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A superparamagnetic graphene oxide –Fe3O4 nanoparticles hybrid (GO–Fe3O4) was prepared via

a simple and effective chemical precipitation method. The amount of loading of Fe3O4 on GO was

estimated as 18.6 wt% by atomic absorption spectrometry. The hybrid was then loaded with

doxorubicin hydrochloride (DXR) and the loading capacity was as high as 1.08 mg mg�1. Both of the

GO–Fe3O4 hybrids before and after loading with DXR can be dispersed well in aqueous solution. They

can congregate under acidic conditions and move regularly under the force of an external magnet.

Furthermore, the aggregated hybrid can be redispersed to form a stable suspension under basic

conditions. These properties make it a potential candidate for controlled targeted drug delivery and

release.
1 Introduction

Graphene has attracted tremendous attention because of its

unique electronic,1,2 thermal,3 mechanical,4 optical properties5

and many potential applications in nanomaterials and nano-

technology. Its one-atom thickness and two-dimensional plane

provide it with a large specific surface area for the immobilization

of a large number of substances including a wide range of metals,

biomolecules, fluorescent molecules, drugs, etc. For biological

applications of GO, Mohanty and Berry6 have reported the

fabrication of a GO-based single-bacterium biodevice, label-free

DNA sensor, bacterial DNA/protein and polyelectrolyte chem-

ical transistor. Dai et al have found that the functionalized

nanographene sheets are biocompatible without obvious toxicity

and have employed nanographene oxide for drug delivery.7,8 Our

previous work also indicated that some anticancer drugs with

aromatic systems can be loaded onto GO with high efficiency.9

For efficient drug action, improving the drug loading efficiency is

critical in drug carrier research. On the other hand, site-directed

drug targeting is also very important for improving drug effi-

ciency and decreasing the drug’s side effects. Other advantages of

drug targeting are the potential to reduce the amount of drugs

needed (having a biological and economic impact) and the

opportunity to use drugs that would otherwise not be able to be

given to the patient. Graphene oxide with its two-dimensional

nanostructures and adjustable surface chemistry is an excellent

candidate for targeted drug delivery. One of the promising tar-

geting methods is using magnetic particles loaded with drugs.

Thus, magnetic nanoparticles have been used in various areas of
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biology and biomedicine including targeted drug delivery,10–12

immunoassays,13 hyperthermia,14 magnetic resonance imaging

contrast enhancements,15 and the separation, purification or

detection of proteins, DNA, viruses, cell, etc.16–19 For biological

applications, many researchers have prepared Fe3O4 magnetic

nanoparticles with various structures or loaded them with

silica,20 polymer,21 lipid vesicles,22 etc. However, the most these

Fe3O4 magnetic nanoparticles can achieve is only one kind of

targeting transport.

Herein, we report a hybrid formed by GO with Fe3O4 nano-

particles by a chemical deposition method and investigate the

binding of doxorubicin hydrochloride (DXR) on the hybrid. The

loading amount of DXR onto GO–Fe3O4 can be as high as 1.08

mg mg�1, although a large amount of Fe3O4 nanoparticles have

been loaded onto GO. Furthermore, the final complex GO–

Fe3O4–DXR possesses a hydrophilic surface and functional

groups such as carboxylic groups, which may be further func-

tionalized with other targeting molecules for realizing multi-

targeted biological applications. Also, the superparamagnetic

GO–Fe3O4 hybrid before and after loading with DXR can

congregate under acidic conditions and move regularly in the

magnetic field, and can be redispersed to form a stable suspen-

sion under basic conditions.
2 Experimental

Materials

Graphite was purchased from Qingdao Tianhe Graphite Co.

Ltd., with an average particle diameter of 4 mm (99.95% purity).

Ferric chloride hexahydrate (FeCl3$6H2O), ferrous chloride

tetrahydrate (FeCl2$4H2O), sodium hydroxide were purchased

from Tianjin No. 3 Chemical Plant. Doxorubicin hydrochloride

(DXR) was purchased from Beijing Huafeng United Technology

Co. Ltd. A dialysis chamber was purchased from Beijing Ding-

guo Biotechnology Co. (diameter ¼ 36 mm), which had

a molecular weight cutoff of 8000–15000 g mol�1.
This journal is ª The Royal Society of Chemistry 2009



Preparation of water-soluble, individual graphene oxide

Graphene oxide (GO) was prepared from purified natural

graphite according to a modified Hummers method.23 In detail,

graphite powder (1 g), NaNO3 (0.75 g) and KMnO4 (3 g) in

concentrated H2SO4 (75 ml) were vigorously stirred at room

temperature for 7 days. On completion of the reaction, 5%

H2SO4 (200 mL) aqueous solution was added, and the temper-

ature was kept at 98 �C for 2 h. Then the temperature was

reduced to 60 �C, H2O2 (30%, 6 ml) was added and the reaction

was further stirred for 2 h. The above mixture was centrifuged to

collect the bottom product and sequentially washed with 5%

H2SO4/0.5% H2O2 (15 times), 5% HCl solution (5 times), and

then washed repeatedly with distilled water until the pH of the

supernatant was neutral. Finally the material was dried to obtain

a loose brown powder.
Determination of the content of carboxylic acid groups of GO

