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A new family of magnetic nanoparticles, silica cross-linked pluronic F127 micelles loaded with

iron oxides having the properties of high biocompatibility, physical and chemical stability, high

magnetism, and low-cost production, have been synthesized.

1. Introduction

Iron oxide (IO) nanoparticles are emerging as promising

candidates for various biomedical applications, such as mag-

netic resonance imaging (MRI),1 targeted drug delivery,2

hyperthermia treatment,3 the labelling and sorting of cells,4

and the separation of biochemical products,5 due to their

superparamagnetic properties. Most of these applications

require the nanoparticles to be biocompatible, water soluble,

and physically and chemically stable in a physiological environ-

ment.6 To date, the most promising synthetic strategy for

iron oxide nanoparticles is based on the high temperature

decomposition of iron salts in the presence of organic solvents,

which can produce monodisperse and highly crystalline IO

nanoparticles.7 However, their uses in biomedicine are quite

limited because the particles synthesized through this route

can only be dispersed in hydrophobic solvents. Before bio-

medical applications are possible, they have to be transferred

into an aqueous medium. Moreover, the reactivity of iron oxide

particles have been shown to greatly increase as their dimen-

sions are reduced to the nano scale. Therefore, it is necessary

to engineer the surface of IO nanoparticles to improve

their biocompatibility, solubility and stability in physiological

environments for various biomedical applications.8

Several natural and synthetic polymers have been employed

to coat the surface of IO nanoparticles to transfer their surface

wettability. These polymers include dextran,9 lipids,10 dendri-

mers,11 polyethylene glycol (PEG)12 or polyethylene oxide

(PEO),13 and polyvinylpyrrolidone (PVP).14 All the polymers

used are known to be biocompatible and able to promote the

dispersion of IO nanoparticles in an aqueous medium. How-

ever, these polymer coatings are not robust and can be

detached from particle surfaces easily under in vivo condi-

tions.10,12 To improve the stability of the polymer coatings

in vivo, a cross-linking technique has been developed.15 For

example, the stability of dextran coatings on IO nanoparticles

can be improved when the dextran polymer chains are chemi-

cally cross-linked. Although cross-linking is considered a

promising method for strengthening the polymer coatings of

IO nanoparticles,16–19 this method requires multiple synthetic

steps (multi-pot).18 Therefore, a simple and one-pot method is

in demand.

In this work, we have developed a simple and one-pot

method to fabricate a new family of biocompatible and stable

magnetic nanoparticles that are coated with a hybrid layer of

silica cross-linked pluronic F127 (SCL-P@IO). Pluronic F127

(PF127) is an ABA-type triblock copolymer consisting of

hydrophobic poly(propylene oxide) (PPO) and hydrophilic

PEO. The PEO blocks present a high biocompatiblity by

effectively preventing aggregation, the adsorption of proteins,

the adhesion to tissues, and recognition by the reticulo-

endothelial system in vivo.20 Silica has been extensively studied

as an inorganic coating for a long period of time due to its rich

surface chemistry, which means it is able to conjugate biofunc-

tional moieties easily. Compared to polymer coatings, silica

coatings are more chemically stable and resistant to diffusion

for encapsulated components. PF127 copolymer and silica

have also been selected as suitable surface coating candidates

because they are highly safe in vivo and have been approved by

the Food and Drug Administration.20,21

A double-layer coating of PEO and silica on the surface of

IO nanoparticles is proposed, as shown in Fig. 1a. Like

conventional mesoporous silica synthesis using PF127 surfac-

tants,22 the silica was controlled so as to be deposited on the

interior PEO blocks of the PF127 micelle, leaving the exterior

PEO blocks stretched out in aqueous media. Therefore, a

double-layer structure of PEO and silica on the surfaces of

the IO nanoparticles was formed (Fig. 1a). The advantages of

the resulting magnetic nanoparticles are follows: (1) high

biocompatibility and stability due to the presence of PEO

blocks on the surface of the nanoparticles, (2) high chemical

and physical stability due to the robust and dense silica cross-

linked micelles, and (3) simple and low-cost synthesis, since

silica cross-linking is much easier in comparison with tradi-

tional polymer cross-linking, and since both PF127 and the

silica precursor are commercially available. Therefore, the

present magnetic nanoparticles possess great potential in a

variety of biomedical applications.

2. Experimental

2.1 Materials

Dioctyl ether, oleic acid, iron(III) chloride, tetraethoxysilane

(TEOS), diethoxydimethylsilane (Me2Si(OEt)2, DEDMS) and
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pluronic F127 (PF127) were purchased from Aldrich

Chemical Co. Fibroblasts 3T3 were purchased from ATCC.

