
CommuniCation

1900928 (1 of 8) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advmat.de

Enhancing Prostate-Cancer-Specific MRI by Genetic 
Amplified Nanoparticle Tumor Homing

Yang Zhao, Jing Peng, Jinyi Yang, Enlong Zhang, Ling Huang, Hong Yang,  
Eugenia Kakadiaris, Jingjin Li, Bin Yan, Zhiqun Shang, Ning Jiang, Xuening Zhang,  
Gang Han,* and Yuanjie Niu*

Dr. Y. Zhao, Dr. N. Jiang, B. Yan, Dr. Z. Q. Shang, Prof. Y. J. Niu
Sex Hormone Research Center
Tianjin Institute of Urology
Tianjin 300211, China
E-mail: niuyuanjie@tmu.edu.cn, niuyuanjie68@126.com
Dr. Y. Zhao, Dr. J. Peng, E. L. Zhang, Dr. J. J. Li, Prof. X. N. Zhang
Department of Radiology
The Second Hospital of Tianjin Medical University
Tianjin 300211, China
Dr. Y. Zhao, Dr. L. Huang, J. Y. Yang, Dr. H. Yang, E. Kakadiaris,  
Prof. G. Han
Department of Biochemistry and Molecular Pharmacology
University of Massachusetts Medical School
Worcester, MA 01605, USA
E-mail: gang.han@umassmed.edu

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adma.201900928.

DOI: 10.1002/adma.201900928

treatment approaches for PCa involve 
radical whole-gland procedures, such as 
radical prostatectomy or radiation therapy. 
However, radical therapy can frequently 
be associated with considerable morbidity 
and off-tumor undesired side effects in the 
surrounding healthy tissues, like urinary 
incontinence and erectile dysfunction.[3] 
These side effects often in turn lead to 
severe physical and mental health prob-
lems besides tumor treatment itself, and 
thus cause not only secondary suffering 
in post-operation patients but also sur-
gery fear in many pre-operation patients. 
Less invasive treatment strategies, like 
focal therapy, have therefore received tre-
mendous attention due to the promise 
of fewer complications for the patient.[4] 
In focal therapy, the tumorous prostate 
regions are ablated and/or excised, while 
the surrounding normal tissues and their 
functions can be maximally preserved. 
The success of focal ablation is greatly 
dependent on precise visualization of PCa 

lesions and confidence in the absence of tumor elsewhere, 
which are the key issues that remain to be addressed for PCa 
pre-operative diagnosis and subsequent treatment.

To this end, magnetic resonance imaging (MRI) is the most 
important clinical imaging tool to identify and characterize 
PCa and respective treatment options. Unfortunately, because 
more than 60% of PCa are considered multifocal and 30% of 
lesions occur outside the peripheral zone, existing MRI tools 
have limitations with regard to their sensitivity and signal con-
trast between PCa malignancy and the adjacent normal tissues, 
especially when imaging small and early-stage tumors.[5] There-
fore, a lack of imaging tools to accurately estimate the location 
of a tumor, its volume, and the aggressiveness of individual 
cancer foci has greatly restricted the further development of 
PCa focal therapy.

Scientists have developed various nanoprobes to improve the 
capacity of MRI to detect PCa.[6] Numerous ligands specific to 
PCa are used to conjugate nanoparticles to further amplify the  
nanoparticle tumor site accumulation, as tumor-specific sur-
face antigens or biomarkers and their respective ligands have 
unique “target-arrow” relationships.[7] For example, since 
transferrin receptor (TfR) is upregulated on the surface of PCa 

Precise localization and visualization of early-stage prostate cancer (PCa) is 
critical to improve the success of focal ablation and reduce cancer mortality. 
However, it remains challenging under the current imaging techniques 
due to the heterogeneous nature of PCa and the suboptimal sensitivity of 
the techniques themselves. Herein, a novel genetic amplified nanoparticle 
tumor-homing strategy to enhance the MRI accuracy of ultrasmall PCa 
lesions is reported. This strategy could specifically drive TfR expressions 
in PCa under PCa-specific DD3 promoter, and thus remarkably increase 
Tf-USPIONs concentrations in a highly accurate manner while minimizing 
their non-specific off-target effects on normal tissues. Consequently, this 
strategy can pinpoint an ultrasmall PCa lesion, which is otherwise blurred in 
the current MRI, and thereby addresses the unmet key need in MRI imaging 
for focal therapy. With this proof-of-concept experiment, the synergistic 
gene–nano strategy holds great promise to boost the MRI effects of a wide 
variety of commonly used nanoscale and molecular probes that are otherwise 
limited. In addition, such a strategy may also be translated and applied 
to MR-specific imaging of other types of cancers by using their respective 
tumor-specific promoters.

