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a b s t r a c t

Multimodal imaging using nanomaterials in a single platformwill bring hopeful for patients, and provide
exact information including the tumor location and size for doctors. Herein, we synthesize reduced
graphene oxide-manganese ferrite (RGO-MnFe2O4) nanocomposites via a hydrothermal reaction, and
modify nanocomposites with polyethylene glycol (PEG) to improve its biocompatibility. Interestingly,
PEGylated RGO-MnFe2O4 nanocomposites possess excellent T1/T2 weighted magnetic resonance imag-
ing (MRI) of mice bearing 4T1 tumor after intravenous (i.v.) injection. After additional radioisotope la-
beling, SPECT imaging of 125I labeled RGO-MnFe2O4-PEG nanocomposites exhibit high tumor
accumulation. Under the guidance of MRI/SPECT imaging, in vivo combined radioisotope therapy (RIT)
and chemotherapy is carried out using anticancer drug doxorubicin and 131I co-loaded RGO-MnFe2O4-
PEG nanocomposites, significant inhibiting the tumor growth after intravenous injection. Moreover, 131I-
RGO-MnFe2O4-PEG/DOX nanocomposites cause no obvious toxicity to treated mice after 60 days post
injection. Our study further promote the biomedical applications of nano-graphene based
nanocomposites.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Recent improvement in the field of cancer therapy has promp-
ted the substantial research aims to deed multifunctional nano-
theranostics for imaging guided cancer therapy to overcome the
inadequacy of conventional cancer therapy [1,2]. Till now, the main
methods of treating cancer are still confined in surgery, radio-
therapy and chemotherapy [3,4]. However, the traditional chemo-
therapy or radioisotope therapy of cancer still face some critical
problems including inaccurate drug delivery, multidrug resistance,
and serious toxic side effects [5,6].

By developed nanotechnology it has possible to overcome such
embarrassing situation by use of nanomaterials, which have great
ang@suda.edu.cn (K. Yang).
ability by upgrading the pharmacokinetics and bioavailability of
therapeutic agents [7,8]. Use of numerous nanomaterials for su-
perior cancer therapy are gradually increasing day by day. Nano-
graphene has been widely studied in past few years. Utilizing the
attracting intrinsic properties of graphene, graphene based
nanocomposites including graphene oxide (GO) and reduced gra-
phene oxide (RGO) are widely used for biomedical applications
including drug delivery and cancer treatment [9e15]. In our recent
work, PEGylated reduced graphene oxide (RGO-PEG) was labeled
with radioisotope 131I. By harnessing the robust near infrared (NIR)
absorbance of RGO-PEG and the released b rays from the 131I,
in vivo combined RIT and photothermal therapy was conducted,
achieving excellent therapeutic efficiency of cancer [16]. Addi-
tionally, PEGylated graphene and its derivatives exhibited bio-
safety to treated animals, concurrent to the excretion from
the body through urine and feces [17e19]. Therefore, graphene
based nanomaterials have great advantage in the biomedical
applications.
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Currently, magnetic resonance imaging (MRI) has been widely
applied in clinic for patient's examination due to the minimal side
effect. In order to improve the high sensitivity, in recent years,
various MRI contrast agents including manganese dioxide (MnO2)
and iron oxides (Fe3O4) nanoparticles have been introduced for
fundamental research [20e24]. As other imaging modality, nuclear
imaging including positron emission computed tomography (PET)
and single photon emission computed tomography (SPECT) are
widely used for cancer theranostics owing the high sensitivity and
penetration depth [25e27]. Combination of MRI and nuclear im-
aging in one system will provide more detailed information
including the exact location and sizes of tumor, which will assist
doctors to take proper decision for treatment. Therefore, the
multimodal imaging is widely applied for exact examination of
patients in clinic.

