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Core–Shell Gold Nanorod@Metal–Organic Framework
Nanoprobes for Multimodality Diagnosis of Glioma
Wenting Shang, Chaoting Zeng, Yang Du, Hui Hui, Xiao Liang, Chongwei Chi,
Kun Wang,* Zhongliang Wang,* and Jie Tian*
Gliomas, one of the most common tumor types of the central nervous system, are associated with high fatality rates.[1]
Although significant advances have been made in glioma
diagnosis, numerous challenges, such as early and integrated
diagnosis,[2] remain. However, single-modality imaging cannot
provide enough characteristics for different types of cancer.[3]
Traditional imaging methods (such as computed tomography
(CT), magnetic resonance imaging (MRI), and photoacoustic
imaging (PAI)) have inherent defects such as limited resolution, low imaging depth of penetration, and poor spatial resolution.[4] In order to resolve this problem, numerous studies have
focused on developing multimodality imaging probes that integrate various image-enhancing behaviors into a single system
to achieve multimodality imaging functions.[5] Nanoscale
metal–organic frameworks (NMOFs) containing a metal core
exhibit rich optical and magnetic properties, as well as strong
X-ray attenuation, thus representing the ideal candidates for the
assembly of multifunctional imaging agents.[6]
Porous shells are capable of preventing aggregation as
well as providing enhanced crystallinity, and hence core–shell
nanocomposites are particularly attractive.[7] In the present
work, we attempted to develop a core–shell nanocomposite
structure, with a core of well-defined metal nanocrystal and a
shell of single-crystalline NMOF, for multimodality imaging,
and studied its utility for tumor diagnosis. Large interfacial
energies between core and shell are required for crystal lattices
in the specific scale.[8] Au nanomaterials, which provide a huge
specific surface area, are considered the most appropriate core;
accordingly, their use in biomedical applications has received
extensive attention in recent years.[9] The photothermolysis properties of these materials enable their use as contrast agents for
X-ray CT, which is widely recognized as a safe medical tool for
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disease diagnosis and treatment.[10] Particularly, Au nanorods,
based on PAI contrast, exhibit near-infrared (NIR, 650–900 nm)
absorptive properties by regulating its crystal lattice that enable
the improvement of PAI sensitivity and provide deep tissue
penetration capability. [4a,11] In order to protect the Au core from
aggregation, NMOFs, which are comprised of an infinite array
of new materials such as organic linkers and metal ion clusters, are used as the shell.[6a,12] Unlike traditional shell material
zeolites, which are comprised of SiO4 or AlO4 building blocks,
the organic linkers in MOF may be readily varied to allow direct
manipulation of biophysical properties for biomedical applications such as sensing,[13] drug delivery,[6a,14] and imaging.[15]
Lin et al. first recognized the potential of NMOFs as MRI T1weighted imaging agents for biomedical imaging.[15] When the
size of nanoparticles meets the demands of 20–150 nm in diameter, the uptake of NMOFs by tumors increases as a result of the
enhanced permeability and retention (EPR) effect.[16] However,
the scaling down of the nanoregime remains a significant challenge for NMOF-based imaging agents for various diseases.
Herein, we describe a microemulsion method for the synthesis of small-scale core–shell Au@MIL-88(A) nanoparticles
in N,N-dimethylformamide phase, performed according to the
strategy shown in Scheme 1a. The core–shell nanocomposites
simultaneously possess CT enhancement and PAI optical properties of the Au nanorod core and the T2-weighted MRI property
of the NMOF shells. The surface of the nanocomposites was
modified with poly(ethylene glycol)-carboxyl acid (PEG-COOH)
in order to protect from clotting during the course of in vivo
experiments. The modified nanoparticles, which were named
Au@MIL-88(Fe), showed high-enhancement CT imaging, MRI,
and PAI for in vivo studies of gliomas (Scheme 1b). Both CT
and MRI images showed clear structure with high depth of
penetration. We further demonstrated the utility of these nanoparticles for PAI imaging of gliomas with clear detection, high
spatial resolution, and high contrast. Although the research is
still in its infancy, we believe that the compositional tunability
and mild synthetic conditions of NMOFs should greatly facilitate their application in clinical settings.
In our strategy, the core–shell Au@MIL-88(A) nanostructures
were synthesized through controllable growth of MOF shell layer
on the surface of gold nanorod, as shown in Scheme 1a. cetyltrimethyl ammonium bromide (CTAB) ligands on the surface of
Au nanorods were first exchanged with 11-mercaptoundecanoic
acid (MUA) molecules. MUA molecules not only give rise to
COOH-terminated Au nanorods but also eliminate the cytotoxicity of CTAB. Ionic liquid/microemulsion was used to encapsulate the COOH-terminated Au nanorods as the core and control
the growth of the crystalline MOF. This method was simple and
robust, and the as-prepared Au@MIL-88(A) indeed exhibited
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Scheme 1. a) Schematic illustration of the synthesis of Au@MIL-88(Fe) nanostars. b) Application to multimodality imaging-based tumor diagnosis.