Genetic Probe Enhanced MRI 

Prostate cancers (PCa) have become the second most commonly 
diagnosed cancer in the male population worldwide.[1] In the 
United States alone, about one out of every six men will be dia-
gnosed with PCa in his lifetime.[2] Traditionally, recommended 
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cells, transferrin (Tf) has become an attractive ligand to target 
PCa and such ligand-modified nanoprobes are promising in 
improving MRI detection of PCa.[7b,8] Nevertheless, the expres-
sion of TfR is often suboptimal and heterogeneous in certain 
PCa subtypes.[9] Moreover, the sensitivity of the existing MR 
contrast agents are often also suboptimal. Therefore, a large 
number of nanoparticle MRI probes have to be administered 
and the MR imaging enhancement outcome of these existing 
nanoprobes themselves are still unsatisfactory to precisely 
distinguish the small PCa tumor lesion region from the sur-
rounding healthy tissues.

To overcome the abovementioned limitation of PCa-targeting 
nanoprobes, we reported on a new synergetic genetic-nanopar-
ticle tumor-homing strategy to significantly amplify Tf conju-
gated ultrasmall superparamagnetic nanoparticle PCa tumor 
homing and its concomitant MR imaging identification. In 
addition, this strategy allows for contrast enhancement between 

ultrasmall PCa lesions and normal tissues which are otherwise 
blurred with nanoparticles themselves. This approach was based 
on the unique PCa-specific expression of a differential display 
code 3 gene (DD3, also known as PCA3), a non-coding RNA 
which is exclusively expressed in PCa cells.[10] As one of the 
most PCa-specific biomarkers, DD3 has been used as a clinical 
characteristic signature for early screening, patient follow-up 
checkups, prognosis prediction, and gene therapy of PCa.[10b,11] 
By virtue of its great performance in distinguishing PCa from 
other nonmalignant prostate cells, we herein report a general 
method that uses a promoter of the DD3 gene to significantly 
elevate the levels of TfR on PCa cell in order to enhance Tf-
conjugated ultrasmall superparamagnetic nanoparticle PCa 
homing and MRI imaging contrast. This technique assists 
in the visualization and localization of small PCa lesions and 
further addresses the unmet key need in MRI imaging for focal 
therapy.

Scheme 1. A schematic illustration of the synergistic gene–nano strategy utilized to enhance the Tf-conjugated nanoparticle tumor-homing in prostate 
cancer (PCa). Due to the unique tissue-specificity of the DD3 promoter for PCa, the constructed gene probe, namely PDD3-TfR-WPRE-PCMV-Luc, signifi-
cantly upregulates the expression of TfR and Luc only in the PCa cells (A). As a result, the elevated TfR proteins on the tumor cells mediated by our 
genetic probes could significantly enhance the tumor-targeting ability and simultaneously minimize the off-targeting of Tf-conjugated nanoprobes (B).
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In particular, we designed a PCa-cell-specific genetic probe 
PDD3-TfR-WPRE-PCMV-Luc. The key to this genetic probe is the 
use of a promoter of the DD3 gene, which was introduced into 
the genetic probe in order to achieve the exclusive expression 
of the nanoparticle targeting receptor (i.e., TfR) gene together 
with the downstream luminescence reporter Luc gene in PCa 
cells. In order to boost the expression levels of the genetic probe, 
we also took advantage of the woodchuck hepatitis virus post-
transcriptional regulatory element (WPRE), which is reportedly 
able to induce a four- to ninefold increase in downstream gene 
expression.[12] As a result, our genetic probe exhibited precise 
and specific expression with respect to the downstream func-
tional genes (e.g., TfR and Luc gene) in PCa by the regulation of 
the PCa-specific promoter as well as the enhancer (Scheme 1A).

