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  1   .  Introduction 

 By combining complementary diagnostic information 
obtained from various imaging methods, including X-ray 
computed tomography (CT), optical imaging, magnetic reso-
nance (MR) imaging, positron emission tomography (PET), 

single-photon-emission computed tomo-
graphy (SPECT) and ultrasound, multi-
mode imaging techniques have been 
devised to offer more comprehensive 
diagnostic information and to study the 
dynamics of disease progression. [  1  ]  
However, because of the different pen-
etration depths and spatial/time resolu-
tions of each imaging technology, it is 
still very diffi cult to coordinate the dif-
ferent imaging methods of a multi-mode 
imaging strategy. To address this problem, 
a multi-mode imaging technique on a 
single instrument should be developed. 

 MR imaging, a non-invasive imaging 
method based on the interaction of pro-
tons with the surrounding molecules of 
tissues, is one of the most powerful diag-
nostic techniques for living organisms. [  2  ]  
The use of contrast agents can help to 
clarify images and allow better interpre-
tation. The current MR imaging contrast 
agents are in the form of  T  1 -weighted 
positive agents [  3  ]  that can shorten longitu-

dinal relaxation of protons, and  T  2 -weighted negative agents [  4  ]  
that can shorten transverse relaxation of protons. Generally, 
a  T  1 -weighted image optimally shows the normal soft tissue 
anatomy such as fat, whereas a  T  2 -weighted image reveals path-
ological phenomena such as tumors and infl ammation. There-
fore,  T  1 / T  2  dual-mode MR imaging, which can provide com-
plementary information, should attract considerable interest. 
Recently, Park and co-workers [  5  ]  and our group [  6  ]  respectively 
developed gadolinium (Gd) complex coated Fe 3 O 4  nanoparti-
cles for dual-mode  T  1 - and  T  2 -weighted MR imaging of tumors, 
respectively. Lu and co-workers [  7  ]  and Gao and co-workers [  8  ]  
reported ultrasmall magnetic iron oxide and Gd 2 O 3 -embedded 
iron oxide nanoparticles as  T  1 -positive and  T  2 -negative dual-
contrast agents, respectively. However, the conventional  T  1 / T  2  
dual-mode contrast agents require multiple synthetic steps and 
additional costs to avoid convoluted behavior and effects in vivo 
and to clear substantial regulatory hurdles. 

 Alternatively, coordination polymers, which are generated 
from bridging ligands as linkers and metal ions as connectors, 
are a class of molecular inorganic/organic hybrid materials. 
They have been widely applied in chemistry, physics and related 
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(6.6 mM) aqueous solution was added into 30 mL ethanol 
solution of 1,1′-dicarboxyl ferrocene (1.0 mM). The mixture 
was stirred at room temperature for 9 h, and then NCPs were 
isolated by centrifugation and washed with ethanol. SEM and 
TEM showed Fc-Gd NCPs have a spherical shape with a diam-
eter of ≈80 nm ( Figure   1 a1 and  1 b1). Dynamic light scattering 
(DLS) in ethanol gives an average size of ≈83 nm (Figure S1), 
which is very similar to the size observed by SEM and TEM. 
The zeta potential of Fc-Gd NCPs is ≈18 mV (Figure S2), 
resulting in their high dispersivity in ethanol. No obvious dif-
fraction peaks were observed from powder X-ray diffraction 
(PXRD) (Figure S3), indicating the amorphous structure of 
Fc-Gd NCPs. The carboxylate stretching frequencies located 
at 1538, 1492 and 1391 cm −1  in the FT-IR spectrum of Fc-Gd 
NPs (Figure S4) are comparable to those for a Gd-based ferro-
cenyl coordination polymer, [  14  ]  which suggests a similar metal 
carboxylate connectivity. Furthermore, Fe-Gd NCPs contains 
the nanopores with the diameter of ≈3.8 nm (Figure S5). Fol-
lowing our previously published procedure, [  15  ]  Fc-Gd NCPs 
were modifi ed with silica treated by both tetraethyl orthosili-
cate and (3-aminopropyl)triethoxysilane to achieve water solu-
bility and surface amination for further modifi cation, which 
was confi rmed by a strong broad band at ≈1058 cm −1  corre-
sponding to the Si-O-Si asymmetric (  ν   as ) stretching vibration 
in the FT-IR spectrum of Fc-Gd@SiO 2  NCPs (Figure S4). SEM 
and TEM images showed Fc-Gd@SiO 2  NCPs have a diameter 
of ≈86 nm with a zeta potential of +22.7 mV (Figure S6). Their 
mean diameter determined by DLS is ≈116.3 nm (Figure S7) 
in aqueous media. The larger diameter than that observed by 
TEM is attributed to slight aggregation.   

