture was emulsified for 10 min with
ltrasonication (ULH700S, Ulssohitech) operated at 450 W in
n ice-cooled bath. The products were then stirred for overnight
t room temperature to evaporate the organic solvent. mPEG-
auric acid amphiphilic block copolymers (PLs), mPEG-stearic
cid amphiphilic block copolymers (PSs) and mPEG-oleic
cid amphiphilic block copolymers (POs) were synthesized as
escribed previously.

.5. Characterizations

The chemical structure of PFs was characterized with

DCl3 as solvent using 1H NMR (400 MHz, Varian INOVA400
MR spectrometer). The characteristic bands of synthesized
Fs and PMCs were confirmed by Fourier-transform infrared
pectroscopy (FT-IR, Varian, ExcaliburTM series). The criti-

the synthesis of PFs and PMCs.
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Table 1
The properties of PFs

mPEG-fatty acid amphiphilic
polymers (PFs)

Ma MNMR
b CMC (�M)

mPEG-hexanoic acid
amphiphilic polymers (PHs)

5116.16 5116.2 1.81

mPEG-lauric acid amphiphilic
polymers (PLs)

5200.32 5220.3 1.72

mPEG-stearic acid amphiphilic
polymers (PSs)

5284.48 5284.5 1.08

mPEG-oleic acid amphiphilic
polymers (POs)

5282.46 5282.5 1.19
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Fig. 2. 1H NMR spectra of (a) PHs, (b) PLs, (c) PSs and (d) POs.

al micelle concentration (CMC) of PFs was measured using
onductivity [24]. The size distribution and zeta potential of
MCs were analyzed by laser scattering (ELS-Z, Otsuka elec-

ronics). The morphology of PMCs was determined using
transmission electron microscope (TEM, JEOL1100). The
agnetic properties were measured using vibrating-sample
agnetometer (VSM, MODEL-7300, Lakeshore) at room tem-

erature. The weight quantity of MnFe2O4 nanocrystals in
MCs was analyzed with a thermo-gravimetric analyzer (SDT-
600, TA instrument). X-ray diffraction (XRD) measurements
f MnFe2O4 nanocrystals were performed by a powder diffrac-
ometer (Rigaku miniflex, Tokyo, Japan) and image-plate
hotography using graphite-monochromatized Cu K� radiation
λ = 1.542 Å). Cell affinity of synthesized PMCs was confirmed
sing microscope (BX 51, Olympus).

.6. Biocompatibility test of PFs and PMCs

The biocompatibilities of PFs and PMCs were evaluated by

TT assay against Hela cells (ATCC, Manassas, VA), respec-

ively. Hela cells harvested in a logarithmic growth phase were
eeded on 96 wells at a cell density of 1 × 104 cells/well. DMEM
as used as a growth medium maintained under humidified

Fig. 3. FT-IR spectra of (a) PHs, (b) PLs, (c) PSs and (d) POs.

2

c

a The theoretical molecular weights of mPEG-fatty acid amphiphilic poly-
ers.
b Calculated from mPEG and the weight ratio of fatty acid.

tmosphere (5% CO2). After 48 h incubation, cell viabilities
f the cells treated with PFs and PMCs were obtained at var-
ous concentrations (0.06–7.82 �g/mL) by calculating the ratio
f the number of viable cells in the treated culture compared
ith control cells.

.7. Cell affinity of PMCs

The internalization of PMCs into Hela cells was confirmed
y MR imaging and microscopy analysis. 4 × 106 Hela cells
ere incubated for 24 h in a dish before adding PMCs. PMCs

t MnFe2O4 concentrations of 62.5, 31.3, 15.6 and 7.8 �g/mL
n culture medium were added per dish and the cells were incu-
ated at 37 ◦C and in 5% CO2 for 24 h. The cells were then
ashed twice with PBS, trypsinized and harvested. The col-

ected cells were washed three times with 0.2% FBS and 0.02%
aN3 in PBS. These samples were re-suspended in 200 �L of
% paraformaldehyde for MR imaging analysis. The cell affin-
ty of PMCs was confirmed using microscope by Prussian blue
taining method.
.8. MR imaging procedure

MR imaging experiments were performed with a 1.5 T clini-
al MRI instrument with a micro-47 surface coil (Intera; Philips