When coupled with transferrin-conjugated ultrasmall iron 
oxide superparamagnetic nanoprobes (i.e., Tf-USPIONs), 
the MRI findings confirmed that our genetic probes can sig-
nificantly enhance the tumor-targeting ability of Tf-based 
nanoprobes for early tumor detection, as compared to 
Tf-USPIONs alone (Scheme 1B). This suggests that our genetic 
strategy offers a new opportunity to efficiently improve the 

diagnostic effect. The enhanced tumor-specific MR imaging of 
PCa by our genetic-nano strategy offers highly accurate infor-
mation regarding the exact tumor location, size, shape, and 
its relationship with surrounding tissues to support formal 
recommendations for surgery and the use of focal therapy. To 
the best of our knowledge, this is the first time that genetic 
approaches have been implemented to amplify the tumor tar-
geting for MR imaging.

The genetic probe PDD3-TfR-WPRE-PCMV-Luc was con-
structed by inserting the gene fragments (DD3 promoter, TfR 
gene, WPRE, CMV promoter, and Luc reporter gene) into 
the pHBAd-U6-GFP plasmid (Figure S1, Supporting Infor-
mation). A gene recombination was sequentially performed  
in order to generate the shuttle vector pAdeasy-PDD3- 
TfR-WPRE-PCMV-Luc. The prepared shuttle vector was then 
successfully packaged into the adenovirus vector. The resulting 
Ad.PDD3-TfR-WPRE-PCMV-Luc, namely Ad.DD3 (Figure 1A), was 
confirmed via a polymerase chain reaction (PCR). In particular, 
as can be seen in Figure 1B, the PCR fragments that were 
obtained show three bright bands at 230, 590, and 2300 bp which 
are corresponding to the predicted sizes of the DD3 promoter, 
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Figure 1. Characterization of PDD3-TfR-WPRE-PCMV-Luc. A) A schematic diagram of the constructed gene probe, in which the expression of the TfR gene 
was regulated by the PCa-specific DD3 promoter and the WPRE enhancer. The expression cassette of Luc, as driven by the DD3 and CMV promoter 
together, was inserted downstream of the TfR gene to non-invasively visualize the TfR expression. B) The structure of the constructed gene probes 
verified by PCR using sets of primers corresponding to several important regions of the generated virus. C–F) The relative expression of the TfR gene 
measured by Western blot analysis in 293T cells (C), C42 cells (D), LNCaP cells (E), and T24 cells (F) after infection with Ad.PDD3-TfR-WPRE-PCMV-Luc 
(Ad.DD3) or Ad.Null (a negative control). β-Actin was used as the internal control.
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the WPRE sequence, and the TfR gene, respectively. The ability 
of Ad.DD3 to drive the expression of the TfR gene in the PCa 
cells was then further demonstrated by Western blotting assays 
after the LNCaP cells were infected with Ad.DD3, with Ad.Null 
(an empty adenovirus under the CMV promoter, no expression 
cassettes, as shown in Figure S2A, Supporting Information) 
and Ad.PCMV-Luc (namely Ad.Luc, which can express the Luc 
gene under the CMV promoter in both PCa tumors and non-
PCa tissues, as shown in Figure S2B, Supporting Information), 
used as the control. As a result, Ad.DD3 induced significantly 
more TfR expression in tumor cells than the control groups 
(Figure S3, Supporting Information).

Subsequently, the tissue-specific expression pattern of the 
constructed Ad.DD3 was evaluated in several different cell 
lines, including PCa cell lines (LNCaP and C42), a non-cancer 
cell line (293T) with known low TfR expression, and a non-
PCa cancer cell line (the bladder cancer T24 cells) with known 
high TfR expression. As shown in Figure 1C, the treatment 
with either Ad.DD3 or Ad.Null, TfR expression increase cannot 
be observed in 293T cells. Moreover, among the three types 
of cancer cells that were treated with Ad.DD3, a higher level 
of TfR protein expression was only observed in the two PCa 
cells (LNCaP, C42, especially in the LNCaP cells; Figure 1D,E) 
than in the Ad.Null-treated samples. In contrast, the Ad.DD3-
treated T24 bladder cancer cell does not show noticeable TfR 
expression increase when compared to Ad.Null-treated samples 
(Figure 1F). The above results suggest the cell line specificity of 

Ad.DD3 to PCa in regard to amplifying downstream functional 
gene (e.g., TfR) expression.