In this work, manganese ferrite (MnFe2O4) nanocomposites
were in situ grown onto the surface of RGO via high temperature
hydrothermal method, followed by functionalization with
biocompatible polymer, polyethylene glycol (PEG), and yielding
PEGylated RGO-MnFe2O4 (RGO-MnFe2O4-PEG) nanocomposites.
Radionuclide, 131I, is widely used in radioisotope therapy, was
introduced into this nanosystem via electrophilic substitution re-
action [28,29], while p-p interaction facilitated for sufficient
loading of doxorubicin (DOX) on the surface of RGO-MnFe2O4-PEG
nanocomposites. Under the guidance of multimodal MRI and SPECT
imaging, in vivo combined RIT and chemotherapy was conducted,
achieving excellent therapeutic efficiency of cancer without
inducing significant toxicity to treated mice (Fig. 1). Our research
testifies that surface modified MnFe2O4 decorated RGO nano-
composites have ability to load both radionuclides and an anti-
cancer drug for prompt diagnosis and treatment of cancer.

2. Experimental section

2.1. Synthesis of RGO-MnFe2O4

Preparation of graphene oxide (GO) was followed of the stan-
dard procedure as published protocol [9]. In brief, 20mg of GO,
54mg of FeCl3$6H2O and 38mg of MnCl2$4H2O were dispersed in
Fig. 1. The schematic to illustrate the designed RGO-MnFe2O4-PEG nanocomposites
with 125I/131I labeling and DOX loading for magnetic resonance imaging (MRI) and
SPECT imaging guided combined radio-chemotherapy. (A colour version of this figure
can be viewed online.)
mixed solvent of 0.5ml of ethylene glycol with 9.5mL of diethylene
glycol. Then, 750mg of sodium acetate (NaAc) and 750mg of so-
dium acrylate were added, followed by ultrasonication and stirring
until there was no visible solid in the bottle. The solution was
dispensed in 20mL of Teflon-lined stainless steel autoclave fol-
lowed by heating at 200 �C for 10 h. The obtained solid black
product was washed with ethanol and deionized water several
times and isolated by centrifugation. The nanomaterials were
dispersed in deionized water and kept for further studies.

2.2. Surface modification of RGO-MnFe2O4

We firstly synthesized PEG-grafted poly (maleic anhydride-alt-
1-octadecene) (C18PMH-PEG) according to our published protocols
[10]. 100mg of C18-PMH-PEG was dissolved into 15ml deionized
water. 4ml of RGO-MnFe2O4 (2.5mg/ml) was mixed with 15ml of
100mg of C18-PMH-PEG solution. After 3 h of ultrasonication, the
black solution of RGO-MnFe2O4-PEG was collected by filtration and
centrifugation and stored at 4 �C for future experiments. The
quantitative analysis of Mn and Fe contents in RGO-MnFe2O4-PEG
were measured by ICP analysis.

2.3. DOX loading and release

Loading of DOX onto RGO-MnFe2O4-PEG was performed.
Different amount of DOX (0, 2, 4, 8, and16 mg) were added into the
2ml of RGO-MnFe2O4-PEG solution (0.5 mg/mL) in pH 9 phosphate
buffer (PBS) at 37 �C. After vigorous stirring in dark for 6h, excess
DOX was discarded by centrifugation using 100 kDa MWCO filter
subsequently washing with deionized (DI) water three times. The
yielded DOX-loaded RGO-MnFe2O4-PEG nanocomposites were
dispersed in DI water and stored at 4 �C to carry out next experi-
ments. To study the drug release profile, RGO-MnFe2O4-PEG/DOX
were mixed with different PBS (pH 7.4 and 5.8) at 37 �C in a dialysis
bag (molecular weight cutoff 8000e14,000 Da). DOX released from
RGO-MnFe2O4-PEG/DOX was recorded by UVeviseNIR spectra.

