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 Introduction

A major challenge to successful cancer chemotherapy
s focused on the development of nanoscale tumor-
rgeted delivery systems. For efficient drug action,
proving the drug loading efficiency is critical in drug
rrier research. Nanomaterial development and delivery
ethods are necessary to fight tumors and other
otechnological problems. Graphene is one material that
s a two-dimensional plane and consequently a large
ecific surface area. High surface areas are beneficial and
sist in the immobilization of a large number of
bstances including a wide range of metals, biomolecules,
orescent molecules, drugs, etc. For example, Yang et al.
ve found that some anticancer drugs with aromatic
stems can be loaded onto graphite oxide (GO) with high
ficiency [1]. Dai et al. have demonstrated that the

functionalized graphene are biocompatible yet non-toxic
and this has resulted in successful drug delivery [2].

On the other hand, site-directed drug targeting is also
very important for improving drug efficiency while decreas-
ing the side effects. One promising methodology is to load
the magnetic nanoparticles with GO. For instance, decorat-
ing magnetic Fe3O4 NPs on GO gives Fe3O4@GO with
promising use in various areas of biology and biomedicine
[3]. More recently, a number of researchers have reported
preparation of GO@Fe3O4 including high temperature
decomposition of the precursor Fe(acac)3 on GO [4], ion
exchange and subsequent calcinations [5], attachment of
Fe3O4 to GO through covalent bonding [6], adding FeCl3 to a
hot mixture of NaOH and diethylene glycol [7], hydrother-
mal technique [8] and chemical precipitations [9]. However,
a common limitation of drug delivery systems is the lack of
an intrinsic signal for long-term and real-time imaging of
drug transport. This problem has been partially addressed by
conjugation with organic fluorophores. Nonetheless, the
photobleaching problem associated with essentially all
organic dyes (including fluorescent proteins) prevents
long-term tracking or imaging. In this context, quantum
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A B S T R A C T

A simple, yet novel process was developed where magnetic graphene-CdS (Fe3O4-CdS/G)

nanocomposites were prepared by a one-pot solvothermal route in which the reduction of

graphite oxide (GO) into graphene was accompanied by the generation of CdS and Fe3O4

nanoparticles. The results of TEM and XRD studies indicate the formation of Fe3O4-CdS/G

nanocomposites. Besides vibration sample magnetometry, fluorescence spectra and

loading of doxorubicin (DOX) reveal that this new nanocomposite possesses good

superparamagnet (44.85 emu/g), good fluorescent properties and a high loading efficiency

(0.98 mg/mg). The efficient, stable, and water soluble nanocomposites are confirmed to be

suitable for biomedical applications.
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ots (QDs), a new type of fluorescent labeling material, have
btained tremendous attention in high throughput biode-
ction and cellular imaging techniques [10]. Indeed, they

ave been used to label both organic and inorganic drug
arriers and potentially even bacteria and viruses, with a
urst of activity in the area of oligonucleotide (ODN) and
iRNA delivery [11]. Currently, the research of preparation
raphene – QD nanocomposites has attracted great interests
om scientists. For example, Cao et al. have synthesized
raphene – CdS nanocomposites by a one-step method in
imethyl sulfoxide (DMSO) [12]. Feng et al. have reported on
e preparation of graphene nanosheets decorated with tiny

dS QDs by a facile approach via the p–p stacking
teraction using benzyl mercaptan as the interlinker [13].
ore recently, Chang et al. synthesized hybrids containing

raphene and CdS QDs by in situ growth of CdS QDs on
oncovalently functionalized graphene [14].

Most of the nanocomposites so far were only designed
s monofunctional drug carriers, and the processes of
reparation are complex rendering it impractical for in
eld use. Also, the reports about the production of
ultifunctional carriers based on graphene by simple
ethod are limited, so it is necessary to develop a simpler
ethod to synthesize much more efficient multifunctional

arriers. Herein, we have developed a novel drug delivery
ystem by multifunctional graphene with Fe3O4 and CdS
Ds simultaneously through a one-pot solvothermal

eaction. The resulting Fe3O4-CdS/G nanocomposites
ossess both the fluorescent and superparamagnetic
roperties while maintaining good dispersibility in water.
ompared with the other common drug carrier materials
5], the Fe3O4-CdS/G nanocomposites have a higher
ading efficiency. The combined properties of Fe3O4-

dS/G holds promise in the fields of controlled targeted
rug delivery and fluorescent imaging.

