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" Novel PS@Fe3O4@GO nanoparticles
were fabricated using a self-
assembly method.

" PS@Fe3O4@GO exhibited a higher
loading of Fe3O4 than reported
GO@Fe3O4 systems.

" PS@Fe3O4@GO exhibited better
magnetic responsivity than reported
GO@Fe3O4 systems.

" The layered structure retained
efficient surface area of GO to load
organic molecules.
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a b s t r a c t

Core–shell structured polystyrene (PS)-Fe3O4-graphene oxide (GO) composite nanoparticles were synthe-
sized by sequentially depositing Fe3O4 nanoparticles and GO sheets onto the carboxyl functionalized PS
template nanoparticles through electrostatic interactions. Morphologies of the composite nanoparticles
were studied by both scanning electron microscopy and transmission electron microscopy, while their
structures and chemical components were examined via Fourier transform infrared spectroscopy, Raman
spectroscopy and X-ray photoelectron spectroscopy. The data confirmed the coexistence of PS, Fe3O4 and
GO with a core–shell structure in the composite. The obtained PS@Fe3O4@GO nanoparticles possess
excellent magnetic responsivity to externally applied magnetic field and can also form stable dispersion
upon the removal of magnetic field. The study on the loading capacity of model molecule Rhodamine B
(RhB) indicated the possibilities of using PS@Fe3O4@GO nanoparticles in targeted drug delivery
applications.

� 2012 Elsevier B.V. All rights reserved.

1. Introduction

Graphene, a free standing two dimensional crystal with one-
atom thickness, has attracted much attention because of its unique
properties, such as remarkable electronic properties, superlative
mechanical strength (Young’s modulus, 1100 GPa) [1], unparal-
leled thermal conductivity (5000 W/m/K) [2] and high planar
surface area (calculated value, 2630 m2/g) [3]. The large surface

area can be used for the immobilization of a large number of sub-
stances including dyes, metals, bio-molecules, and drugs. Func-
tionalized graphene nanosheets are biocompatible with no
obvious toxicity [4] and their composites have been used for drug
delivery, photothermal therapy and magnetic resonance imaging
[5,6]. GO has also been used for adsorbing dye from wastewater
discharged from the textiles, printing, and tanning industries [7].
Although improving the loading efficiency is critical in molecule
adsorption research, site-directed is also very important for
increasing drug efficacy and facilitating dye removal.

One of the promising site-directed methods is to use magnetic
nanoparticles in the molecule-loading nanocomposites. In fact, as
an important family of advanced nanomaterials, magnetic
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nanocomposites have gained much attention, due to their ability to
realize both magnetic targeting and effective magnetic separation
to selectively capture the objects of interest from a complex mix
of substances [8].

Yang et al. prepared a hybrid material consisting of GO and
Fe3O4 nanoparticles using a chemical deposition method and used
to bind doxorubicin hydrochloride (DXR) for targeted drug
delivery [9]. Magnetic Fe3O4@GO composites were also synthe-
sized for dye removal from aqueous media [10]. However, there
are two major shortcomings of the Fe3O4@GO adsorbent. One is
that the adsorption of Fe3O4 nanoparticles and molecules was
mutually exclusive on GO sheets, which limited the amount of
molecules that could be loaded on the surface of GO nanosheets
in the presence of Fe3O4 nanoparticles. The other problem is that
the strong hydrophilic property of GO enables the GO@Fe3O4 well
dispersed in water, which is a disadvantage in promoting mag-
netic separation.

One of the effective approaches to overcome these limitations
is to use a spherical nano-carrier core to load as much as Fe3O4

nanoparticles and then coat GO nanosheets on the very outside
of the composite nanoparticles. This layered structure not only
increases the amount of Fe3O4 nanoparticles in the composite,
but also provides a high surface area of GO nanosheets for further
molecule loading. More importantly, the spherical shape as
opposed to thin-sheet like morphology could significantly reduce
the viscosity of the carrier@Fe3O4@GO suspension system, com-
pared to that of GO@Fe3O4, enabling the fast response of the com-
posite nanoparticles to external magnetic field under various pH
conditions.