RPMI-1640 medium, Dulbecco’s modified Eagle’s medium

(DMEM), fetal bovine serum (FBS), L-glutamine, penicillin

and streptomycin were purchased from Sigma. All other

solvents and chemicals were purchased from Aldrich and used

as received.

2.2 Synthesis of IO nanoparticles (Fe3O4)

FeCl3�6H2O (3.3 mmol) and sodium oleate (10 mmol) were

dissolved in a mixture of ethanol (25 mL), de-ionized water

(20 mL) and hexane (45 mL). After refluxing for 4 h at 62 1C,

the iron oleate complex was washed with de-ionized water

three times. The iron oleate complex (3.3 mmol) and oleic acid

(1.67 mmol) were dissolved in dioctyl ether (20 mL) at 70 1C.

After heating for 1.5 h at 290 1C, ethanol (30 mL) was added

to the mixture, and the nanoparticles were collected by

centrifugation at 6000 rpm. The nanoparticles were washed

with hexane and ethanol three times. Finally, the nanoparticles

were dispersed in hexane (40 mL) and oleic acid (100 ml).

2.3 Synthesis of SCL-P@IO nanoparticles

A hexane solution (0.2 mL) of IO nanoparticles was added to

an aqueous solution (8 mL) of PF127 (1.3 g). After 3 h of

stirring at room temperature, the mixture was dried under

nitrogen gas. The obtained powder could be readily redis-

persed in de-ionized water (8 mL) with shaking. Then, a 0.3 M

HCl solution (0.4 g) and TEOS (0.2 g) were added to the

mixture with stirring. After stirring at room temperature for

48 h, DEDMS (0.1 g) was added. Stirring was continued for

another 3 h.

2.4 Cell culture

The cell viability of the nanoparticles was carried out by

testing the viability of 3T3 fibroblasts after incubation with

DMEM, supplemented with 10% FBS, 1 mM L-glutamine and

100 IU mL�1 penicillin via an 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyl tetrazolium bromide (MTT) assay. Mouse macro-

phage cells (RAW 264.7) were used to assess the cellular

uptake of the nanoparticles. The RAW 264.7 cells were

cultured in RPMI-1640 medium, supplemented with 10%

FBS, 2 mM L-glutamine, 100 IU mL�1 penicillin and

100 mg mL�1 streptomycin. The cell concentrations were

determined by hemacytometry, and the Fe concentrations

were determined by Thermal Jarrell Ash Duo Iris inductively-

coupled plasma optical emission spectrometer (ICP-OES).

2.5 Characterization

TEM measurements were taken using a JEOL JEM 3010

instrument. The hydrodynamic diameters of the nanoparticles

were measured by a Malvern Zeta Sizer Nano S-90 dynamic

light scattering (DLS) instrument. TGA analyses were per-

formed by a TA Instruments Q500 thermogravimetric analyzer.

IR studies were run on an ATI Mattson Infinity Series

FT-IR spectrophotometer. Magnetic properties were mea-

sured on a superconducting quantum interference device

(SQUID, Quantum Design, USA) and a Lakeshore 7300 series

vibrating sample magnetometer (VSM). The fluorescence

emission spectra of pyrene were measured by a fluorescence

photometer (FP-777 Jasco) at 254 nm excitation. 29Si NMR

spectra were recorded with an Advance 500 Bruker spectro-

meter at 99.36 MHz. The pulse length was 6 ms (theta = p/6)
with 6 s repetitions.

3. Results and discussion

3.1 TEM, XRD and
29
Si NMR

In a typical synthesis, 10.5 nm monodisperse and hydrophobic

Fe3O4 nanoparticles were synthesized separately (Fig. 1b).23

The as-synthesized Fe3O4 nanoparticles were coated with a

layer of oleic acid, which made them only soluble in hydro-

phobic solvents (Fig. 1b inset photo). With the addition of

PF127 surfactants, these polymeric surfactants self-assembled

into a micellar structure, encapsulating the IO nanoparticles in

their cores. The hydrophobic PPO block in the middle of the

PF127 associated with the alkyl tail of the oleic acid through a

hydrophobic interaction, while the two hydrophilic PEO

blocks stretched out in aqueous media (Fig. 1a). Then, TEOS

Fig. 1 a: Synthetic scheme for silica cross-linked pluronic F127

micelles loaded with IO nanoparticles (SCL-P@IO). Left: an as-

synthesized hydrophobic IO nanoparticle. Right: an IO nanoparticle

with its surface covered by a double-layer of PEO and silica. b: A TEM

of as-synthesized hydrophobic IO nanoparticles. The inset photo

shows that the IO nanoparticles can only be dispersed in hexane. c:

A TEM of SCL-P@IO nanoparticles. The right bottom inset is a

higher magnification TEM of typical SCL-P@IO nanoparticles. The

inset photo shows that the SCL-P@IO nanoparticles can be readily

dispersed in water. d: Size distribution histogram of the nanoparticles

in c. e: XRD patterns of IO and SCL-P@IO nanoparticles. f: 29Si

NMR spectra corresponding to samples (a) with and (b) without the

addition of DEDMS, respectively.