2. Experimental

2.1. Preparation of graphite oxide (GO)

All chemicals and reagents used for experiments and
analysis were of analytical grade and purchased from Hefei
Bomei Biotechnology Co. Ltd., China. Graphene was
synthesized from expandable graphite (Qingdao Henglide
Graphite Co., Ltd., China) by a modified Hummers method
[16]. Expandable graphite (5 g) was mixed with a mixture
of 230 mL sulfuric acid (98%), potassium permanganate
(30 g) and sodium nitrate (5 g) in a beaker which was
located in an ice bath. The beaker was then removed from
the ice bath and the obtained mixture was kept at 0 8C for
24 h. Later on, the mixture was stirred at 35 8C for 30 min
and then slowly diluted with deionized water. The reaction
temperature was rapidly increased to 98 8C and kept for
15 min. Subsequently, 30% H2O2 (50 mL) was slowly
added to the mixture and the color of the mixture changed
to bright yellow. After that, the mixture was centrifuged
(centrifugation speed 4000 rpm) and washed with HCl (5%)
and deionized water several times. After filtration and
drying at 25 8C for 3 days, graphene oxide (GO) was
obtained.

2.2. Synthesis of Fe3O4-CdS/G nanocomposites

Fig. 1 shows a schematic diagram for the formation of
Fe3O4-CdS/G nanocomposites. First, PSS (0.1 g) was mixed
with GO (0.05 g) and stirred for 2 hours then centrifuged, a
mixture of GO decorated with PSS was obtained. Next, the
modified GO, CdCl2 (0.5 g), FeCl2�4H2O (0.5 g) and sodium
acetate (2.0 g) were dispersed in DMSO (50 mL) solution by
vigorous stirring to form a stable suspension until the
hydrothermal precursor was obtained. The resulting
Fig. 1. Schematic diagram for the formation of Fe3O4-CdS/G nanocomposites.
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ecursor was then transferred into a Teflon-lined stainless
el autoclave (100 mL), and treated at 180 8C for 12 h.

ter that, the products were collected by magnet,
peatedly washed by acetone and absolute ethanol, then
ied in a vacuum oven at 60 8C, the finally obtained
oducts were Fe3O4-CdS/G nanocomposites.

. Loading of Fe3O4-CdS/G nancomposites with doxorubicin

OX)

Fe3O4-CdS/G nancomposites with a final concentration
 0.1 mg/mL and DOX with the certain concentration at pH

 were first sonicated for 0.5 h and then stirred overnight
 room temperature in the dark. All samples were
tracentrifuged at 14 000 rpm for 1 h. As comparison,

 was loaded with DOX under similar conditions.

. Measurements

The morphology and structure of the product was
served by transmission electronic microscopy (TEM,
tachi, Japan). The XRD spectrum was recorded using a
uker D8 diffractometer with Cu Ka radiation
 = 1.5418 Å) at a scanning rate of 0.028/s and time step

 2 s with a 2u ranging from 10 to 808. A vibrating sample
agnetometer (VSM, Yangzhou University Instrument
ant, LH-3) was used to measure the magnetic moment.
otoluminescence spectra was obtained on a F-96
ectrophotometer at room temperature. The DOX con-
ntration in the upper layer was measured using a
ndard DOX concentration curve generated with an

traviolet-visible-near IR spectrophotometer (UV-VIS-
R) (JASCO, V-570) at the wavelength of 233 nm from a
ries of DOX solutions with different concentrations.

 Results and discussion

X-ray diffraction (XRD) characterization was conducted
 obtain the structural information about Fe3O4-CdS/G
nocomposites (Fig. 2(a)). The XRD pattern of the as-
epared nanocomposites matches both the magnetite

Fe3O4 (JCPDS card No 19-0629) and CdS (JCPDS card No 6-
314). Six diffraction lines are observed in the representa-
tive XRD pattern of Fe3O4 at 2u = 30.28, 35.68, 43.38, 53.78,
57.38 and 62.88. These diffraction lines can be assigned to
the (220), (311), (400), (422), (511), and (440) reflections,
respectively, of the pure cubic spinel crystal structure of
Fe3O4 with cell constant a = 8.39 Å [17]. And the six strong
diffraction peaks can be assigned to the (100), (002), (101),
(110), (103), and (112) crystal planes of the hexagonal CdS.
Although the characteristic peak of GO located at 10.48
disappeared, the diffraction peak of graphene appeared,
confirming the formation of graphene [18]. No impurity
peak was observed, which indicated the high purity of the
final products was successfully synthesized under current
experimental conditions. Furthermore, the mean dia-
meters of the Fe3O4 and CdS nanoparticles were deter-
mined to be 11.4 nm and 15.5 nm from the width of the
strongest diffraction line (311) and (101) by using the
Debye–Scherrer formula.

Transmission electron microscopy (TEM) image
(Fig. 2(b)) displays the image of the as-prepared Fe3O4-
CdS/G nanocomposites. It is noticeable that the graphene
sheets are well-decorated by dense CdS and Fe3O4. Besides,
the individual nanoparticles are well-separated from each
other and distributed uniformly on the graphene, which is
thought to be correlated with the existence of PSS on the
surface of graphene. PSS possesses an abundant negative
charge which can aid during dispersion and provide more
nucleation sites for the formation of CdS and Fe3O4.
Furthermore, the nanoparticle size was similar to that
observed by XRD. The insert in Fig. 2(b) is a corresponding
electron diffraction pattern revealing the satisfactory
crystallinity of the sample, which can be indexed to the
spinel structure of Fe3O4 as well as hexagonal CdS, which
again provides evidence of Fe3O4-CdS/G nanocomposites
formation.