In this article, spherical GO composite nanoparticles with the
layered structure were fabricated and their potential as a drug-
delivery system was studied. Polymeric latex spheres were used
as an ideal carrier of GO and Fe3O4 nanoparticles for its large sur-
face area, high chemical stability, arbitrary functional groups on
the surface, low cost and good dispersion stability in aqueous/non-
aqueous solutions [11]. Fe3O4 nanoparticles were coated on car-
boxyl functionalized PS latex spheres and then GO was coated to
form an outside shell (PS@Fe3O4@GO). This GO-based sandwich
structure can easily respond to external magnetic field and can
be well redispersed into water upon the removal of magnetic field.
It also displayed an improved responsivity to an external magnetic
field compared to previously reported GO@Fe3O4 system. The
capacity of PS@Fe3O4@GO to load organic molecules was also
investigated. These properties make PS@Fe3O4@GO a good promis-
ing material for targeted drug delivery applications.

2. Experimental sections

2.1. Materials

Tetraethylorthosilicate (TEOS), potassium persulfate (KPS) and
graphite were obtained from Sigma–Aldrich. Styrene (St) and ac-
rylic acid (AA) were obtained from Sigma–Aldrich and both of
them were purified by distillation under reduced pressure before
use. Ferric chloride hexahydrate, ferrous chloride tetrahydrate,
ammonium hydroxide, sodium hydroxide (NaOH) and potassium
permanganate were purchased from Chem-supply Pty Ltd.
(Gillman, Australia).

2.2. Synthesis of PS@Fe3O4@GO composite nanoparticles

2.2.1. Synthesis of Fe3O4 nanoparticles
Fe3O4 nanoparticles were synthesized according to the Mass-

art’s method [12]. Under vigorous mechanical stirring, 20 mL of a
freshly prepared aqueous mixture of ferric chloride hexahydrate

(2.70 mM) and ferrous chloride tetrahydrate (1.35 mM) was added
to an ammonium solution (110 mL, 1.5 M) under N2 protection.
After 30 min, the precipitate was isolated from the solution by
magnetic decantation and washed three times with water.

2.2.2. Synthesis of PS nanoparticles
Carboxylic PS latex was prepared by soap free emulsion poly-

merization of styrene (St) with acrylic acid (AA) [13]. Typically,
100 mL water, 0.12 g NaHCO3, 5 mL St and 0.5 mL AA were added
into a three-necked flask fitted with a reflux condenser and a
mechanical stirrer. KPS served as the initiator and no emulsifier
was used in the polymerization. The reaction was carried out under
a N2 atmosphere at 70 �C for 12 h with mechanical stirring at
300 rpm. The resulting latex was purified by three centrifugation/
dispersion cycles in water.

2.2.3. Synthesis of GO suspension
GO was prepared using a modified Hummers method [14].

Briefly, 10 g graphite flake and 7.5 g sodium nitrate were added
to 300 mL of sulfuric acid (98%), and then 40 g of potassium per-
manganate was added to the reaction slowly in 1 h. The mixture
was stirred at room temperature for 3 days. 1 L of hydrogen perox-
ide solution (1% in water) was then added into the mixture. Subse-
quently, the mixture was filtered and washed with deionized
water until pH became 7. The resulting black cake was re-dis-
persed in de-ionized water to give a dark brown dispersion, which
was subjected to dialysis for one week to remove the residual salts
and acids. And the brown suspension was dried at 40 �C under vac-
uum. GO suspension was then obtained by sonicating the as-pre-
pared black solid in water under ambient condition for 30 min,
followed by centrifugation at 3000 rpm for 30 min to remove the
unexfoliated GO. The resulting homogenous brown dispersion
was tested to be stable for several months and used for assembling.