The content of carboxylic acid groups of GO was determined by

acid–base titration. GO (49.8 mg) was first sonicated in NaOH

aqueous solution (10 mL 0.103 N) under argon for 40 min, then

the solution was stirred for 48 h. The mixture was then placed

into the dialysis chambers. Dialysing was continued until the

dialysate became neutral. The combined dialysate was condensed

using a rotary evaporator and titrated with HCl aqueous solu-

tion (6.30 mL 0.108 N) to reach the neutral point (pH 7.00), as

monitored by a pH meter (pHS-3C). This gave the amount of

carboxylic acid groups as 0.346 mmol for this GO sample. The

amount of carbon in GO is estimated to be 4.15 mmol by

assuming that GO is solely composed of carbon. The same

procedure was repeated three times and the average mole

percentage of the carboxylic acid groups on GO is about 8.1%.
Preparation of GO–Fe3O4 hybrid via chemical deposition

GO (40 mg) was first sonicated in 100 mL dilute NaOH aqueous

solution (pH 12) for several hours to transform the carboxylic

acid groups to carboxylate anions, followed by thorough dialysis

until the dialysate became neutral. The resulting product was

condensed to 20 mL and placed in a 50 mL round-bottom flask.

The flask was then purged with N2 for 30 min. A solution of

FeCl3$6H2O (48.0 mg) and FeCl2$4H2O (763.4 mg) in water (5

mL) was purged with N2 for 30 min and then added to the

flask. The mixture was stirred overnight under N2 for ion

exchange. After a thorough washing with water consisting of

several centrifugation and ultrafiltration cycles under a N2
Scheme 1 Schematic representation of GO lo

This journal is ª The Royal Society of Chemistry 2009
atmosphere to remove excess iron salts, the solid product was

redispersed in 25 mL water in a two-necked round bottom flask

under a N2 atmosphere. A NaOH aqueous solution (4 mL, 3 M)

was added dropwise under N2. The mixture was kept stirring at

65 �C for a further 2 h. Then the mixture was washed thoroughly

with water to neutral pH and dried under vacuum at room

temperature.
Conjugation of DXR and GO–Fe3O4 hybrid

GO–Fe3O4 hybrid with the final concentration of 0.145 mg mL�1

was first sonicated with the desired concentration of DXR

solution for 0.5 h and then stirred overnight at room temperature

in the dark. All samples were ultracentrifuged at 14000 rpm for

1 h. The DXR concentration in the upper layer was measured

using a standard DXR concentration curve generated with an

Ultraviolet-visible-near IR spectrophotometer (UV-vis-NIR)

(JASCO, V-570) at the wavelength of 233 nm from a series of

DXR solutions with different concentrations. As comparison,

GO was loaded with DXR under similar conditions.
Characterization

Transmission electron microscopy (TEM, FEI, TECNAI-20),

atomic force microscope (AFM, Veeco, Nanoscope IV, Digital

Instruments) were used to characterize the size and morphology

of the samples. Fourier transform infrared spectroscopy (FT-IR)

spectra were obtained using a Bruker Tensor 27 spectrometer.

The magnetization curve of the GO–Fe3O4 hybrid was measured

as a function of the applied magnetic field H with a 9600 VSM

(LDJ Co.) superconducting quantum interference device

(SQUID) magnetometer. The hysteresis of the magnetization

was obtained by varying H between +6000 and �6000 Oe at

300 K. The composition of the GO–Fe3O4 hybrid was deter-

mined with atomic absorption spectrophotometer analysis

(HITACHI, 180-80) and thermal gravimetric analysis (TGA)

using a Netzsch STA 409PC with a heating rate of 10 �C min�1

from room temperature to 1000 �C under N2. The amount of

DXR loaded on to the GO–Fe3O4 hybrid and neat GO were

determined by the method described in our previous work.9
3 Results and discussion

The superparamagnetic GO–Fe3O4 hybrid was prepared by

chemical deposition of iron ions using soluble GO as carriers

(Scheme 1). The method is that Fe3+/Fe2+ ions in the proper ratio

were captured by carboxylate anions on the graphene sheet by
aded with Fe3O4 nanoparticles and DXR

J. Mater. Chem., 2009, 19, 2710–2714 | 2711



Fig. 2 FTIR spectra of GO (A) and GO–Fe3O4 hybrid (B).