Local administration has been a regular procedure for PCa 
biopsy, excision, and focal therapy. Following this standard pro-
cedure, we decided to directly inject Ad.DD3 into PCa (LNCaP) 
lesions in tumor-bearing mice. To evaluate the resulting expres-
sion of TfR in vivo, bioluminescence imaging was performed 
after intratumor injections. The bioluminescent signal derived 
from Ad.DD3 was clearly visualized in PCa tumor areas at 24 h  
post-administration, making it readily distinguishable from 
surrounding tissue (Figure 2A). The tumor was further moni-
tored by bioluminescence imaging for about 2 weeks. The 
results showed that the bioluminescence intensity progressively 
increased over time and the area of luminescence detected 
increased along with the tumor growth. Due to the strict PCa 
cell specificity of Ad. DD3, no detectable bioluminescence was 
found in the rest of the body (Figure 2A and Figure S4, Sup-
porting Information). In contrast, the intratumor injection of 
Ad.Luc in our control experiment led to obvious biolumines-
cence in the tumors and their surrounding tissues, the range 
of which enlarged and had no correlation with the tumor sizes 
(Figure S5, Supporting Information). Notably, the above biolu-
minescence findings demonstrated that the utilization of the 
genetic probe Ad.DD3 was an efficient and highly tumor-spe-
cific method with favorable features with respect to early diag-
nosis, immediate treatment, and timely monitoring before and 
after treatment.

Adv. Mater. 2019, 1900928

Figure 2. A) Tumor-targeted bioluminescence imaging of LNCaP tumor-bearing mice after injection of Ad.DD3 demonstrates the specific expression 
pattern of the constructed Ad.DD3 in prostate tissue. B,C) The IHC staining of TfR expression at 7 days after the mice were treated with Ad.DD3 (B) 
or PBS (C) shows that Ad.DD3-treated tumors expressed significantly higher TfR than the PBS-treated tumors.
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Besides, the in vivo enhancement effect of the genetic probe 
Ad.DD3 on TfR expression were further confirmed by the immu-
nohistochemical (IHC) staining with anti-TfR 7 days post-infec-
tion. As a result, Ad.DD3-treated tumors expressed significantly 
higher TfR than the PBS-treated tumors (Figure 2B,C). Mean-
while, no obvious immunoreactivity was observed in the normal 
tissue of the liver, kidney, spleen, lung, or brain (Figure S6,  
Supporting Information), in either the Ad.DD3 or the PBS 
group. Thus, IHC staining further confirmed the strict PCa 
tumor site overexpression of TfR by AD.dd3, which is in line 
with results of bioluminescence imaging.

Next, the MRI imaging enhancement effect of the genetic 
probes was explored with Tf-conjugated ultra-small superpara-
magnetic iron oxide nanoparticles (Tf-USPIONs). USPIONs 
have been widely used in T2-weighted MRI because of their 
numerous merits, including ultrasmall particle dimension, 
high colloidal stability, excellent magnetic properties, and out-
standing biocompatibility.[6d,13] Moreover, they exhibit large 
surface area and are facilely functionalized with targeting 
ligands such as Tf. To prepare Tf-USPIONs, the carboxylated 
USPIONs with an average diameter of ≈6 nm (Figure 3A and 
Figure S7, Supporting Information) was synthesized via a 
reported one-step solvothermal method.[14] Subsequently, Tf 
proteins were added into the prepared USPIONs solution and 

conjugated with USPIONs using EDC/NHS reaction. After 
vigorous stirring for 16 h, the resulting solution was washed 
with ultrapure water five times to remove the unreacted Tf. The 
coupling of the carboxyl groups of USPIONs with Tf was con-
firmed by FTIR spectra (Figure S8, Supporting Information). 
Further characterizations and our results showed that each 
Tf-USPIONs contain ≈1.2 Tf. Then, in vitro MR imaging exper-
iments of Tf-USPIONs and USPIONs were performed. Both 
Tf-USPIONs and USPIONs contain the same Fe concentra-
tions in regard to the solutions that were used in the PC-3 cells 
and PBS blank control experiment. The quantitative analysis 
of MR signal intensities showed that the cells (2 × 106 cells in 
1 mL PBS) incubated by Tf-USPIONs nanoparticles displayed 
significantly darker signals compared with those (the same con-
centration of cells) treated by USPIONs and PBS (Figure 3B,C), 
indicating that USPIONs can be more efficiently internalized 
by tumor cells after the functional modification with Tf.