  2.2   .  Functionalization of Fc-Gd@SiO 2  NCPs 

 To conveniently investigate the targeting ability of Fc-Gd@SiO 2  
NCPs, a targeting ligand RGD and fl uorescent dye (RBITC) 
were modifi ed on the surface of the NCPs. The density of amine 
moieties on the surface of NCPs of ≈4.9 × 10 −4  mol/g was fi rstly 
determined using the primary amine nitrogen kit. [  16  ]  Then 
RBITC was reacted with a portion of the primary amines of 

interdisciplinary fi elds. [  9  ]  Recently, nanoscale coordination 
polymers (NCPs) have opened up a new avenue for biomedical 
applications due to their unique and highly tailorable proper-
ties. For example, Lin and co-workers [  10  ]  have reported gado-
linium/manganese based NCPs with controllable morpholo-
gies for biomedical imaging and drug delivery. Horcajada and 
co-workers [  11  ]  published non-toxic porous iron(III)-based NCPs 
with engineered cores and surfaces to serve as nanocarriers for 
drug delivery and imaging applications. Our group [  12  ]  also devel-
oped magnetophosphorescent d-f NCPs formed by phospho-
rescent carboxyl-functionalized Ir(III) complexes as building 
blocks interconnected by magnetic Gd(III) ions for phospho-
rescence and MR imaging. In the present study, we develop 
Gd-based nanoscale coordination polymers (NCPs) for targeted 
dual-mode  T  1 - and  T  2 -weighted MR imaging on a single instru-
ment in vivo .  Firstly, stable Fc-Gd NCPs were synthesized by 
1,1′-dicarboxyl ferrocene as building blocks and Gd(III) ions 
with highly paramagnetic properties as metallic nodes using a 
nanoprecipitation method. The silica-coated NCPs were ami-
nated through silanization, which enabled further covalent 
conjugation of a fl uorescent rhodamine dye (RBITC) and RGD 
peptide onto their surface ( Scheme   1 ) for targeted imaging 
in vitro and in vivo. The formed Fc-Gd@SiO 2 (RBITC)–RGD 
NCPs were characterized by transmission electron microscopy 
(TEM), scanning electron microscopy (SEM), Fourier transform 
infrared (FT-IR) spectroscopy and relaxivity measurements. The 
targeting specifi city of Fc-Gd@SiO 2 (RBITC)–RGD NCPs were 
evaluated by  T  1 - and  T  2 -weighted MR imaging in vivo. To the 
best of our knowledge, this is the fi rst report on the fabrica-
tion of NCPs for targeted  T  1 - and  T  2 -weighted MR imaging of 
tumors in vivo.   

  2   .  Results and Discussion 

  2.1   .  Synthesis and Characterization of Silica-Coated Fc-Gd NCPs 

 Fc-Gd NCPs were synthesized by the reported nanopre-
cipitation method. [  13  ]  In a typical synthesis, 4.5 mL Gd(Ac) 3  

       Scheme 1.  Schematic illustration for targeted  T  1 - and  T  2 - weighted MR imaging of Fc-Gd@SiO 2 (RBITC) –RGD NCPs. 
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NCPs against dissolution. In MEM plus 10% FBS, only ≈2.0% 
free Gd ions were released from NCPs after 9 days, as measured 
by inductively coupled plasma mass spectrometry (ICP-MS) 
(Figure  2 c), which is stable enough for in vivo application.   