2.4. Cell experiments

The 4T1 murine breast cancer cell line was obtained from the
American Type Culture Collection (ATCC) and were cultured ac-
cording to our previous methods [25]. The toxicity of RGO-
MnFe2O4-PEG was investigated with 4T1 cells using 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT)
assay. 4T1 cells were firstly seeded into 96-well plates at a density
of 8� 103 cells per well overnight, and then incubated with free
DOX, 131I, the mixture of DOX and 131I, RGO-MnFe2O4-PEG, RGO-
MnFe2O4-PEG/DOX, 131I-RGO-MnFe2O4-PEG at various concentra-
tions for 24 h. Afterwards, the relative cell viabilities were tested by
the MTT assay.

2.5. Tumor model

Balb/c mice were purchased fromNanjing Peng Sheng Biological
Technology Co, Ltd. Whole experiment was conducted according to
the procedures approved by Soochow University Laboratory Ani-
mal Center. 50 mL PBS solution containing 2� 106 4T1 cells was
then subcutaneously injected into the right shoulder of mice. After
1 week of injection, the mice were used for further experiments.

2.6. In vivo MRI and SPECT imaging

RGO-MnFe2O4-PEG solution with different concentrations of
manganese (0, 0.125, 0.5 and 1mM) and iron (0, 0.063, 0.125 and
0.5mM) were scanned by a 3.0-T clinical MR scanner (Bruker
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Biodpin Corporation, Billerica, MA, USA). The signal intensity values
of each sample was calculated according to the MR images. Relax-
ation rates r1 (1/T1) and r2 (1/T2) were calculated from T1 and T2
values at different concentrations of Mn and Fe. For in vivo MR
imaging, mice were i.v. injected with 200 mL of RGO-MnFe2O4-PEG
(1mg/mL), and imaged under 3.0-T clinical MRI scanner. For SPECT
imaging, mice bearing 4T1 tumor were i.v. injected with 125I-RGO-
MnFe2O4-PEG (10mg/kg of RGO-MnFe2O4-PEG, 200 mCi of 125I) and
imaged by small animal SPECT imaging system at different time
points.

2.7. Blood circulation and biodistribution

Healthy Balb/c mice were i.v. injected with 131I-RGO-MnFe2O4-
PEG (10mg/kg of RGO-PEG, 20 mCi of 131I). 10 mL of blood was
collected from the tail vein of mice at different time points, and
recorded by a gamma counter (LB211, Berthold Technologies Gmbh
& Co. KG). Meanwhile, mice bearing 4T1 tumors were i.v. injected
with the same dose of 131I-RGO-MnFe2O4-PEG and sacrificed at 24 h
post injection (p.i). Major organs were collected and tested by the
gamma counter.

2.8. In vivo tumor therapy

Mice bearing 4T1 tumors were erratically divided into six
groups: (1) PBS; (2) RGO-MnFe2O4-PEG (10mg/kg); (3) RGO-
MnFe2O4-PEG/DOX (10mg/kg of RGO-MnFe2O4-PEG, 5mg/kg of
DOX); (4) 131I plus DOX (200 mCi of 131I and 5mg/kg of DOX); (5)
131I-RGO-MnFe2O4-PEG (10mg/kg of RGO-MnFe2O4-PEG, 200 mCi
of 131I); (6) 131I- RGO-MnFe2O4-PEG/DOX (10mg/kg of RGO-
MnFe2O4-PEG, 200 mCi of 131I, 5mg/kg of DOX). The above drug was
intravenously injected into mice at day 0 and 4, respectively. The
tumors volume was recorded by slide caliper every other day.

2.9. Blood analysis and histology examinations

Five healthy Balb/c mice were i.v. injected with 131I- RGO-
MnFe2O4-PEG/DOX (10mg/kg of RGO-MnFe2O4-PEG corresponding
to 200 mCi of 131I and loading 5mg/kg of DOX per mouse), and
sacrificed at 60 days p. i. Other five same-aged mice were used as
control. 0.8mL of blood was collected from the treated mice for
blood assay. In addition, major organs including liver, spleen, kid-
ney, heart, lungs were also collected for Hematoxylin and Eosin
(H&E) staining.

