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A generalized strategy for developing hybrid two-

dimensional nanostructured dual T1-T2 MRI contrast agent 

(CA), by co-loading graphene oxide with both Mn-doped 

Fe3O4 (T2 agent) and MnO (T1 agent) magnetic 

nanoparticles, is reported. Typical T1/T2 signal quenching, 

due to magnetic coupling, was not observed because of the 

fair T1 CA separation distance from the T2 CA on the 

graphene oxide. The resultant two-dimensional 

nanostructured MRI CA complements the existing dual T1-

T2 MRI CA libraries. 

As one of the most powerful imaging platforms, magnetic resonance 

imaging (MRI) has become inseparable from the clinical imaging 

and medical diagnosis, especially for the soft tissues and organs 

visualization. Since MRI depends heavily on spatially localized 

magnetic nuclei within the human body to generate its basic contrast, 

the localized difference in the water proton intrinsic relaxation times 

becomes very critical. To considerably enhance the water protons’ 

magnetic relaxation rate and thus improving the natural contrast of 

the imaging target and detection capabilities, exogenous contrast 

agent (CA) is purposely introduced. Depending on the water 

protons’ relaxation mechanisms, MRI CAs can be divided into: (i) T1 

CAs that accelerate water protons’ spin-lattice relaxation and (ii) T2 

CAs that accelerate water protons’ spin-spin relaxation1. In the past 

decade, magnetic nanoparticles (MNPs) have been emerging as 

promising candidates for single-mode MRI CAs 1-2. However, 

despite the prevailing contrast mechanism, single-mode MRI CA has 

its associated drawbacks that may put a limit on its extensive MRI 

clinical application. For instance, the induced magnetic susceptibility 

artifacts and the negative contrasting effects of the T2 CA materials 

(e.g. superparamagnetic Fe3O4) may complicate the MRI images 

analysis3. Meanwhile, T1 CA materials may provide excellent 

positive contrasting effect, at the expense of the required high 

concentration of toxic T1 CA materials.  

More recently, the development of dual-mode MRI contrast 

agent (or DMCA) that synergistically combined both T1- and T2-

weighted imaging benefits, have gained significant research 

interest4. Currently, there are two possible strategies for fabricating 

DMCA (i) use of a single material that is capable of elucidating both 

T1 and T2 contrasting effect or (ii) combinatorial assembly of at least 

two MRI CA materials into one single nanostructure. The first 

strategy can be realized in zero-dimensional (0-D) nanostructures 

(e.g. single MNPs), while the latter can only be achieved in the 

nanostructures with higher-dimensionality (see Scheme 1a). 

 
Scheme 1. (Top) Illustrations of various T1-T2 MRI contrast agent (DMCA) designs. 

(Bottom) Proposed strategy to fabricate DMCA based on the assembly of T1 and 

T2 nanoparticulate CAs on two-dimensional GO surface. 