2.2.4. Synthesis of PS@Fe3O4 composite nanoparticles
The PS latex and Fe3O4 nanoparticles were washed with an

aqueous solution with a pH value of 3, and then dispersed in the
same solution by ultrasonic treatment. 1 mL PS (10 mg/mL) disper-
sion was added to a 5 mL dispersion of Fe3O4 nanoparticles (6 mg/
mL) under vigorous stirring. After 6 h, the hetero-aggregates were
separated from the solution by centrifugation and washed several
times with an acidic aqueous solution (pH = 3, adjusted with HCl)
to remove non-adsorbed Fe3O4 nanoparticles, and then PS@Fe3O4

was dispersed in water (pH = 7) for the next step of assembly.

2.2.5. Synthesis of PS@Fe3O4@GO composite nanoparticles
20 mL of GO aqueous dispersion (0.5 wt.%) was added into the

above PS@Fe3O4 aqueous dispersion. The mixed dispersion was
shaken gently for 6 h, and the final product was separated from
the host liquid by a magnet, and washed three times to remove
non-adsorbed GO nanosheets.

2.2.6. Rhodamine B (RhB) loading onto PS@Fe3O4@GO
The obtained PS@Fe3O4@GO powder was dispersed into RhB

aqueous solution (3 mL, 0–150 ppm) at a concentration of 2 mg/
mL. The dispersion was stirred in the dark at room temperature
for 24 h. The composite was washed with water using a magnet
as a collector. The washing cycle was repeated until the superna-
tant became colorless. The washed PS@Fe3O4@GO with loaded
RhB was redispersed in water and used for ultraviolet–visible
(UV–vis) light spectroscopic characterization. At the same time,
all the supernatants collected from each washing cycles were
pooled together, and the amount of the free RhB in the supernatant
was determined by UV–vis spectrophotometer at 543 nm. RhB
loading capacity (LC) of the composite was estimated indirectly
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by determining the amount of the unbound RhB in the supernatant
according to the following equation.

LCindirectð%Þ ¼
total RhB used� RhB in supernatant

total PS@Fe3O4@GO weight
� 100

2.3. Characterization

The morphologies and structures of the samples were studied
by atomic force microscopy (AFM, Asylum Research Cypher) and
transmission electron microscopy (TEM) using a JEOL-2100 micro-
scope operated at an acceleration voltage of 200 kV. Scanning elec-
tron microscopy (SEM) was carried out with a Supra SEM 55VP
(Carl Zriss, Germany) microscope. The optical absorption spectra
of the samples were obtained using a Varian Cary 3E UV–vis spec-
trophotometer. Fourier transform infrared (FT-IR) spectra were
measured with a Bruker Vertex 70 FT-IR spectrophotometer using
the KBr method. Thermal gravimetric analysis (TGA) curves were
obtained using a Netzsch STA 407PC with a heating temperature
rate of 10 �C min�1 under an air atmosphere. Raman spectra were
obtained by using a Horiba Jobin Yvon T64000 system. A 532 nm
radiation from a 20 mW argon ion laser was used as an excitation
source. X-ray photoelectron spectroscopy (XPS) analysis was per-
formed on a Thermo ESCALAB 250 spectrometer with a Mg Ka
(1253.6 eV) achromatic X-ray source. The curves of magnetization
versus applied magnetic field (M–H) were measured at room tem-
perature using a superconducting quantum interference device
(SQUID) magnetometer (Quantum Design Inc.).