This journal is �c The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2009 New J. Chem., 2009, 33, 88–92 | 89

D
ow

nl
oa

de
d 

on
 0

2 
Ja

nu
ar

y 
20

13
Pu

bl
is

he
d 

on
 1

5 
O

ct
ob

er
 2

00
8 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/B
81

03
02

J

View Article Online

http://dx.doi.org/10.1039/b810302j


was added as a silica precursor to polymerize and cross-link

the PF127 micellar shells.

Fig. 1c shows a TEM image of the SCL-P@IO nanoparti-

cles. The formation of well-defined core/shell morphologies is

readily confirmed, since the Fe3O4 within the micelle cores is

more electron-dense than the silica/PF127 hybrid shell.

A higher magnification TEM of typical SCL-P@IO nano-

particles is shown in the right bottom of Fig. 1c. These

nanoparticles have a number-average diameter of around

21 nm, as shown in the histogram in Fig. 1d, with an ultrathin

(about 5 nm) silica shell deposited outside the Fe3O4 nano-

particles. A size distribution analysis, as shown in the

histogram in Fig. 2a, reveals that the spherical NPs are

monodisperse and have an average size of 7.9 � 1.5 nm. The

inset photo shows that the resulting nanoparticles can be

readily dispersed in water. The XRD patterns of the IO and

SCL-P@IO nanoparticles (Fig. 1e) can be assigned to the

(220), (311), (400), (422), (511) and (440) reflections of the

spinel structure of magnetite (JCPDS no. 19-0629). The broad

band at 20–301 is due to the presence of amorphous

silica, while the labelled peaks are associated with Fe3O4

nanocrystals.

The condensation of silicate during the preparation was

studied by NMR techniques. Fig. 1f (a) and (b) correspond to

the sample with and without the addition of DEDMS, respec-

tively. In the 29Si NMR spectra, three peaks at ca. �94, �104
and �114 ppm are assigned to Q2, Q3 and Q4 species with

progressively increasing cross-linking (condensation).24 After

automatic calculation of the integrated area, the Q4 : Q3 ratio

decreased from 0.91 (b) to 0.83 (a), indicating a slightly lower

condensation of silicate with the addition of DEDMS.

3.2 DLS and FT-IR

The obtained SCL-P@IO nanoparticles were characterized by

DLS. The DLS measurements of the IO and SCL-P@IO

nanoparticles are shown in Fig. 2a. The hydrodynamic

diameter of the SCL-P@IO nanoparticles is 43.3 nm, which

is larger than that measured by TEM in Fig. 1c. This is

because the light scattering measurement includes the PEO

chains stretching out into the aqueous solution, which cannot

be observed by TEM due to the low contrast of the PEO

polymers.25 This result also confirms the double-layer struc-

ture of PEO and silica on the surface of SCL-P@IO nano-

particles instead of just a single layer of silica; that is, the silica

is deposited on the interior PEO chains, while the exterior

PEO chains are stretched out into the aqueous solution, as

suggested in Fig. 1a. The surface coating of the SCL-P@IO

nanoparticles was further studied by IR analysis. As shown

in Fig. 2b, silica formation is confirmed, since a band at

1080 cm�1, assigned to Si–O–Si, is observed for these

SCL-P@IO nanoparticles.26 After calcination at 700 1C, the

characteristic band of C–H at 1726 cm�1 disappears com-

pletely, while the band assigned to thermally stable silica is still

observed.

3.3 Magnetism characterization

The magnetic properties of the IO and SCL-P@IO nanopar-

ticles were examined at room temperature by using a VSM. As

shown in Fig. 3a, the saturated magnetization of the IO and

SCL-P@IO nanoparticles were 63.1 and 28.3 emu g�1, res-

pectively. The reduction in saturated magnetization for the

SCL-P@IO nanoparticles accounts for the diamagnetic

properties of the silica and the PF127 shell surrounding

the IO cores. The inset photo in Fig. 3a shows the magnetic

manipulation ability of the SCL-P@IO nanoparticles.