Fig. 3 Magnetization curve of GO–Fe3O4 hybrid.
coordination and then Fe3O4 nanoparticles on GO were

precipitated by treating iron ions coordinated with GO with

aqueous NaOH solution. Generally the ratio of Fe3+/Fe2+ ions

for preparation of Fe3O4 nanoparticles is controlled as 2/1. Thus

the content of the carboxylic acid groups on GO needs to be

determined by acid–base titration method first. The average mole

percentage of the carboxylic acid groups on GO we prepared is

estimated at about 8.1%. As Fe3+ has a much higher affinity than

Fe2+ for carboxylic groups,24 we adopted the 2/3 mole ratio of

Fe3+/–COO� with a large excess of Fe2+.

As expected, Fe3O4 nanoparticles are chemically deposited on

GO with the aid of the –COOH on GO. The large specific surface

area of GO has a particular advantage of loading magnetic

nanoparticles. The morphology of the GO–Fe3O4 hybrid was

characterized with TEM and AFM. As can be seen from the

TEM images (Fig. 1a), the size of the Fe3O4 nanoparticles on GO

is 2–4 nm with a narrow size distribution, and some Fe3O4

aggregation is observed. From the image of AFM (Fig. 1b), GO

used as the carriers of Fe3O4 nanoparticles show a height of�1.0

nm, suggesting a single layer graphene sheet.12 Many round

surface protuberances with 2–4 nm height are observed on the

surface of the GO–Fe3O4 hybrid and some aggregated Fe3O4

nanoparticles are also observed. Obviously, a large amount of

Fe3O4 nanoparticles are immobilized onto the GO sheets.

The FTIR spectra of GO and GO–Fe3O4 hybrid are shown in

Fig. 2. The peak at 1734 cm�1 corresponding to n(C]O) of

–COOH on the GO shifts to 1594 cm�1 due to the formation of

–COO� after coating with Fe3O4. The characteristic peak corre-

sponding to the stretching vibration of Fe–O bond is also shifted

to higher wavenumbers of 701 cm�1 compared to that of 570 cm�1

reported for the stretching mode of Fe–O in bulk Fe3O4,25,26

suggesting that Fe3O4 is bound to the –COO� on the GO surface.

The magnetization curve of GO–Fe3O4 hybrid was measured

at room temperature, as shown in Fig. 3. The magnetic hysteresis

loops are S-like curves. The magnetic remanence of the sample

was 0.144 emu g�1, nearly zero. This indicated that there was

almost no remaining magnetization when the external magnetic

field was removed, suggesting that GO–Fe3O4 exhibit a super-

paramagnetic behavior. The specific saturation magnetization,

Ms of the sample, is 4.62 emu g�1. This value is smaller than the
Fig. 1 TEM (a) and AFM (b) i

2712 | J. Mater. Chem., 2009, 19, 2710–2714
reported value of bulk Fe3O4 of 92 emu g�1.27 The reduction in

the value of Ms could be attributed to the rather smaller size of

the Fe3O4 nanoparticles and the relatively low amount of Fe3O4

loaded on GO, which is estimated as 18.6 wt% calculated from

the content of Fe by atomic absorption spectrum. However
mages of GO–Fe3O4 hybrid.

This journal is ª The Royal Society of Chemistry 2009



Fig. 4 Thermal gravimetric analysis of GO–Fe3O4.
GO–Fe3O4 could move regularly under the action of an external

magnet after they congregated, as shown in Fig. 3.

The composition of GO–Fe3O4 was further characterized with

TGA in a nitrogen environment, as shown in Fig. 4. For GO–

Fe3O4, a slow weight loss (8.2 wt%) at low temperature (<100 �C)

can be observed, which can be assigned to the loss of the residual

or absorbed solvent. Then two stages of weight loss occurred

around 150 �C and 426 �C (from a derivative thermogravimetric

curve), indicating the decomposition and vaporization of various

functional groups at different positions on GO. The large weight

loss at the onset of 692 �C may be attributed to the breakdown of

the –COO� group coordinated with Fe3O4 nanoparticles in the

GO–Fe3O4 hybrid. A similar result has been observed in the

preparation of polymer/Fe3O4 magnetic microspheres.28 When

the temperature reached 850 �C, the weight of the hybrid

remained at 41.1 wt% and almost no weight loss occurred after

this temperature.

The loading capacity of DXR on GO–Fe3O4 hybrid was

determined by UV spectrum at 233 nm, which was calculated by

the difference of DXR concentrations between the original DXR

solution and the supernatant solution after loading. The loading

amount of DXR on GO–Fe3O4 was investigated in different

initial DXR concentrations with respect to the same concentra-

tion of GO–Fe3O4 (0.145 mg mL�1), and the loading of DXR on
Fig. 5 Loading capacity of DXR on GO (A) and GO–Fe3O4 hybrid (B)

in different initial DXR concentrations.