3. Results and discussion

Scheme 1 shows a fabrication procedure of PS@Fe3O4@GO. The
components, i.e., PS nanoparticles, Fe3O4 nanoparticles and GO
nanosheets were separately synthesized. Then the layers of Fe3O4

nanoparticles and GO nanosheets were consecutively deposited
on the PS nanocarriers to construct the PS@Fe3O4@GO composite.
Electrostatic interaction was utilised as the driving force to self-
assemble the components. To deposit Fe3O4 nanoparticles on PS
efficiently, PS template nanoparticles were synthesized with ac-
rylic acid on the surface to endow abundant amount of ACOOH
functional groups on the surface of PS particles, which could en-
hance the deposition of Fe3O4 on the surface of PS nanoparticles
by electrostatic interactions. TEM images show that the obtained
Fe3O4 nanoparticles have a near uniform size of around 9 nm
(Fig. 1a). The SEM image in Fig. 1b confirms that the size of PS par-
ticles was around 200 nm with a narrow size distribution.

During the synthesis of PS@Fe3O4 composite nanoparticles, HCl
was used to adjust the pH value of both Fe3O4 and PS aqueous sus-
pensions to be 3. This resulted in the zeta potential of Fe3O4 and PS
to be 38.1 and �22.7 eV, respectively. After incubation with PS
nanoparticles in solution for 6 h under stirring, the Fe3O4 nanopar-
ticles were deposited on the surface of PS particles, via the electro-
static attraction between positively charged Fe3O4 and negatively
charged PS. Fig. 1c shows a SEM image of PS@Fe3O4. The particles
were spherical in shape. They appeared to have rough surfaces,
which is attributed to the fact that the PS@Fe3O4 particles were
formed by packing many Fe3O4 particles on the surface of PS tem-
plate particles. The average particle size of PS@Fe3O4 particles was
calculated from several microscopic images taken from different
area of the sample. After Fe3O4 coating, the average size of mag-
netic PS beads increased from 200 to 220 nm. This indicates that
the thickness of the Fe3O4 shell was �10 nm (which is estimated
as half of the increment in the total diameter of the particle after
coating process). The estimated shell thickness was nearly the
same as the diameter of Fe3O4 nanoparticles (�9 nm), indicating

Scheme 1. Synthesis procedure of PS@Fe3O4@GO nanoparticles.

Fig. 1. (a) TEM image of Fe3O4 nanoparticles, (b) SEM image of PS nanoparticles, (c) SEM image of PS@Fe3O4, inset is the corresponding TEM image of PS@Fe3O4, and (d, e) SEM
and TEM images of PS@Fe3O4@GO, respectively.
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that a monolayer of Fe3O4 was deposited on the surface of PS nano-
particles. The TEM image of the obtained PS@Fe3O4 microspheres
(insert of Fig. 1c) shows the dark spots on the PS nanoparticles,
which also reveals that the surface of PS nanoparticles was covered
by a thin layer of magnetic nanoparticles.

The as-synthesized GO was characterized by AFM and UV–vis
absorbance spectroscopy (Fig. S1). The lateral size of the resulting
GO sheets ranged from tens of nanometers to hundreds of nanome-
ters (Fig. S1a). An absorbance band at 230 nm appeared in the UV–
vis spectrum, which is attributed to characteristic absorption band
of GO (Fig. S1b). At pH = 7, GO is negatively charged due to the
residual defects such as the carboxyl, hydroxyl and epoxy groups.
On the other hand, Fe3O4 coated PS spheres are positively charged.
Hence the self-assembly of GO on the PS@Fe3O4 surface can readily
take place by directly absorbing GO nanosheets on PS@Fe3O4 nano-
particles through electrostatic interactions. The dispersion stability
of the composite after coating with GO in aqueous system was ex-
pected to be remarkably improved because of the stronger zeta po-
tential value of GO compared to that of Fe3O4 nanoparticles. It was
observed that the PS@Fe3O4 dispersion became from turbid to sta-
ble transparent during the self-assembly process. This is a clear
indication of the assembly of GO on the surface of PS@Fe3O4 nano-
particles. The morphologies of the obtained PS@Fe3O4@GO are
shown in Figs. 1d and 1e. It is evident that GO layers were coated
on the surface of the PS@Fe3O4. Moreover, no free GO was found in
the obtained product because only the magnetic materials were
collected during the synthesis.