The resultant Tf-USPIONs possessed excellent physical and 
chemical characteristics, including an ultrasmall hydrodynamic 
size of about 11 nm, good colloidal stability (Figure S9, 
Supporting Information), and a remarkable T2 enhance-
ment effect (Figure 3D,E) with high transverse relaxivity 
of 85.33 mm−1 s−1 (Figure 3F). Meanwhile, MTT results revealed 
that the cell growths were not inhibited by the treatment of our 
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Figure 3. Characterization of Tf-USPIONs. A) HRTEM images of Tf-USPIONs. Scale bar: 20 nm. B,C) In vitro T2-weighted MR images (B) and their 
signal intensity (C) of LNCaP cells after incubation with Tf-USPIONs, USPIONs, and PBS, respectively. D,E) T2-weighted MR images of Tf-USPIONs 
solution (D) and their signal intensity (E) at Fe concentrations of 0, 0.01, 0.02, 0.05, 0.1, and 0.2 mM, respectively. F) A linear fitting of 1/T2 with 
respect to Fe concentrations, indicating the T2 relaxivity value of the prepared nanoprobes was 85.33 mm−1 s−1. ***p  <  0.0001 for Tf-USPIONs versus 
USPIONs and PBS.
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Tf-USPIONs (Figure S12, Supporting Information), indicating 
the negligible cytotoxicity of the prepared nanoparticles.

One week after the pre-treatment of Ad.DD3, Tf-USPIONs 
at a dose of 5 mg Fe per kilogram of body weight were intra-
venously injected into the LNCaP-tumor-bearing mice via the 
tail veins (Figure 4A). In order to confirm the successful TfR 
expression of Ad.DD3 in tumor areas, the tumor-bearing mice 
were imaged by bioluminescence imaging 12 hours before MR 
imaging. The result showed strong bioluminescence in the left 
shoulder, approximately 1 cm in size from bioluminescence, 
indicating the successful pre-treatment of Ad.DD3 (Figure 4B). 
Another group of mice was pre-injected with PBS and adminis-
tered the same dose of Tf-USPIONs solution as the control. At 
the baseline, the tumor areas in the two groups, located in the 
left shoulder, exhibited heterogeneously high mixed intensity 
on the T2-weighted imaging (T2WI) (Figure 4A). After injection 
of Tf-USPIONs, the signal intensity in the PBS-treated tumors 
fell slowly during the 4 h observation period, with a vague 
boundary on T2-weighted MRI (Figure S13, Supporting Infor-
mation). This result revealed that the MR-detection efficacy 

of tumor using Tf-USPIONs was suboptimal. Conversely, 
a remarkably rapid negative T2WI enhancement effect was 
observed in the Ad.DD3-treated tumors at 0.5 h post-injection 
of Tf-USPIONs (Figure 4C and Figure S14A, Supporting Infor-
mation). At this time, quantification from tumor imaging 
(Figure S14B, Supporting Information) showed that the 
Ad.DD3-treated tumors exhibited a 33% T2 signal change, 
which is over 3.6 times the relative signal changes of the PBS-
treated group (about 9%). This remarkable contrast enhance-
ment clearly outlined the boundary of tumor masses at 4 h, 
thus making the ultrasmall tumor lesions (≈4 mm diameter 
from MRI imaging) distinguishable from the surrounding 
tissue (Figure 4D and Figure S15, Supporting Information). 
The fast acting time for contrast enhancement (less than 0.5 h) 
and long observation duration (over 3.5 h) of our synergetic 
genetic-nanoparticle strategy are particularly important from 
the standpoint of clinic practice. Taken together, the above 
results indicated that our constructed Ad.DD3 gene probe 
could enhance the targeting abilities of the nanoprobes by 
specifically amplifying the expression of a receptor protein on 
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Figure 4. A) T2-weighted MR imaging of tumor-bearing mice before and after the treatment of Ad.DD3+Tf-USPIONs or single Tf-USPIONs. B) The 
coronal T2-weighted images of Ad.DD3-infected tumors after the injection of Tf-USPIONs and their bioluminescent images prior to MR imaging. 
C) The statistical analysis of the T2 signal intensity of tumors before and after being treated with Ad.DD3+Tf-USPIONs or Tf-USPIONs using Student’s 
t-test. Note: *p < 0.05 and **p < 0.005. D) T2-weighted MR images and their pseudo-color images at 4 h post-injection of Tf-USPIONs into the 
Ad.DD3-infected or un-infected tumors.
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tumor cells, and thereby achieve a more rapid, high-resolution 
and clear T2WI-enhanced MR imaging than using traditional 
Tf-USPIONs only.