3. Results and discussion

3.1. Preparation of RGO-MnFe2O4-PEG nanocomposites

In this study, we synthesized graphene oxide (GO) through the
standard procedure as our published protocol [9]. RGO-MnFe2O4
nanocomposite was produced from GO, manganese chloride and
iron chloride hexahydrate via a hydrothermal reaction. The X-ray
diffraction (XRD) patterns of the as prepared RGO-MnFe2O4 nano-
particles was shown in Supporting Information Fig. S1. No re-
flections corresponding to MnO2 or Fe2O3 were found in the XRD
patterns, suggesting the formation of phase pure MnFe2O4 nano-
composites. Importantly, the peak at 24.5� corresponding to RGO
along with the reflected peaks of MnFe2O4 confirming the forma-
tion of RGO-MnFe2O4 nanocomposites. Both transmission electron
microscope (TEM) imaging and atomic force microscopy (AFM)
imaging showed that MnFe2O4 nanocomposites were anchored on
the surface of RGO (Fig. 2a&C). The X-ray energy dispersive spec-
troscopy (EDS) spectra of RGO-MnFe2O4 nanocomposites also
demonstrated the co-existence of Fe andMn elements (Fig. 2b). The
weight ratio of RGOwith Fe andMnwas evaluated to be 1: 0.58:0.17
by the inductive coupling plasma (ICP) measurement. Furthermore,
X-ray photoelectron spectroscopy (XPS) was also carried out to
investigate the chemical states of different elements of MnFe2O4-
RGO nanocomposites. The survey spectra confirmed the orientation
of MnFe2O4 on RGO (Supporting Information, Figure S 2a). The core
level spectra of Mn 2p and Fe 2p were matched well with other
reported results (Supporting Information, Figure S 2b & c) [30e33].
On deconvolution of O 1s spectra, the two predominates peaks at
529.6 and 530.96 ev attributed to the Fe-O-Mn-O and the peak at
532.2 could assigned to the Fe/Mn-O-C¼O. Importantly, on
deconvolution of core level C 1s spectra, the three peaks could be
ascribed to c 1s (283.9 ev), C-C/C¼C (284.6 eV) and C¼O (287.3 eV)
(Supporting Information, Figure S 2e).We prepared PEG-grafted
poly (maleic anhydride-alt-1-octadecene) (C18PMH-PEG) accord-
ing to published procedure [10,34]. To offer nanocomposite
biocompatibility, C18PMH-PEG was grafted on RGO-MnFe2O4
nanocomposite via pi-pi and hydrophobic interaction between the
long hydrophobic carbon chains in PEG and hydrophobic moiety of
RGO. PEGylated RGO-MnFe2O4 exhibited very stability in different
physiological solutions (Fig. 2d).

Doxorubicin (DOX) was selected as a model hydrophobic anti-
cancer drug molecule. For DOX loading, different amounts of
DOX (0, 2, 4, 8, and16 mg) were added to the RGO-MnFe2O4-PEG
solution (1mg/ml). The DOX loading ratios (RGO-MnFe2O4-PEG:
DOX) were recorded by UVeVis absorbance. The DOX loading ca-
pacity on RGO-MnFe2O4-PEG nanocomposites (w/w) was DOX
concentration-dependent (Fig. 2e&f). The high drug loading effi-
ciency was likely due to the efficient hydrophobic and p-p inter-
action between DOX molecules and RGO nanosheets [35e37] The
release of DOX at lower pH of 5.8 fromRGO-MnFe2O4-PEG/DOXwas
more as compared to that of pH7.4 after 96 h of incubation, further
suggesting pH-dependent release of DOX (Fig. 2g). In our study, we
selected the ration of 1:2 (w/w) (RGO-MnFe2O4-PEG: DOX) for next
experiments.