To further confirm the existence of GO in the composite of
PS@Fe3O4@GO, Raman spectroscopy and XPS of PS@Fe3O4@GO
composites were carried out. In Raman spectrum (Fig. S2), the
two bands at 1350 and 1600 cm�1 are assigned to D band and G
band of GO, respectively [15–17], which confirmed the presence
of GO in the PS@Fe3O4@GO composites. The XPS spectra of
PS@Fe3O4 and PS@Fe3O4@GO show the peaks corresponding to C,
O and Fe elements (Fig. S3). The high resolution XPS scan of the
PS@Fe3O4 shows the presence of one main type of carbon bond
C@C (284.6 eV). On the other hand, the high resolution XPS spec-
trum of PS@Fe3O4@GO shows two main types of carbon bonds;
C@C (284.6 eV) and C@O (286.7 eV) (see supporting information,
Fig. S3), which further supports the presence of GO nanosheets
on the surface of PS@Fe3O4 spheres.

Zeta potential further confirmed the successful fabrication of
PS@Fe3O4@GO. As illustrated in Table 1, the zeta potential of PS
particles at pH = 3 was �22.7 eV, and became 34.8 eV after incuba-
tion with Fe3O4 nanoparticles, which was close to the zeta poten-
tial of Fe3O4 nanoparticles. This result indicates that the surface
of PS@Fe3O4 was mostly dominated by Fe3O4 nanoparticles. After
incubating with GO sheets at pH = 7, the zeta potential of PS@Fe3O4

turned from 23.7 eV to be �31.6 eV which was close to the value of
GO nanosheets. The result indicates that most of the PS@Fe3O4 par-
ticles were coated with GO layers. The interaction among Fe3O4, PS
and GO was further characterized by FT-IR. The FT-IR spectra of
Fe3O4, PS, PS@Fe3O4 and PS@Fe3O4@GO are shown in Fig. 2. For
the pristine carboxyl-group functionalized PS, a broad shoulder
at 3428 cm�1 is attributed to the hydroxyl stretching vibrations
of the CAOH groups and the peaks at 1740 and 1700 cm�1 are as-
signed to the C@O stretching vibrations of typical carbonyl and car-
boxyl groups, which indicates the presence of ACOOH functional
groups of PS nanoparticles [18]. After coating of PS spheres with
Fe3O4 nanoparticles, the peak at 1740 cm�1 shifted to 1648 cm�1

due to the formation of ACOO�, which indicates that coordination
interaction existed between the PS spheres and Fe3O4 nanoparti-
cles [9]. The coordination interaction was further supported by
the appearance of a new peak associated with the stretching vibra-
tion of FeAO bond at higher wavenumbers of 633 cm�1 compared
to that of 572 cm�1 for the stretching mode of FeAO in Fe3O4 nano-

particles [19]. The FT-IR features of GO suggests the presence of
oxygen-containing functional groups on GO nanosheets. The FT-
IR spectrum of GO shows an absorption band at 1729 cm�1 due
to the C@O stretching vibration. It also illustrates the appearance
of absorption bands corresponding to epoxy CAO (1243 cm�1)
and alkoxy CAO (1071 cm�1) groups, while the broad absorption
band at 3420 cm�1 can be ascribed to the OAH stretching vibration
of GO. The observation of those absorption bands is in agreement
with the reported data [20,21]. In the PS@Fe3O4@GO, the coordina-
tion interaction between GO and Fe3O4 was expected to exist
according to the previous report about GO@Fe3O4 [22]. However,
it was unable to observe the relevant change in these bands in
the spectra of PS@Fe3O4@GO. Nonetheless, the results from zeta
potential and FT-IR suggest that both electrostatic and coordina-
tion interactions among PS, GO and Fe3O4 contributed to the
formation of the PS@Fe3O4@GO composite nanoparticles. Addition-
ally, the loading level of Fe3O4 and GO in the composites was deter-
mined by TGA (Fig. S4 in supporting information). The loading
amount of Fe3O4 was found to be around 43.1 wt.% in PS@Fe3O4