The simplest 0-D DMCA design involved the use of single-phase 

MNPs that were capable of concurrently enhancing both MRI T1- 

and T2-weighted imaging. These included ultra-small Fe3O4 MNPs5, 

metal-doped Fe3O4 MNPs6 as well as FeCo MNPs7. Due to the need 

to balance the relaxometric properties, 0-D DMCA often suffered 

from significantly low contrasting effect. To resolve this, T1 and T2 

CA materials can be assembled into a more complex DMCA. One 

example was the direct conjugation of T1 CA material (e.g. Gd- or 

Mn-based chelates) onto the of T2 CA MNPs surface to form three-

Page 1 of 6 Journal of Materials Chemistry B

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
B

A
cc

ep
te

d
M

an
us

cr
ip

t



COMMUNICATION Journal Name 

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 

dimensional (3-D) core-shell structure. These included Gd-labelled 

Fe3O4 MNPs or Gd-labelled metal-doped Fe3O4 MNPs8, Gd-labelled 

NaDyF4 MNPs9 as well as  NaDyF4:Yb3+/ NaGdF4:Yb3+,Er3+ 

MNPs10. Such integration into single magnetic nanostructure often 

resulted in perturbation of T1 CA by the T2 CA local magnetic field 

inhomogeneities in the form of strong magnetic coupling; a 

phenomenon that was commonly regarded as magnetic quenching 

effect. Thus, the on-going DMCA studies emphasized on the 

importance of the optimized separation distance between T1 and T2 

CA materials within a single nanostructure to achieve both high T1 

and T2 contrasting effects. To realize this, several other unique 

architectures have been reported to promote magnetic decoupling 

and thus to reduce magnetic quenching effect. For instance, 

improved 3-D core-shell structure by introducing a non-magnetic 

silica spacer to distance the T1 and T2 CA materials 3b, 11 as well as 

seed-mediated synthesis to form one-dimensional (1-D) 

Fe3O4/Pt/Au@Gd-DOTA nanotrimers12. In a more extreme case, 

complex 3-D structure such as Gd-embedded Fe3O4 MNPs 13 or Eu-

engineered iron oxide nanocubes 14 have also been reported 

previously in order to allow the T1 CA material to exhibit similar 

parallel spin direction to the T2 CA local magnetic field direction. 

 
Fig. 1 [Top] TEM images of hydrophobic: (a) Mn-doped Fe3O4 (T2-NPs) and (b) 

MnO (T1-NPs) nanoparticles in CHCl3 (clockwise: SAED patterns and TEM size 

distribution). [Bottom] TEM images of hydrophilic: (c,d) GO/T2, (e,f) GO/Dual and 

(g,h) GO/T1 magnetic nanocomposites (insets: SAED patterns). 

Despite the numerous attempts to integrate T1 and T2 CA 

materials within a single nanostructure, it remains a great challenge 

to develop a facile method to synthesize DMCA with optimized T1 

and T2 CAs separation distance. Herein, a new DMCA  is proposed 

by co-loading T1 and T2 CAs onto  graphene oxide (GO) sheets 

(Scheme 1b), tapping on the need to water-solubilize hydrophobic 

MNPs for biomedical applications.15 (see ESI section S1 for detailed 

synthesis procedures) 

T2 and T1 CA nanoparticles were prepared through the thermal 

decomposition of metal-organic precursors in non-polar solvent,16 

namely Mn-doped Fe3O4 (denoted as T2-NPs) and MnO (denoted as 

T1-NPs) MNPs. The TEM images of the MNPs dispersed in CHCl3, 

given in Fig. 1a,b, indicated the successful formation of faceted T2-

NPs and spherical T1-NPs. The average TEM sizes of the T2-NPs 

and T1-NPs were 10.2 ± 1.1 and 5.7 ± 0.9 nm, respectively. Due to 

the need of oleic acid capping agent to ensure the formation of high 

quality and monodisperse MNPs during the synthesis process, the 

as-synthesized MNPs were hydrophobic in nature and only 

dispersible in non-polar organic solvent. Post-synthetic water 

solubilisation process was essentially required to render these MNPs 

useful for biomedical application. To facilitate this, T2-NPs and T1-

NPs were individually loaded onto hydrophilic GO sheets to form 

hydrophilic GO/T2 and GO/T1 nanocomposites. When both T2-NPs 

and T1-NPs were simultaneously loaded onto GO sheets using the 

proposed method, hybrid GO/Dual nanocomposites were formed. 