3.2. In vitro experiments

In previous work, 131I labeled various nanomaterials have been
developed to conduct in vivo behavior for radioisotope therapy
(RIT) [17,38,39]. In our study, 131I was also used to label RGO-
MnFe2O4-PEG nanocomposites according to our published method
[17,40]. The radiolabeling stability of 131I/125I-RGO-MnFe2O4-PEG
exhibited well, which was beneficial for next experiments (Sup-
porting information Figs. S3 and S4). Before studying the in vitro
combined therapy, 131I labeled RGO-MnFe2O4-PEG nanocomposites
was incubated with DOX at the ratio of 1:2 (w/w). After 6 h, the
excess DOX was removed by centrifugation through the filter with
100 kDa MWCO. 4T1 cancer cells incubated with free 131I, free DOX,
131I-RGO-MnFe2O4-PEG, 131I-RGO-MnFe2O4-PEG/DOX were studied
via methyl thiazolyl tetrazolium (MTT) assay (Fig. 3aed). Interest-
ingly, RGO-MnFe2O4-PEG nanocomposites and free 131I induced no
obvious toxicity to 4T1 cancer cells (Fig. 3a&b), while 131I-RGO-
MnFe2O4-PEG caused limited toxicity to the cells at the same dose
(Fig. 3b). Nevertheless, after loaded by RGO-MnFe2O4-PEG, the
toxicity of DOX was weakened contrasted to free DOX at the same
concentration (Fig. 3c). More importantly, 131I- RGO-MnFe2O4-PEG/
DOX nanocomposites caused significantly toxic to cancer cells
compared with other control groups (Fig. 3d).

3.3. In vivo multimodal imaging

Owing to the presence of both Fe and Mn element in our
designed nanocomposites, we were eager to study the contrast
behavior in MR imaging of RGO-MnFe2O4-PEG nanocomposites.



Fig. 2. Characterization of RGO-MnFe2O4 and Drug loading. (a&b) TEM imaging (a) and X-ray energy dispersive spectroscopy (b) of RGO-MnFe2O4-PEG nanocomposites. (c) AFM
imaging of RGO-MnFe2O4-PEG nanocomposites. (d&e) UVeviseNIR absorbance spectra of RGO-MnFe2O4-PEG nanocomposites (Inset: the photos of RGO-MnFe2O4 nanocomposites
with or without PEG modification in different solutions) (d) and RGO-MnFe2O4-PEG/DOX nanocomposites obtained at different ratio of RGO-MnFe2O4: PEG: DOX (e). (f&g) Drug
loading efficiency (f) and drug release in different pH value (pH 5.8 and pH 7.4) (g). (A colour version of this figure can be viewed online.)
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Different concentrations of RGO-MnFe2O4-PEG solution in 1.5ml
tube was scanned by a 3.0 T clinical MR scanner. Interestingly, RGO-
MnFe2O4-PEG nanocomposites showed T1 and T2 weighted MR
imaging. The r1 and r2 value were measured to be 11.74 and
295.48mM�1S�1, respectively (Fig. 4a&b). The results showed that
our synthesized RGO-MnFe2O4-PEG nanocomposites could be
served as excellent contrast agents for MRI. Next, mice bearing 4T1
tumor models were i.v. injected with RGO-MnFe2O4-PEG nano-
composites and imaged by MR scanner. It was found that the T1
weighted MRI showed dark effect in the tumor sites, while T2
weighted MRI exhibited white in the tumor sites, further demon-
strating that RGO-MnFe2O4-PEG nanocomposites could be used for
in vivo T1and T2 weighted MRI of mice (Fig. 4c).