This journal is ª The Royal Society of Chemistry 2009
neat GO is used as a comparison, as shown in Fig. 5. The satu-

rated loading amount of DXR on GO–Fe3O4 is 1.08 mg mg�1

while the amount of DXR loaded on GO can reach 2.35 mg mg�1

at the DXR concentration of 0.47 mg mL�1. p–p Stacking and

the hydrogen bonding interaction between GO and DXR both

play important roles in the high loading of DXR on GO, which

has been discussed in our previous work.9 Therefore, some

surface areas on GO have obviously been occupied by Fe3O4

nanoparticles. However, even such a value of loading is higher

than that of the other common drug carrier materials, such as

polymer micelles (60 wt%),29 hydrogel microparticles (50 wt%),30

liposomes (8.9 wt%),31 carbon nanohorns (20 wt%),32 where the

loading capacity is always below 1 mg mg�1.

After oxidation, the graphene can be introduced with hydro-

philic groups such as hydroxyl and carboxylic and it can be well-

dispersed in aqueous solution.23 As expected, the sedimentation of

Fe3O4 magnetic nanoparticles was reduced after they were

deposited onto GO. Fig. 6 shows the images of the behaviors of

GO–Fe3O4 hybrid (upper) and GO–Fe3O4 hybrid loaded with

DXR (lower) in the magnetic field under neutral conditions (A),

acidic conditions (pH 2–3) (B–E) and basic conditions (pH 8–9)

(F). GO–Fe3O4 hybrid (A) was the supernatant after centrifuging

at 12000 rpm for 30 min. The superparamagnetic GO–Fe3O4

hybrid didn’t move in the magnetic field under neutral conditions,

suggesting good dispersion of the hybrid in water. However, it

congregated immediately after adding 1–2 drops HCl (1 M) (pH

2–3) and can be moved regularly under the force of the external

magnetic field. This indicates that the carboxylic acid groups are

free for efficient hydrogen-bonding interaction with each other

under acidic conditions. This may make it a potential pH-trig-

gered targeting transporter for targeted therapy. When the hybrid

was loaded with DXR, it showed a similar phenomenon; only the

rate of congregation became slower. This may be because the

epoxide and the hydroxyl groups on GO were deoxygenated

during Fe3O4 nanoparticles deposition by treating with aqueous

NaOH solution33 and a small part of the polar groups interacted
Fig. 6 Photographic images of the behaviors of GO–Fe3O4 hybrid

(upper)a and GO–Fe3O4 hybrid loaded with DXR (lower)b in the

magnetic field under different conditions: neutral conditions (A), acidic

conditions (pH 2–3) (B–E) and basic conditions (pH 8–9) (F). (a) GO–

Fe3O4 hybrid was the supernatant after centrifuging at 12000 rpm for 30

min; (b) GO–Fe3O4 hybrid loaded with DXR was suspended in water.

J. Mater. Chem., 2009, 19, 2710–2714 | 2713



with –OH groups in DXR through hydrogen bonding. More

remarkably, both the congregated GO–Fe3O4 hybrid before and

after loading with DXR under acidic conditions can be redis-

persed and form a stable suspension after adding 2–3 drops of

NaOH (1 M) (pH 8–9). This stablility can be attributed to

a strengthened electrostatic stabilization under alkaline condi-

tions, as the repulsion between negatively charged GO should

increase at higher pH values. Thus, the GO–Fe3O4 hybrid and

GO–Fe3O4–DXR complex can congregate and be redispersed

reversibly under different pH conditions. This indicates that some

functional groups on GO such as carboxylic acid groups are still

free even after loading with a large amount of Fe3O4 nanoparticles

and DXR. These free functional groups can then be used in future

to other functional biomolecules or even other drugs such as

antigen–antibody, folic acid, etc. for specific multi-targeting or

multi-drug loading and delivery. This certainly indicates the huge

potential applications in clinical diagnosis, separation and

detection of biomolecules and as medicine transporters.

4 Conclusions

In summary, we have developed a simple, effective and scalable

method to chemically deposit Fe3O4 nanoparticles onto GO.

This hybrid can be loaded with anti-cancer drug DXR with

a high loading capacity up to 1.08 mg mg�1. This GO–Fe3O4

hybrid shows superparamagnetic property and can congregate

under acidic conditions and be redispersed reversibly under basic

conditions. Both the GO–Fe3O4 hybrid before and after loading

with the molecule DXR can be moved regularly after congre-

gating at acidic pH values by the force of an external magnetic

field. This pH-triggered controlled magnetic behavior makes this

material a promising candidate for controlled targeted drug

delivery. Thus, these graphene-based magnetic nanoparticles,

with good solubility and further functionalization capability, are

expected to find practical applications in biomedicine, biomate-

rials separation and biodiagnostics.
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