The TEM images (Fig. 1c,d and Fig. 1g,h) of the resultant GO/T2 

and GO/T1 nanocomposites suggested the successful formation of 

two-dimensional nanostructures whereby the respective hydrophobic 

MNPs were decorated at the GO surface. Meanwhile, the TEM 

images (Fig. 1e,f) of GO/Dual nanocomposites confirmed the co-

loading of both T1-NPs and T2-NPs at the GO sheets. The 

hydrophobic MNPs were preferentially aggregated and decorated at 

the hydrophobic segment of GO sheets’ basal plane due to 

hydrophobic-hydrophobic interaction17. In addition to this, clear 

separation distance of more than 20 nm between T1-NPs and T2-NPs 

along the GO surface, which indicated the hydrophilic region of GO 

sheets, was also observed from the low magnification GO/Dual TEM 

image (see ESI; Fig. S1). By using a simple strategy, the separation 

distance between the hydrophobic MNPs clusters also can be tuned 

by varying the MNPs/GO mass ratio (see ESI; section S2, Fig. S2). 

The crystalline phases of the hydrophobic MNPs and the 

hydrophilic GO/MNPs nanocomposites were investigated using x-

ray diffraction (XRD).  Based on the XRD patterns (Fig. 2a), the 

crystal structure of the T2-NPs before and after loading remained 

unchanged with all the present characteristic peaks (at  2θ of 29.9o, 

34.9o, 42.6o, 56.9o and 62.6o) indexed to the standard reflection 

pattern ((220), (311), (400), (333) and (440) planes, respectively) of 

cubic crystalline MnFe2O4 (Jacobsite; JCPDS #74-2403). The lattice 

fringes in the HRTEM of the T2-NPs (inset of Fig. 2a) demonstrated 

that the NPs were highly crystallined with lattice spacing of 0.293 

nm; which agreed well with the d-spacing of (220). The average 

crystallite size of T2-NPs, calculated from Scherrer equation based 

on the most intense (311) XRD peak FWHM, was 9.78 nm which 

was in good agreement with its average TEM size. The selected area 

electron diffraction (SAED) patterns of T2-NPs and GO/T2 were also 

consistent with the characteristic Jacobsite phase. Meanwhile, all the 

present characteristic peaks (at 2θ of 35.1o, 41.8o and 59.1o) from T1-

NPs XRD patterns were indexed to the standard reflection pattern 

((111), (200) and (220) planes, respectively) of cubic MnO (JCPDS 

#07-0230). Severe peak broadening was observed for T1-NPs due to 

the nano-crystallite size effect. After loading of T1-NPs onto GO 

sheets, no meaningful characteristic peaks were observed in the 

XRD pattern. Nevertheless, the SAED patterns of T1-NPs and GO/T1 

were consistent with the standard MnO reflection pattern which 

indicated the successful loading of T1-NPs into GO sheets. 

XPS was conducted on T1-NPs, GO as well as GO/T1, GO/T2 and 

GO/Dual nanocomposites. Fig. 2b summarized the wide-scan XPS 

survey spectra. The binding energy of the peaks has been calibrated 

to the C 1s sp2 hybridized carbon peak at 284.6 eV. All the peaks 

could be assigned to the electronic transitions in Fe, Mn, O and C 

with the presence of Mn element for T1-NPs, GO/T1 and GO/Dual 

samples. From the XPS spectrum of C 1s (Fig. 2c), the presence of 

strong distinct peak of C–C bond at 284.6 eV with negligible C–O 

and C=O bonds at 286.6 eV and 288.4 eV respectively indicated the 

presence oleic acid coating within T1-NPs sample. For GO, GO/T1, 

GO/T2 and GO/Dual samples, the presence of strong and distinct 

peaks of C–O and C=O bonds at 286.6 eV and 288.4 eV respectively 
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indicated the abundance of hydrophilic oxygen-containing functional 

groups that helped to stabilize the nanocomposites in aqueous 

solvent. Since MnO (Mn2+) was favoured for MRI T1 application due 

to the presence of abundant unpaired electrons than any other 

valence state of Mn ions, the successful formation of MnO phase 

was very critical. To further confirm the formation of MnO phase, 

the Mn oxidation states were determined from the XPS analysis. 