To study accurately the in vivo behavior of RGO-MnFe2O4-PEG
nanocomposites, radionuclides 131I was used to label RGO-
MnFe2O4-PEG nanocomposites. Mice bearing 4T1 tumor models
were i.v. injected with 131I-RGO-MnFe2O4-PEG (4mg/kg of RGO-
MnFe2O4-PEG, 20 mCi of 131I). Blood was collected from the mice
and the radioactivity of 131I was analyzed by gamma counter. The
blood circulation showed that 131I-RGO-MnFe2O4-PEG/DOX
exhibited long-term blood circulation (Fig. 5a). After 24 h post in-
jection, the major organs of mice treated 131I-RGO-MnFe2O4-PEG/
DOX were collected for radioactivity assay. It was found that 131I-
RGO-MnFe2O4-PEG/DOX nanocomposites exhibited high tumor
accumulation (Fig. 5b). Owing to the limitation of our SPECT ma-
chine, we used 125I instead of 131I for SPECT imaging. Therefore, we
selected 125I to label RGO-MnFe2O4-PEG for in vivo SPECT imaging.
Similar to MRI, mice bearing 4T1 tumor were i.v. injected with 125I-
RGO-MnFe2O4-PEG nanocomposites (10mg/ml of RGO-MnFe2O4-
PEG, 200 mCi of 125I) and then imaged by small animal SPECT im-
aging system. The results were matched with MRI imaging. 125I-
RGO-MnFe2O4-PEG nanocomposites showed high tumor accumu-
lation (Fig. 5c). Therefore, using the intrinsic magnetic properties
and radiolabeling, RGO-MnFe2O4-PEG could be used as multifunc-
tional nanoagents for MRI/SPECT imaging.

3.4. In vivo tumor therapy and biosafety assay

Motivated by the MRI/SPECT imaging data, we wanted to study
the in vivo combined therapy using DOX labeled 131I-RGO-
MnFe2O4-PEG nanocomposites. 4T1 tumors bearing mice were
arbitrarily shared into six groups (n¼ 5 per group) including (1)
PBS, (2) RGO-MnFe2O4-PEG, (3) RGO-MnFe2O4-PEG/DOX, (4) 131I-
RGO-MnFe2O4-PEG, (5) the mixture of free 131I and DOX (200 mCi of
131I, and 5mg/kg of DOX), (6) 131I-RGO-MnFe2O4-PEG/DOX (200 mCi
of 131I, 5mg/kg of DOX). The therapeutic processes were continued
at day 0 and 4. After careful treatment, the tumor sizes were
recorded by a digital caliper every two days. The tumors of the
group of mice treated with PBS, RGO-MnFe2O4-PEG or the mixture
of 131I and DOX grew up in day by day sharply (Fig. 6a). In addition,
the tumors of the group of mice injected with RGO-MnFe2O4-PEG/
DOX or 131I-RGO-MnFe2O4-PEG exhibited no significant inhibition



Fig. 3. In vitro experiments. (a) The cell viability of 4T1 cells during incubation at different concentration of RGO-MnFe2O4-PEG nanocomposites for 24 h. (b) The relative cell
viability of 4T1 cells incubated with different concentration of free 131I or 131I-RGO -MnFe2O4-PEG nanocomposites. (c) The cell viability of 4T1 cells during incubation at different
concentration of free DOX or RGO-MnFe2O4-PEG/DOX nanocomposites. (d) The relative cell viability of 4T1 cells during incubation at different concentration of 131I-RGO -MnFe2O4-
PEG, RGO-MnFe2O4-PEG/DOX and 131I-RGO-MnFe2O4-PEG/DOX nanocomposites. (A colour version of this figure can be viewed online.)

Fig. 4. RGO-MnFe2O4-PEG nanocomposites for MR imaging. (a&b) T1 -weighted (a) and T2 weighted (b) MR imaging of different concentration of RGO-MnFe2O4-PEG nano-
composites. (c) In vivo MR imaging of mice intravenous treated with RGO-MnFe2O4-PEG nanocomposites. (A colour version of this figure can be viewed online.)
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Fig. 5. In vivo behaviors of RGO-MnFe2O4-PEG nanocomposites. (a&b) The blood circulation (a) and biodistribution of 125I-RGO-MnFe2O4-PEG nanocomposites. (c) SPECT/CT
imaging of mice intravenous injected with 125I-RGO-MnFe2O4-PEG nanocomposites. (A colour version of this figure can be viewed online.)