and 34.4 wt.% in PS@Fe3O4@GO (Fig. S4). Assuming that the weight
ratio between PS and Fe3O4 remained the same before and after the
formation of PS@Fe3O4@GO, the amount of GO in PS@Fe3O4@GO
was calculated to be 16.2 wt.%. However, the competitive electro-
static interaction between PS and GO with Fe3O4 nanoparticles
may cause Fe3O4 to peel off from the PS spheres, resulting in a de-
creased amount of Fe3O4 on the surface of PS nanospheres. There-
fore, the actual amount of GO in the composite may be slightly less
than the calculated value.

The magnetization curve of PS@Fe3O4@GO nanoparticles was
measured at room temperature, as shown in Fig. 3a. The magnetic
hysteresis loops showed S-shaped curves. The remanent magneti-
zation of the sample was �0.24 emu g�1, which is close to 0. The
data indicate that PS@Fe3O4@GO exhibits a superparamagnetic
behavior. The superparamagnetic properties could help prevent

Table 1
Zeta potential of the composites after each step assembly.

Sample PS Fe3O4 PS@
Fe3O4

GO PS@Fe3

O4@GO

pH value 3 7 3 7 3 7 7 7
Zeta potential (eV) �22.7 �33.0 38.1 25.1 34.8 23.7 �34.0 �31.6

Fig. 2. FT-IR spectra of Fe3O4, PS, PS@Fe3O4, GO and PS@Fe3O4@GO.
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the aggregation of the PS@Fe3O4@GO when no external magnetic
field is applied, which is important for the further applications as
targeted drug carriers. The specific saturation magnetization of
PS@Fe3O4@GO was 7.50 emu g�1, much higher than the value re-
ported for GO@Fe3O4, which could be attributed to the relatively
higher amount of Fe3O4 loaded in the PS@Fe3O4@GO composite
nanoparticles compared to the reported GO@Fe3O4 [9]. Fig. 3b
shows the magnetic separation of the PS@Fe3O4@GO from the host
liquid under pH-neutral conditions. The color of the initial
PS@Fe3O4@GO was brownish (left-hand side). After application of
the external magnetic field, the PS@Fe3O4@GO was enriched to
the side of the magnet. This demonstrates the possibility of mag-
netically assisted targeting of the PS@Fe3O4@GO under pH condi-
tions similar to biological fluids.

The dispersion stability of PS@Fe3O4 at pH = 7 was significantly
increased after being coated with GO nanosheets, because of the
strongly hydrophilic nature and stronger zeta potential of GO com-
pared to PS@Fe3O4 nanoparticles [23]. Fig. 4 shows the images of
the behavior of PS@Fe3O4@GO under a pH-neutral condition (a),
acid conditions (pH 3–4) (b–f) and a basic condition (pH 8–9) (g).
The superparamagnetic PS@Fe3O4@GO moved slowly under pH-
neutral conditions, indicating the good dispersion characteristics
in water. However, it congregated immediately after adding one
or two drops of HCl (0.5 M) solution and moved readily with the
help of an external magnet. The composite nanoparticles can
agglomerate under acid conditions through hydrogen bonding
interaction [6]. This pH-dependent response to the external mag-
netic field would be exploitable for the applications as a pH trig-
gered transporter for drug administration. Moreover, as shown in
Fig. 4g, the conjugated PS@Fe3O4@GO hybrid was re-dispersible
into NaOH aqueous solution (pH 8–9) when the external magnetic
field is removed. This dispersion stability is consistent with the fact

that carboxylic groups on GO become more ionized with increasing
pH, resulting in greater sheet electrostatic repulsions. In addition,
the stability of the PS@Fe3O4@GO composite was monitored under
acid conditions. The morphologies of PS@Fe3O4@GO maintained
after an acid treatment (Fig. S5a). Meanwhile, there was no obser-
vable difference in the FT-IR spectra of PS@Fe3O4@GO before and
after the acid treatment (Fig. S5b). These results indicated that
the compositions of PS@Fe3O4@GO were stable under the acidic
conditions applied in our experiment.