From the XPS spectrum of Mn 2p (Fig. 2d), the binding energy of 

Mn 2p3/2 peaks at 641.4 eV corresponded to the presence of Mn2+. A 

slight appearance of Mn 2p satellite in the GO/T1 and GO/Dual 

spectrum also indicated the presence Mn2+ oxidation state. 

 
Fig. 2 (a) XRD patterns of hydrophobic T1-NPs and T2-NPs as well as hydrophilic 

GO/T1, GO/T2 and GO/Dual nanocomposites. (b) Wide-scan XPS spectra and (c) C 

1s XPS spectra of T1-NPs, GO, GO/T1, GO/T2 and GO/Dual samples. (d) Mn 2p XPS 

spectra (inset: XPS spectrum of Mn 3s) of T1-NPs, GO/T1 and GO/Dual samples. 

(e) Hydrodynamic size distributions of various hydrophilic samples in water 

(25
o
C). (f) Hysteresis loops of hydrophobic T1-NPs and T2-NPs as well as 

hydrophilic nanocomposites (GO/T2, GO/T1 and GO/Dual), at 25
o
C. 

In addition to this, the magnitude of the Mn 3s doublets 

splitting at approximately ∆E ~6eV (inset of Fig. 2d) was in a good 

agreement with the relative value of Mn2+ valence state. Both results 

indicated the oxidation state of Mn2+ that corresponded to the 

successful formation of MnO T1-NPs and the presence of T1-NPs in 

GO/T1 and GO/Dual nanocomposites18. From the DLS size 

distributions (Fig. 2e), the hydrodynamic size (dh) of GO/T2, 

GO/Dual and GO/T1 nanocomposites were 452.9 ± 14.2 nm, 275.4 ± 

17.7 nm and 406.6 ± 8.2 nm, respectively. The dh of GO/Dual was 

the lowest as compared to GO/T1 and GO/T2 nanocomposites. This 

was due to the incorporation of additional probe-sonication process 

that helped to break-up the GO sheets into much smaller pieces. The 

magnetic properties of both hydrophobic and hydrophilic samples 

were characterized by VSM. From the magnetic hysteresis loop 

profiles (Fig. 2f), T2-NPs as well as GO/T2 and GO/Dual exhibited 

superparamagnetism behaviour with saturation magnetization of 

59.28 emu.g-1, 10.4 emu.g-1 and 6.85 emu.g-1 respectively (at 20 kOe 

and 25oC). Meanwhile, T1-NPs and hydrophilic GO/T1 exhibited 

paramagnetic behaviours with mass magnetization of 0.94 emu.g-1 

and 0.32 emu.g-1 (inset of Fig. 2f). 

 
Fig. 3 (a) 1/T1 and (b) 1/T2 relaxation rates of hydrophilic GO/T2, GO/Dual and 

GO/T1 nanocomposites at different metal concentrations. (c) MR relaxivities 

summary and (d) concentration-dependent T1- and T2-weighted images of GO/T2, 

GO/Dual and GO/T1 nanocomposites. (e) In-vitro cell cytotoxicity of breast 

cancer cells (MCF-7) incubated with GO/T2, GO/Dual and GO/T1 nanocomposites 

at various metal concentrations. 

The MR relaxivity measurements were performed for GO/T2, 

GO/Dual and GO/T1 using 7T MRI scanner. From the plot of T1 and 

T2 relaxation rates against various metal concentration (Fig. 3a,b), 

the r1 values were 2.84 mM [Mn+Fe]-1s-1, 5.16 mM [Mn+Fe]-1s-1 and 

9.41 mM [Mn]-1s-1 for GO/T2, GO/Dual and GO/T1 samples 

respectively. Meanwhile the r2 values were 241.94 mM [Mn+Fe]-1s-

1, 300.62 mM [Mn+Fe]-1s-1 and 121.68 mM [Mn]-1s-1 for GO/T2, 

GO/Dual and GO/T1 samples respectively. From the summary (Fig. 