high monodispersity and homogeneity, with average diameters
of 89 ± 3 nm and well-defined star-like morphology (as observed
by transmission electron microscopy (TEM) (Figure 1a) and
scanning electron microscopy (SEM) (Figure 1b,c)). Moreover,

dynamic light scattering (DLS) confirmed their narrow size distribution, with a monodispersity index of 0.195 (Figure 1d) and
zeta potential of −11.7 ± 0.3 mV in phosphate buffer saline (PBS)
(pH 7.4) (a detailed discussion is provided in Table S1, Supporting

Figure 1. Characterization of Au@MIL-88(A) nanoparticles. a) TEM image of Au@MIL-88(A) nanoparticles; b,c) SEM images of Au@MIL-88(A)
nanoparticles; d) DLS-measured diameters of Au@MIL-88(A) in PBS; e) UV–vis spectra of Au nanorods and Au@MIL-88(A); f) XRPD patterns of
Au@MIL-88(A), MIL-88(Fe), and the simulated Au crystal pattern; g) STEM-EDS mapping of Au@MIL-88(A) nanoparticles.
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mapping (Figure S1, Supporting Information) and energy dispersive X-ray detector elemental mapping data revealed that
Au was distributed in the core and that the elements C, O, and
Fe were homogeneously distributed throughout nanostructure
(Figure 1g). The above results confirmed that the MIL-88(A)
shell was successfully coated on the Au core.
In addition, in order to improve biocompatibility and
stability, the Au@MIL-88(A) nanoparticles were modified by
PEG-COOH (Mw = 3500) and the imaging response properties of the PEGylated core–shell Au@MIL-88(Fe) nanostructures were characterized after the stability proved (Figure S2
and S3, Supporting Information). MRI has been widely used
for imaging in clinical settings for enhancedT1/T2 contrast.
The relaxation times of paramagnetic Fe, which was used as a
T2 contrast agent, under different concentrations were measured using a T1 MRI scanner (Figure 2a). The T2-weighted MR
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Information). The UV–vis absorption spectra of Au@MIL-88(Fe)
exhibited a pronounced peak at ≈720 nm (Figure 1e), and had no
change compared to the naked gold nanorods. This indicates that
surface modification of the nanorods did not lead to the change
of the dielectric constant of the surrounding environment of the
gold nanorods and the occurrence of AuNR aggregates.
The powder X-ray diffraction (Figure 1f) pattern revealed two
sets of characteristic peaks, further confirming that the products were composed of crystalline MIL-88(Fe). These data were
in excellent agreement with the theoretical powder pattern of
MIL-88(Fe) at low angles of 5–15° and the hexagonal phase Au
at high angles of 20–30°. In addition, Au@MIL-88(A) displayed
stronger crystallinity patterns than the MIL-88(Fe), as shown
in Figure 1f; this was attributed to the enhanced crystallization
of Au@MIL-88(A) by adding Au crystal seeds to the solution.
Furthermore, energy spectrum distribution (STEM–EDS)