Fig. 6. In vivo combined radio-chemotherapy. (a) The tumor growth curve of mice with different treatments. (b) The photos of tumor from the mice with various treatments. (c) The
body weight of mice with different treatments. (A colour version of this figure can be viewed online.)

R. Qian et al. / Carbon 149 (2019) 55e6260
of the tumors. Remarkably, 131I-RGO-MnFe2O4-PEG/DOX signifi-
cantly inhibited the tumor growth compared with the control
groups (Fig. 6a). Moreover, the body weight of the mice was not
altered notably by different treatments, suggesting no obvious side
effect to treated mice (Fig. 6c). Meanwhile, tumors from different
treated group were collected and photographed. As shown in
Fig. 6b, tumors of mice treated with 131I-RGO-MnFe2O4-PEG/DOX
became smallest than that of control groups, further demonstrating
that the combined radio-chemotherapy using131I-RGO-MnFe2O4-
PEG/DOX nanocomposites significantly inhibited the tumor
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growth. Therefore, our synthesized RGO-MnFe2O4-PEG could be
used as multifunctional nanomaterials for multimodal imaging
guided combined radio-chemotherapy of cancer. Our results
further promoted the biomedical applications of nano-graphene
based nanocomposites.

Considering the potential bio-safety, we investigated the po-
tential toxicity of 131I-RGO-MnFe2O4-PEG/DOX to treated mice.
Health mice (n¼ 5) were intravenously injected with131I-RGO-
MnFe2O4-PEG/DOX (10mg/kg of RGO-MnFe2O4-PEG, 200 mCi of 131I
and 5mg/kg of DOX per mouse). Other the same-aged mice were
used as control. After 60 days of injection, blood was collected from
the eyeball of mice with or without 131I-RGO-MnFe2O4-PEG/DOX
treatments for blood assay. As shown in Supporting Information
Figure S5a-l, all the parameters of liver and kidney function of mice
treated with 131I-RGO-MnFe2O4-PEG/DOX were in the normal
range compared to the control group. No obvious toxicity 131I-RGO-
MnFe2O4-PEG/DOX was found. Meanwhile, the major organs of
mice with or without 131I-RGO-MnFe2O4-PEG/DOX treatment were
obtained for Hematoxylin and Eosin (H&E) staining. As expected,
131I-RGO-MnFe2O4-PEG/DOX induced no obvious side-effect to the
major organs of mice (Supporting information Figure S5m).
Therefore, RGO-MnFe2O4-PEG could be acted as excellent thera-
peutic agents for cancer imaging guided combined therapy without
inducing significantly side-effect to treated animal.

4. Conclusion

In summary, we have successfully designed multifunctional
RGO-MnFe2O4 nanocomposites with PEG coating for co-loading
radioisotope 131I and DOX for combined RIT-chemotherapy of
cancer. After PEGylating, RGO-MnFe2O4-PEG nanocomposites
exhibited splendid stability in different biological media, long-term
blood circulation and high tumor accumulation. Interestingly, we
found that RGO-MnFe2O4-PEG nanocomposites could be acted as
contrast agents for T1/T2 weighted MR imaging of mice. Moreover,
SPECT imaging of mice exhibited high tumor uptake of 125I-RGO-
MnFe2O4-PEG nanocomposites after intravenous injection. Under
the guidance of MRI/SPECT dual-model imaging, in vivo combined
radio-chemotherapy using 131I-RGO-MnFe2O4-PEG/DOX nano-
composites was conducted, achieving excellent therapeutic effi-
ciency of tumor. More importantly, 131I-RGO-MnFe2O4-PEG/DOX
nanocomposites induced no obvious toxicity to treated mice after
60 days post injection, further identifying the bio-safety of RGO-
MnFe2O4-PEG nanocomposites. Therefore, our study further pro-
moted the biomedical applications of nano-graphene-based
nanocomposites.
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