3c), r1 value increased with the T1-NPs loading while the r2 value 

was enhanced with the combinatorial loading of both T1-NPs and T2-

NPs. Finally, from the acquired T1- and T2-weighted images shown 

in Fig. 3d, it was clearly observed that both GO/T2 and GO/T1 

exhibited their respective contrast enhancement effect: GO/T2 

shortened the transverse relaxation time, while GO/T1 shortened the 

longitudinal relaxation time. When both T1-NPs and T2-NPs were 

co-loaded together, the shortening of both transverse and 

longitudinal relaxation times was observed. Moreover, if the r1 value 

of GO/Dual was expressed in terms of the contributing Mn ion 

concentration only, the r1 value of GO/Dual was 10.56 mM [Mn]-1s-1 

which was significantly comparable with the r1 value of GO/T1. 
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Based on this comparison, the simultaneous presence of both T1 CA 

and T2 CA materials within GO/Dual nanocomposites did not 

annihilate the original individual MRI relaxometric properties. This 

can be attributed to the notable separation distance between T1 CA 

and T2 CA at GO sheet surface11a. In addition to this, , GO sheets 

surface was not covered by any undesirable molecules that might 

impair water diffusion and accessibility towards MNPs, except for 

the original MNPs oleic acid coating. Therefore, the 2-D assembly of 

both T1-NPs and T2-NPs on GO sheets also benefited from the 

improved water permeation and diffusivity of the GO host that 

promoted higher relaxivity rates19. 

Besides the MRI relaxometric properties, the cell viabilities of 

GO/T2, GO/T1 and GO/Dual samples were also determined after 24 

hours incubation of MCF-7 breast cancer cells with respective 

samples. From the cell cytotoxicity assessment on MCF-7 cells (Fig. 

3e) using CCK-8 assay, GO/T1 that comprised of MnO MNPs 

exhibited lower viability as compared to GO/T2 or GO/Dual. In 

general, the cell viability increased in the order of GO/T1 < GO/Dual 

< GO/T2. The high cellular cytotoxicity behaviour, especially for 

GO/T1 with increasing MNPs loading, was expected due to the 

presence of hydrophobic oleic-acid coated MNPs on the surface of 

the GO sheets and the absence of any additional proper hydrophilic 

surface coating. The decreasing cell viability trend can therefore be 

ascribed to the presence of bare oleic-acid coated MNPs on GO 

surface that interacted directly with the surrounding environment20. 

To prevent this, additional surface modification, inclusive of non-

covalent conjugation with Pluronic F127 block copolymers21 or 

covalent conjugation with amine-bearing PEG functional group22 

can be imparted in future. Several preliminary results, inclusive of (i) 

the strategy on how to tune and control the hydrodynamic size of the 

nanocomposites, (ii) the formation of PEGylated hydrophilic 

magnetic nanocomposites and their MR relaxometric properties as 

well as (iii) the colloidal stability testing of GO/Dual 

nanocomposites, were summarized in the ESI; section S3 and S4. 

Conclusions 

In summary, a generalized simple protocol to fabricate two-

dimensional dual T1-T2 MRI CAs has been presented. As a 

proof of concept, hydrophobic Mn-doped Fe3O4 and MnO 

MNPs were simultaneously water-solubilized and decorated 

onto GO sheets. Both MR relaxivity measurement and in-vitro 

cellular cytotoxicity assay have been performed. The resultant 

hydrophilic nanocomposites did not exhibit notable magnetic 

quenching effect due to the fair separation distance between T1 

CA and T2 CA. Because of this, the resultant hydrophilic 

nanocomposites was able to induce both positive and negative 

contrasting effect. Such platform can be potentially extended to 

other magnetic or inorganic nanoparticles for multifunctional 

nanocomposites development. 
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Description: 

Water-soluble hybrid two-dimensional nanostructured dual T1-T2 MRI contrast agent 

with fair T1 and T2 nanoparticles separation distance and negligible T1/T2 signal 

quenching was developed. 
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