Fig. 4. Size distribution and zeta potential of PLMs, PSMs and POMs.
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Fig. 5. TEM images of (a) PLMs, (b)

edical Systems, Best, the Netherlands). R2 relaxivities of cells

reated with PMCs were measured at room temperature by the
arr-Purcell-Meiboom-Gill (CPMG) sequence: TR = 10 s, 32
choes with 12 ms even echo space, number of acquisitions = 1,
oint resolution of 156 �m × 156 �m, section thickness of

Fig. 6. Stability test against the prepared PMCs for 30 days.
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s and (c) POMs in aqueous solution.

.6 mm. R2 was defined as 1/T2 with units of s−1. For T2-
eighted MR imaging of cell, the following parameters were

dopted: resolution of 234 �m × 234 �m, section thickness of
.0 mm, TE = 60 ms, TR = 4000 ms, number of acquisitions = 1.

. Results and discussion

.1. Characterization of PFs

To prepare highly efficient water soluble PMCs, amphiphilic

Fs were synthesized using mPEG and various fatty acids (hex-
noic acid; HA, lauric acid; LA, stearic acid; SA, and oleic acid;
A) by the DCC method [24]. The synthetic scheme for PFs is
epicted in Fig. 1. The carboxyl group of fatty acid was acti-

Fig. 7. Thermogravity analysis of PLMs, PSMs and POMs.

Fig. 8. XRD pattern of PLMs, PSMs and POMs.
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Fig. 9. Magnetic hysteresis loops of PLMs, PSMs and POMs.

ated by DCC and DMAP, and then the activated functional
roup was attacked by the hydroxyl group of mPEG as a nucle-
phile. After reaction and purification, the chemical structures of
our different types of PFs (mPEG-hexanoic acid amphiphilic
lock copolymers; PHs, mPEG-lauric acid amphiphilic block
opolymers; PLs, mPEG-stearic acid amphiphilic block copoly-
ers; PSs, and mPEG-oleic acid amphiphilic block copolymers;
Os) were verified with 1H NMR (400 MHz, CDCl3) spec-

ra, respectively (Fig. 2). The hydroxyl group of mPEG chain
δ = 4.79 ppm) was no longer present after conjugation. The
haracteristic peaks of fatty acid were evaluated at 1.72 and
.25 ppm (–(CH2)n–) and 0.88 ppm (–CH3). In addition, the
ethylene protons in the mPEG chain (–OCH2CH2–) presented

t 3.65 ppm. The relative molecular weight of PFs by 1H NMR
pectra was 5116 Da (PHs), 5200 Da (PLs), 5284 Da (PSs) and

282 Da (POs), respectively. We further confirmed the chemi-
al structures of PFs using FT-IR spectra (Fig. 3). The carboxyl
roup of fatty acid (1695 cm−1) was converted to ester group
1737 cm−1) of PFs after the esterification of hydroxyl group

i
w
u
(

Fig. 11. Microscopic images of cellular uptake of the P
ig. 10. Cell viability of Hela cells treated with various concentrations of the
Fs and the PMCs.
n mPEG by dehydration. These results demonstrated that PFs
ere successfully synthesized. We next measured CMC of PFs
sing conductivity. CMC of PFs was 1.81 �M (PHs), 1.72 �M
PLs), 1.08 �M (PSs) and 1.19 �M (POs), respectively (Table 1).

MCs in accordance with particle concentration.
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Fig. 12. (a) T2-weighted MR images and their color maps for Hela cells tre

t fixed mPEG chain length (MW: 5000 Da), CMC of PFs was
ncreased as the fatty acid chain length decreased because the
onger hydrophobic chain induced an aggregation of core part
27]. Therefore, CMC of PSs was smaller than those of PHs,
Ls and POs (Table 1).