The above imaging experiments clearly showed a signifi-
cantly rapid decrease in the T2 signal and much clearer tumor 
boundary of the Ad.DD3-infected tumors when compared 
to that of PBS treated groups (Figure 4). To further explore 
the effect of the Ad.DD3 on the TfR expression in normal 
tissues, we also compared the T2 signal intensity of the liver, 
kidney, and muscle between the Ad.DD3 and PBS groups 
(Figures S16–S18, Supporting Information). As a result, 
no noticeable difference was found by MRI in normal tis-
sues between the two groups, which is in line with the IHC 
results of TfR expression in PCa and different normal organs 
(Figure S6, Supporting Information). Moreover, after the treat-
ment of Ad.DD3 and Tf-USPIONs, no apparent signs of toxic 
side effects were also found in the hematoxylin/eosin staining 
experiments (Figure 5). In particular, to evaluate the potential 
toxicity of Ad.DD3 and Tf-USPIONs in vivo, each dissected 
organ was cut into 5-µm thick sections. Five sections per organ 
were randomly selected from left to right. About 20 locations 
of each organ (3–5 fields per section × 5 sections per organ) 
were analyzed by a pathologist blind to the experiments. Based 
on the morphological observation of each field using a fluores-
cence microscope, no evidence of structural disorders, degen-
eration, necrosis, or inflammatory infiltration was found in 
these organs in all groups (Figure 5). Especially, we carefully 
observed the HE-stained sections of livers, the major meta-
bolic organ of adenovirus, showing no pathological changes 
in their gross morphology or lobular structures. As another 
metabolic organ of the body, kidneys exhibited no pathological 
damages in the cortex or medulla. In addition, the mice treated 
by both Ad.DD3 and Tf-USPIONs showed no significant body 
weight loss (Figure S19, Supporting Information). All of the 
above results suggest that the side effects of our strategy are 
negligible.

In summary, we have demonstrated that 
PCa-specific promoter DD3 uniquely drives 
and amplifies TfR expression in PCa tumor 
cells specifically, thereby improving the 
efficiency of the Tf-TfR based nanoparticle 
tumor-homing and promoting the targeting 
accumulation of Tf-based nanoprobes in 
PCa cells. The dramatically increased accu-
mulation of Tf-USPIONs in PCa leads to 
superior MRI contrast enhancement relative 
to surrounding normal tissues, allowing for 
a highly sensitive and precise early detection 
of ultrasmall PCa lesions. The ultrasmall-
sized and hypointensive lesion (≈4 mm) 
is able to be clearly distinguished in T2WI 
in a short time post-injection of MRI con-
trast agents. Such rapid and ultrasmall PCa 
lesion MRI detection is particularly clinically 
important because the success of focal PCa 
therapy ideally requires that the actual size 
of the PCa lesion be smaller than 5 mm or 
that a single PCa lesion on MRI is less than 
12 mm.[4] Using our strategy, cancer destruc-

tion can be maximized and damage to surrounding healthy 
parenchyma can be minimized, thus achieving a favorable 
morbidity profile with maximum preserved physiologic func-
tions of the male PCa patients. In addition, since DD3 genes 
have been demonstrated to be overexpressed in more than 
95% of both primary and metastatic PCa, this synergetic 
genetic-nanoparticle strategy holds great potential to visualize 
both local PCa as well as possible small PCa metastasis, such 
as extracapsular extension and adjacent invasions in the future 
in regard to the betterment of PCa diagnosis and treatment.

Therefore, we believe that this novel genetic amplified 
nano particle tumor-homing strategy will provide a new foun-
dation for early tumor MRI detection and subsequent treat-
ment that are otherwise limited by existing MRI imaging 
probes.

Experimental Section
Detailed experimental materials and methods can be found in 
Supporting Information. All mouse care and experimental procedures 
were performed in accordance to the guidelines approved by Tianjin 
Medical University (Approval No. IRM-DWLL-2014036) with respect to 
the ethical use of animals. Mice were bred under specific pathogen-free 
(SPF) conditions.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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