Figure 2. Properties of nanoparticles. a) T2-weighted MR images and d) T2 relaxation rate for various concentrations of Au@MIL-88(Fe); b) CT images
and e) HU values for various concentrations of Au@MIL-88(Fe); c) PAI images and absorbance values for various concentrations of Au@MIL-88(Fe)
solutions in water and f) values of optical absorbance; g) stability of the optical absorbance in PBS.
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images exhibited much higher contrast than those obtained
using clinic-approved T2 MR contrast agents.[13] We measured
their T2 relaxation times under various concentrations and
found that the two variables exhibit a linear relationship, with
r2 = 0.77 and R2 = 61.57 × 10−3 m s−1 at 1 T. X-ray CT imaging
provides deep tissue penetration and high-resolution imaging,
and is therefore one of the most commonly used techniques
in clinical diagnosis and medical research. Here, CT imaging
of Au@MIL-88(Fe) was carried out using equipment developed
in-house. The CT signals of Au@MIL-88(Fe) solutions were
enhanced (Figure 2b) at increasing nanostructure concentrations. The Hounsfield Units (HU) values of Au@MIL-88(Fe)
exhibited a positive linear relationship with probe concentration (Figure 2e). PAI, which is a relatively new biomedical
imaging modality based on the photoacoustic effects of light
absorbers, offers remarkably increased imaging depth and
spatial resolution compared with traditional in vivo optical
imaging. The strong NIR absorbance of Au@MIL-88(Fe)
makes these effective contrast agents for PAI. The PAI signals
of Au@MIL-88(Fe) solutions were enhanced with increasing
nanostructure concentrations (Figure 2c). Conversely, the
absorption values of Au@MIL-88(Fe)did not show a linear relationship with probe concentrations (Figure 2f). This was attributed to the concentration reaching the threshold level, resulting
in an increase in resistance. Therefore, the inherent physical
properties of Au@MIL-88(Fe) should provide effective contrast under a variety of imaging modalities. In order to verify
the stability of the optical absorbance of the Au@MIL-88(Fe)

in serum, Au@MIL-88(Fe) nanoparticles were added to 50%
mouse serum/50% PBS (total volume 1 mL, Au@MIL-88(Fe)
concentration 13 × 10−12 m). The optical absorbance of the solution was monitored at 532 nm, at multiple time points, for 26 h
(Figure 2g).
The safety of nanomaterials is of utmost importance in
biomedical applications. In order to investigate their biosecurity and cytocompatibility, the core–shell Au@MIL-88(Fe) was
further functionalized with loading indocyanine green (ICG)
dye, which is easily detected via optical methods. In order to
examine the toxic effects of Au@MIL-88(Fe), cell viability
was evaluated at different concentrations in various cell lines
(Figure 3a,b). Different concentrations show barely decrease
in the C50 value from 0–400 × 10−9 m. The cytotoxicity of the
Au@MIL-88(Fe) was assessed via 3-(4,5-dimethyl-2-thiazolyl)2,5-diphenyl-2-H-tetrazolium bromide (MTT) assay in U87MG
cells. No significant cytotoxicity was observed in the cells,
even at high concentrations (400 × 10−9 m) (Figure 3a). Cell
viability was greater than 90%, indicating that the as-prepared
Au@MIL-88(Fe) exerted negligible cytotoxicity. The majority of
cell lines evaluated were found to demonstrate nanocomposite
uptake, particularly the U87MG cell line. These data indicate
that the Au@MIL-88(Fe) is universally applicable to most cell
lines, with particular specificity for glioma cell lines. For further
detection, Au@MIL-88(Fe)-ICG was incubated with U87MG
cells for 1 h. The data in Figure 3c–e indicate high uptake efficiencies when the Au@MIL-88(Fe) containing fluorescein is
incorporated into cells.

Figure 3. In vitro evaluation of endocytosis and cytotoxic effects of the nanoparticles against cells. a) Cell viability assays with various concentrations
of Au@MIL-88(Fe); b) cell viability when incubated with various cell lines; c–e) fluorescence microscopy images of U87MG cells after incubation with
ICG/Au@MIL-88(Fe).