When an external magnet is placed beside the glass vial, the

aqueous dispersion of SCL-P@IO nanoparticles could be

directed towards the magnet. This efficient magnetism will

allow these nanoparticles to be useful in many biomedical

applications, such as targeted delivery and separation. The

magnetization change of the SCL-P@IO nanoparticles with

storage time was monitored by VSMmeasurements. As shown

in Fig. 3b, the saturated magnetization of the SCL-P@IO

nanoparticles was almost constant (at around 28 emu g�1)

during 90 d storage, suggesting that the PF127/silica hybrid

coating is dense enough to be non-permeable, preventing the

encapsulated IO cores from degrading and leading to lower

magnetism.

3.4 Cell viability and uptake

The biocompatibility of the SCL-P@IO nanoparticles was

examined by the cell viability of 3T3 fibroblast lines through

Fig. 2 a: Hydrodynamic sizes of IO and SCL-P@IO nanoparticles in

aqueous solution determined by DLS measurements. b: IR spectra of

PF127 triblock copolymer (top), SCL-P@IO nanoparticles (middle)

and SCL-P@IO nanoparticles after calcination at 700 1C (bottom).

The IR spectra of the SCL-P@IO nanoparticles are characteristic of

both the silica network (Si–O–Si stretch at 1080 cm�1) and the

copolymer (C–H stretch at 1730 cm�1). This C–H band disappears

after calcination.

Fig. 3 a: Magnetization curves (M–H) of IO and SCL-P@IO nano-

particles. The inset photo shows that the SCL-P@IO nanoparticles

can be driven by an external magnet. b: The magnetization change of

the SCL-P@IO nanoparticles with storage time, as observed by VSM

measurements.
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an MTT assay. As shown in Fig. 4a, the SCL-P@IO nano-

particles were biologically inert up to an iron concentration of

1000 mg mL�1. This result indicates that the SCL-P@IO

nanoparticles are highly non-toxic and biocompatible. When

injected into the bloodstream, nanoparticles are often con-

sidered as an intruder by the innate immunity system, and can

be readily recognized and become engulfed by the macrophage

cells. The nanoparticles will then be removed from the blood

circulation system, and lose their efficiency in diagnostics and

therapeutics.

Fig. 4b shows the uptake of the oleic acid-stabilized (Oleic

acid-IO) and PEO-stabilized (SCL-P@IO) nanoparticles

by macrophage cells with an initial Fe concentration of

0.23 mg mL�1. The Oleic acid-IOs were quickly internalized

into the cells within 24 h, with an uptake of 163 pg Fe cell�1.

The amount taken in by the cells decreased with time because

of the rapid growth and division of the macrophage cells.

After grafting with PEO, the SCL-P@IO nanoparticles’

uptake by macrophage cells was much lower, at only

3 pg Fe cell�1, compared with Oleic acid-IO nanoparticles.

The very low uptake of SCL-P@IO nanoparticles could be

due to surface PEO grafting of the SCL-P@IO nanoparticles

lowering the adsorption of the proteins and decreasing the

possibility of macrophage recognition.

3.5 Stability test

The stability of the SCL-P@IO nanoparticles under physio-

logical conditions was also studied by DLS measurements.

The size change of the SCL-P@IO nanoparticles with incuba-

tion time in phosphate-buffered saline (PBS) plus 10% FBS

were monitored. As shown in Fig. 5a, the sizes of SCL-P@IO

nanoparticles were almost constant over 90 d incubation,

indicating that these nanoparticles did not aggregate and were

fairly dispersed in the physiological medium. This is mainly

attributed to the anti-aggregation and anti-biofouling proper-

ties of the PEO blocks of PF127 on the surfaces of SCL-P@IO

nanoparticles. The stability of micelles under dilution is also

a big issue because they are highly diluted in vivo after

administration. Pyrene is an effective fluorescent probe to test

micelle stability. The ratio between the first (375 nm) and third

(386 nm) emission intensities (Im1/Im3) of the pyrene spectrum

depends on the environmental polarity of the solvent.27 Here,

the fluorescence spectra of pyrene molecules encapsulated in

silica-cross-linked PF127 micelles were measured as a function

of PF127 surfactant concentration (different dilution levels) to

study the micelle stability. As shown in Fig. 5b, the low and

almost constant Im1/Im3 ratio (about 1.2 : 1) meant that the

silica deposition effectively cross-linked the PF127 micellar

chains and stabilized the micelles from dissociation under

dilution.

4. Conclusions

In conclusion, we have fabricated a new family of magnetic

nanoparticles based on silica cross-linked PF127 block co-

polymer micelles loaded onto IO nanoparticles. The advan-

tages of high biocompatibility, physical and chemical stability,

high magnetism, and the low-cost of production of these new

magnetic nanoparticles make them promising for a wide range

of biomedical applications, such as bioimaging, bioseparation

and drug delivery.
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