.2. Morphology, size, zeta potentials and colloidal
tability of PMCs

Monodisperse magnetic nanocrystals (MnFe2O4, ∼12 nm)
n organic solvents were synthesized using the seed-mediated

rowth method at high temperature. To prepare water soluble
MCs, hydrophobic MnFe2O4 were encapsulated with pre-
ared PFs by nanoemulsion method due to the hydrophobic
nteraction of MNCs with fatty acid components of PFs. How-

t
i
t
e

with PMCs. (b) �R2/R2non-treated plot for Hela cells treated with PMCs.

ver, PHs could not contribute the formulation of water soluble
MCs because of relatively short chain length of fatty acid
ompartment. The size of PMCs was 22.50 ± 7.85 nm (PLM),
2.88 ± 7.86 nm (PSM) and 25.50 ± 1.95 nm (POM), respec-
ively (Fig. 4). The zeta potential values of PLM, PSM and POM
ere 0.84 ± 0.28, −1.76 ± 0.83 and −1.06 ± 0.40 mV, respec-

ively (Fig. 4). These data indicated that the size and the surface
harge of water soluble PMCs were not influenced by different
ypes of fatty acid compartments.

In Fig. 5, the TEM images presented well dispersed PMCs
n aqueous phase. Since colloidal stability of PMCs is an essen-

ial requirement for biocompatible application, furthermore, we
nvestigated the colloidal stability of PMCs in aqueous solu-
ion for 30 days. Except for PHM, the prepared PMCs exhibited
xcellent colloidal stability (Fig. 6).
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.3. Characterizations of magnetic properties of PMCs

The encapsulated magnetic substances in PMCs were
etermined using thermo-gravimetric analyzer. An organic com-
ound was eliminated at 350–400 ◦C, and residual amounts
magnetic substances) were maintained up to 600 ◦C. The weight
oss of PMCs was similar with 5 wt% (PLMs), 3 wt% (PSMs)
nd 4 wt% (POMs), respectively (Fig. 7). We also confirmed
hat the crystallinity of MnFe2O4 in PMCs using XRD (Fig. 8).
he XRD pattern presented that PMCs possessed fairly well-
rystallized MnFe2O4 [28]. To evaluate potentials of PMCs as
R contrast agents, magnetic properties of PMCs were investi-

ated using a vibration sample magnetometer at 300 K (Fig. 9).
he magnetic hysteresis loops of PLMs, PSMs and POMs
emonstrated zero remanence and coercivity proving that pre-
ared PMCs exhibited superparamagnetic properties due to the
ggregation of single-domain MnFe2O4 [29]. The saturations
f magnetization at 1.0 T were 2.1 emu/g (PLMs), 2.1 emu/g
PSMs) and 2.0 emu/g (POMs), respectively.

.4. Affinity and biocompatibility of PMCs to cancer cells

As shown in Fig. 10, cell viabilities against Hela cells treated
ith prepared nanoparticles were evaluated for 48 h at various
anoparticle concentrations (0.06–7.82 �g/mL). PFs and PMCs
xhibited low cytotoxicities against Hela cells even at high
oncentration. We next evaluated the cellular internalization of
MCs into Hela cells. Hela cells in culture media containing
MCs (7.80, 3.90, 1.95 and 0.98 �g/mL) were incubated for
4 h. Then the cellular internalization of PMCs (PLMs, PSMs
nd POMs) was examined through Prussian blue staining. A
eep blue color was observed against all PMCs-treated cells.
he results indicated that PMCs were efficiently internalized

nto the Hela cells (Fig. 11).
Finally, to confirm magnetic properties as MR imaging

gents, we performed MR imaging against PMCs-treated cells
t 1.5 T. In T2-weighted MR images, a marked darkening of the
R image arising from PMCs-treated Hela cells was observed

s compared to non-treated Hela cells (Fig. 12). The values
f the R2 in the cells treated with PMCs increased obviously
ith increasing concentration of PMCs compared to that in the
on-treated cells regardless of PMCs types. The results demon-
trated that PMCs possessed sufficient magnetic properties as

R imaging probes for labeling agents.

. Conclusions
We successfully synthesized water soluble PMCs composed
f magnetic nanocrystals (MnFe2O4) and PFs by nanoemulsion
ethod. PMCs presented excellent magnetic properties appli-

able as MR imaging contrast agents regardless of PMCs types

[

[

[

: Biointerfaces 64 (2008) 111–117 117

n an in vitro model. Consequently, PMCs clearly demonstrated
he potential for highly efficient magnetism-related biomedical
pplications such as MRI agents, drug delivery and tracking of
ells.
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