4

wileyonlinelibrary.com

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Adv. Mater. 2016,
DOI: 10.1002/adma.201604381

www.advmat.de

www.MaterialsViews.com

COMMUNICATION
Figure 4. In vivo triple-modality imaging of U87 MG-subcutaneous tumor-bearing mice. a,b) CT images of mice before and 12 h after i.v. injection with
Au@MIL-88(Fe) (2 mg mL−1, 200 µL); c,d) T2-weighted MR images of mice before and after i.v. injection with Au@MIL-88(Fe) (2 mg mL−1, 200 µL);
e,f) in vivo PA imaging of tumors in mice before and 12 h after i.v. injection with Au@MIL-88(Fe) (2 mg mL−1, 200 µL); g) quantified MRI and CT signals
of tumors from mice before and 12 h after i.v. injection with Au@MIL-88(Fe) (2 mg mL−1, 200 µL); h) bioluminescent imaging of tumor.

After hemanalysis indicated that the as-prepared
Au@MIL-88(Fe) exerted negligible cytotoxicity (Table S2,
Supporting Information), the optical, magnetic, and X-ray
absorbance properties of Au@MIL-88(Fe) were investigated
in order to establish its potential as a triple-modality CT/
MR/PA-imaging contrast agent. U87 MG-subcutaneous
tumor-bearing mice were utilized to detect the feasibility of
Au@MIL-88(Fe) as contrast agents for in vivo imaging applications. Images obtained 24 h after intravenous (i.v.) injection with Au@MIL-88(Fe) are shown in Figure 4a–f; the
white dots were more obvious in the tumor area 8 h postinjection with nanoparticles (Figure 4b), demonstrating the
remarkable CT contrast signals provided by Au@MIL-88(Fe)
in vivo and confirming that sufficient accumulation of
Au@MIL-88(Fe) occurred in tumors. The CT signal intensity
of the tumors at 8 h was 2.4 times higher than that before
injection (Figure 4g). MR imaging provides excellent softtissue morphological details, together with functional information on lesions, with high spatial resolution. In order
to investigate the Au@MIL-88(Fe) as a platform for MRI
of tumors, T2-weighted images were obtained from mice
with U87MG tumors. The tumor region showed increased
T2-weighted signals 8 h after injection with Au@MIL-88(Fe)
(Figure 4d). The MR signal intensity of the tumor increased
three times relative to that before injection (Figure 4g), demonstrating that Au@MIL-88(Fe) may be used as a platform
for MRI. A remarkable darkening effect was observed in
the tumors of injected mice after 12 h (Figure 4a–c), suggesting high passive uptake of Au@MIL-88(Fe) by tumors,
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likely as a result of the EPR effect. PAI is highly useful for
cross-sectional imaging of whole tumors at depths not accessible by microscopy, and with levels of sensitivity that cannot
be achieved by CT imaging. These advantages are attributed
to the high spatial resolution in soft tissues and real-time
monitoring capabilities of the technique. In order to examine
the PAI capability of the Au@MIL-88(Fe) in vivo, a tumorbearing mouse was scanned by CT and MRI, and then with
PAI. Prior to injection with Au@MIL-88(Fe), the PAI signals
obtained from tumor regions were weak. Following injection
with Au@MIL-88(Fe), the contrast was found to be remarkably enhanced; this demonstrated the homing of Au@MIL88(Fe) to the tumor region (Figure 4f). A comparison chart
showing 3D bioluminescence tomography (BLT) reconstruction revealed regions of the tumor. The CT, MRI, and PAI
images showed the corresponding BLT images in the same
mouse (Figure 4h).
Next, the properties of Au@MIL-88(Fe), namely, contrast,
depth of penetration, and spatial resolution capability, were
investigated in U87 MG-orthotopic-tumor-bearing mice that
were prepared and subjected to triple-modality imaging.
Time-dependent biodistribution was tracked by MRI, CT, and
PAI signals after i.v. injection to evaluate the feasibility of
Au@MIL-88(Fe) as an imaging probe in mice (Figure S4–S6,
Supporting Information). As shown in Figure 5b, compared
with the pre-injection CT imaging in Figure 5a, strong tumor
contrast was observed in the post-injection CT image. The HU
value was further studied in the tumor; as shown in Figure 5g,
the CT value was as high as 442.3 HU compared with 92.6 HU
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Figure 5. In vivo triple-modality imaging of U87 MG-orthotopic tumor-bearing mice. a,b) CT images of mice before and 12 h after i.v. injection with
Au@MIL-88(Fe) (2 mg mL−1, 200 µL); c,d) T2-weighted MR images of mice before and after i.v. injection with Au@MIL-88(Fe) (2 mg mL−1, 200 µL);
e,f) in vivo PA imaging of tumors in mice before and 12 h after i.v. injection with Au@MIL-88(Fe) (2 mg mL−1, 200 µL); g) quantified MRI and CT signals
of tumors from mice before and 12 h after i.v. injection with Au@MIL-88(Fe) (2 mg mL−1, 200 µL); h) bioluminescent imaging of tumor.