Since GO has sp2-bonded carbon atoms, the GO on the surface
of PS@Fe3O4@GO will interact with the delocalized p-bonds of or-
ganic aromatic compounds and will result in the adsorption of the
organic compounds on GO. The high dispersion stability of
PS@Fe3O4@GO will help maintain its high surface area and assist
the adsorption of the organic compounds in the aqueous solution.
Thus, PS@Fe3O4@GO is expected to be an efficient carrier of aro-
matic compounds. Herein, a model molecule RhB was used to ver-
ify the loading capacity of PS@Fe3O4@GO composite nanoparticles.
After the PS@Fe3O4@GO was added into the RhB solution, and
reached the adsorption and desorption equilibration, PS@Fe3O4

@GO was washed with deionised water to remove the unbounded
free RhB molecules, using a magnet as a collector. Then the washed
PS@Fe3O4@GO was re-dispersed in water to characterize the
amount of absorbed RhB using UV–vis spectroscopy. The UV–vis
spectra of PS@Fe3O4@GO before and after loading with RhB were
compared as shown in Fig. 5a. As can be seen, a peak at
�553 nm attributed to RhB molecules was observed in the spec-
trum of washed PS@Fe3O4@GO, which demonstrates that RhB mol-
ecules were successfully loaded onto PS@Fe3O4@GO. The loading
quantity of RhB on PS@Fe3O4@GO was investigated in different ini-
tial concentrations of RhB with respect to the same concentration
of PS@Fe3O4@GO (2 mg/mL). The adsorption isotherms of RhB on

Fig. 3. (a) Magnetization curve of PS@Fe3O4@GO hybrid, (b) a photograph represents the magnetic separation of PS@Fe3O4@GO from neutral conditions.

Fig. 4. Photographic images of the behavior of PS@Fe3O4@GO composite nanoparticles in the magnetic field under different pH conditions: neutral (a), acidic conditions (pH
3–4) (b–f) and a basic condition (pH 8–9) (g). (b–f) correspond to PS@Fe3O4@GO aqueous suspension after 0 s, 15 s, 30 s, 45 s and 60 s, respectively.
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the PS@Fe3O4@GO are shown in Fig. 5b. The maximum adsorption
capacity was found to be �13.8 mg/g. The loading may be attrib-
uted to the strong p–p interaction in the form of face-to-face stack-
ing and the hydrogen bonding interaction between GO and RhB
[24].

4. Conclusion

Novel PS@Fe3O4@GO composite nanoparticles were fabricated
using a self-assembly method. Carboxyl functionalized PS latex
was used as a template to deposit a layer of Fe3O4 nanoparticles
and then GO on the spheres. Compared to the previously reported
GO@Fe3O4 system for possible targeted drug delivery application,
the PS@Fe3O4@GO composite nanoparticles exhibited a higher
loading capacity of Fe3O4 nanoparticles, which is favorable for
magnetic responsivity to externally applied magnetic field.
Moreover, the layered structure retains the efficient surface area
of GO to load organic molecules such as RhB. Therefore, the
PS@Fe3O4@GO nano-spheres have considerable potential in many
biomedical applications. Furthermore, PS@Fe3O4@GO has a hydro-
philic surface and functional groups such as carboxylic groups,
which may be further functionalized with other targeting mole-
cules for realizing multi-targeted biological applications.

Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.cej.2012.07.087.
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