Fluorescence spectra of the free CdS QDs and Fe3O4-
CdS/G are shown in Fig. 3. Compared to the emission
spectra of CdS QDs (519 nm), the band-edge emission
spectra of Fe3O4-CdS/G blueshifts to 513 nm due to
quantum confinement effect and a high concentration of
Fig. 2. (a) XRD pattern of Fe3O4-CdS/G nanocomposites. (b) TEM image of Fe3O4-CdS/G nanocomposites.
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oint defects in the lattice. On the other hand, the low
tensity surface defect emissions spectra of Fe3O4-CdS/G

re completely quenched due to surface interactions of CdS
Ds with graphene.

The magnetization curve of Fe3O4-CdS/G nanocompo-
ites was measured at room temperature, as shown in
ig. 4. The magnetic hysteresis loop is S-like curve. The
agnetic remanence of the sample is nearly zero. This
dicates that there is almost no remaining magnetization
hen the external magnetic field was removed, suggesting
at Fe3O4-CdS/G nanocomposites exhibit a superpara-
agnetic behavior. The saturation magnetization (Ms) of
e sample is 44.85 emu/g. This value is smaller than the

eported value of bulk Fe3O4 of 92 emu/g. This reduction in
s may be attributed to the smaller size of the Fe3O4

anoparticles and the relatively low amount of Fe3O4

aded on graphene [19]. The magnetic property remained
nough magnetic to meet the need of magnetic separation,

as observed in Fig. 4b (top insert). In the absence of an
external magnetic field, a homogeneous dispersion existed
(Fig. 4a insert). When an external magnetic field was
applied, the black particles were attracted to the vial wall
in a short period of time. This reveals that the Fe3O4-CdS/G
nancomposites have the potential for application in the
field of targeted drug delivery.

The loading capacity of DOX on Fe3O4-CdS/G nancom-
posites was determined by UV spectrum at 233 nm, which
was calculated by the difference of DOX concentrations
between the original DOX solution and the supernatant
solution after loading. The loading amount of DOX on
Fe3O4-CdS/G nancomposites was investigated in different
initial DOX concentrations with respect to the same
concentration of Fe3O4-CdS/G nancomposites (0.1 mg/
mL), and the loading of DOX on GO is used as a comparison,
as shown in Fig. 5. The inset is the linear relation curve
between UV-absorption and concentrations of DOX,
and the correlation equation is A = 1.4216C + 0.0151
(R2 = 0.9998). The absorbance of DOX has built up linearly
(R2 = 0.9998) with increasing concentration in the range of
0.05 mg/mL to 0.9 mg/mL. The saturated loading amount of
DOX on Fe3O4-CdS/G is 0.98 mg/mg while the amount of
DOX loaded on GO can reach 2.4 mg/mg at the DOX
concentration of 0.6 mg/mL. Compared with GO, Fe3O4-
CdS/G loaded less DOX and this may be due to some surface
areas of GO have been occupied by Fe3O4 and CdS
nanoparticles. However, the loading capacity of Fe3O4-
CdS/G is still higher than that of the other common drug
carrier materials, such as polymer micelles (0.6 mg/mg)
[15a], hydrogel microparticles (0.5 mg/mg) [15b], lipo-
somes (0.09 mg/mg) [15c], carbon nanohorns (0.2 mg/mg)
[15d]. The above results show that Fe3O4-CdS/G nancom-
posites are indeed promising candidates for drug carrier
applications.

4. Conclusion

In conclusion, we have developed a facile route for
preparing Fe3O4-CdS/G nanocomposites by solvothermal

ig. 3. Fluorescence spectra of (a) CdS and (b) Fe3O4-CdS/G

anocomposites.
Fig. 5. Loading capacity of DOX on GO (a) and Fe3O4-CdS/G

nancomposites (b) in different initial DOX concentrations. Inset: The

linear relation curve between UV-absorption and concentrations of DOX.

ig. 4. Magnetization curve of Fe3O4-CdS/G nanocomposites. The top

sert shows (a) a homogeneous dispersion of Fe3O4-CdS/G in the absence

f an external magnetic field; (b) the good response of Fe3O4-CdS/G

anocomposites to a magnet.
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ethod. GO acted as not only precursor of graphene but
o as the growth matrix for Fe3O4 and CdS. Furthermore,

e DMSO acted as a sulphide source as well as reducing
ent resulting in the formation of CdS and a reduction of

 to graphene. The resulting Fe3O4-CdS/G possesses high
ading efficiency, good magnetic and fluorescent proper-
s, which is desirable in various targeted drug delivery
d fluorescent imaging fields.
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