in mice before injection, for the same position. The results
show that the as-prepared Au@MIL-88(Fe) is an effective
contrast-enhancing agent. In order to study the depth of penetration and spatial resolution for potential applications in MR
imaging, the glioma mouse model was prepared and imaged.
The transverse relativity (r2) value calculated from the curve fitting of relaxation time, as a function of Fe concentration, was
0.77 and 8.57 × 10−3 m s−1 (Figure 5d). The MRI signal shown in
Figure 5g was as high as 3,675 a.u., indicating that the present
probe represents a more effective T2 contrast agent. In addition,
PAI displayed superior potential for high-depth penetration and
spatial resolution, as shown in Figure 5f. Twelve hours after
injection, an obvious PA signal appeared in the glioma region,
whereas no signal was observed in this region before injection.
These data indicate that Au@MIL-88(Fe) enables superior PAI
of deeper tumor regions. Therefore, Au@MIL-88(Fe) is potentially highly useful as an imaging agent for the diagnosis of
orthotopic deep gliomas with high contrast, depth of penetration, and spatial resolution.
In addition, in order to investigate the distribution of
Au@MIL-88(Fe) in vivo in various organs (including the brain,
heart, liver, spleen, lung, kidney, and blood) of mice, Fe concentrations were analyzed using inductively coupled plasma–mass spectrometry (ICP-MS) (Table S3 and Figure S7, Supporting Information). Fe was mainly found in the head and liver 24 h after i.v.
injection; however, the concentration in all the organs declined to
lower levels after 7 d. Tissue slices were prepared and subjected
6
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to hematoxylin and eosin (H&E) and Prussian blue staining.
Figure 6b,e shows a macroscopic whole-brain H&E staining image:
the glioma may be clearly seen as well as distinguished from
normal and benign tissue (Figure 6e). An amplified image and
detailed drawing of glioma cells are shown in Figure 6a,d; for contrast, the same region was stained with Prussian blue (Figure 6c),
with the Fe ions stained blue. Au@MIL-88(Fe) displayed much
higher levels of localization in gliomas than in normal regions.
Therefore, Au@MIL-88(Fe) may be used as a glioma imaging
agent with low toxicity against normal brain tissue.
In summary, we report, for the first time, the use of
Au@MIL-88(Fe) nanoparticles, which serve as triple-modality
imaging agents, in CT, MRI, and PA imaging. Our investigations show that Au@MIL-88(Fe) nanoparticles exert low
cytotoxicity and provide high contrast, thereby enabling substantial enhancement of imaging sensitivity, high depth of penetration, and spatial resolution for imaging of glioma. Remarkably, both in vitro and in vivo experiments demonstrated that
the present Au@MIL-88(Fe) exhibited high performance in
various diagnosis imaging methods, especially potentially
allowing decreased levels of exposure of stroke patients to CT
imaging radiation. The application of the nanoparticles in clinical settings should enable the timely diagnosis of gliomas in
patients. Given their numerous advantages, as demonstrated in
the present work, we believe that it provides opportunities for
advanced tripe-modality molecular imaging, from preclinical to
clinical investigation.
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Figure 6. H&E staining of glioma tissue slides from nude mice after i.v. injection with Au@MIL-88(Fe); b,e) illustrations and plates of brain, respectively;
a,d) only used H&E staining; c,f) the photograph of Prussian blue staining.

Experimental Section
Experimental details are provided in the Supporting Information.
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