Fc-Gd@SiO 2  NCPs via a thiourea linkage. The unreacted dyes 
were removed by dialysis. As a result, Fc-Gd@SiO 2 (RBITC) 
NCPs with a diameter of ≈161.4 nm, measured by DLS (Figure 
S8), could be dispersed in water and exhibited the character-
istic fl uorescence of an RBITC dye ( Figure   2 ). After the RBITC 
conjugation, the amount of the remaining amine groups of 
Fc-Gd@SiO 2 (RBITC) NCPs available on the surface for further 
conjugation was quantifi ed to be ≈1.9 × 10 −4  mol/g. Accord-
ingly, the surface potential of NCPs varied to +12.8 mV for 
Fc-Gd@SiO 2 (RBITC) NCPs (Figure S9), which can be explained 
by the surface coverage of NCPs with an RBITC dye. Fc-Gd@
SiO 2 (RBITC) NCPs could be well dispersed in water and have a 
strong luminescence (Figure  2 a). Thirdly, RGD was conjugated 
with Fc-Gd@SiO 2 (RBITC) NCPs to perform their targeting 
capability. Fc-Gd@SiO 2 (RBITC) NCPs were fi rstly maleimide-
functionalized by reacting with a heterobifunctional cross-linker, 
6-maleimidohexanoic acid  N -hydroxysuccinimide ester, and then 
coupled with the thiolated c(RGDFK) to form RGD-conjugated 
NCPs. The peaks at 1659 cm −1  (amide I) resulting from the 
amide groups (Figure S4) indicated the formation of the poly-
peptide block. [  17  ]  TEM showed that Fc-Gd@SiO 2 (RBITC)–RGD 
NCPs had the similar diameter of ≈95 nm to that of Fc-Gd@
SiO 2  NCPs. The surface potential decreased to +10.9 mV for 
Fc-Gd@SiO 2 (RBITC)–RGD NCPs (Figure S10). The hydro-
dynamic diameter was decreased to ≈99.4 nm (Figure S10), 
indicating that RGD moieties not only perform the targeting 
properties, but also improve the dispersivity in aqueous media 
of NCPs. To verify their stability under physiological conditions, 
the diameter changes of Fc-Gd@SiO 2 (RBITC)–RGD NCPs were 
monitored in minimum essential medium (MEM) plus 10% 
fetal bovine serum (FBS) as simulated in vivo plasma. After 84 h, 
the size varied from ≈158.5 nm to ≈181.3 nm (Figure  2 b). Fur-
thermore, the silica shell stabilized Fc-Gd@SiO 2 (RBITC)–RGD 

      Figure 1.  SEM images of Fc-Gd NCPs (a1), Fc-Gd@SiO 2  NCPs (a2), and Fc-Gd@SiO 2 (RBITC)–RGD NCPs (a3); TEM images of Fc-Gd NCPs (b1), 
Fc-Gd@SiO 2  NCPs (b2), and Fc-Gd@SiO 2 (RBITC)–RGD NCPs (b3). 

      Figure 2.  a) Fluorescence spectra of Fc-Gd@SiO 2 (RBITC) NCPs in 
aqueous media under the 488 nm excitation. Hydrodynamic size changes 
(b) and release profi le of Gd 3+  ions (c) from Fc-Gd@SiO 2 (RBITC)–RGD 
NC Ps incubated in MEM plus 10% FBS. 
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> 90%) was detected at concentrations below 100  μ g mL −1  after 
incubation for 12 and 24 h, respectively. Even at a concentration 
of 200  μ g mL −1 , the viability of U87MG cells remained above 
84%. There is no signifi cant difference in the cell viability 
between the different cell lines. This indicates that Fc-Gd@
SiO 2 (RBITC)–RGD NCPs exhibit a low cytotoxicity within our 
experimental concentration range, which is essential for their 
use in further biological applications.   

  2.5   .  Targeting Properties Confi rmed by Flow Cytometry 
and ICP-MS Analysis 

 To illustrate the targeting properties of Fc-Gd@SiO 2 (RBITC)–
RGD NCPs as a platform for cancer cells, the cellular uptake 
was quantitatively determined by the fl uorescence intensity 
on fl ow cytometry and the amount of Gd ions per cells was 
also measured by ICP-MS analysis. As shown in  Figure   5  and 
Figures S12–S14, the fl uorescence intensity of U87MG cells is 
weak at a concentration of Fc-Gd@SiO 2 (RBITC)–RGD NCPs 
below 10  μ g mL −1 , suggesting low cellular uptake. The cel-
lular uptake determined by the fl uorescence on fl ow cytometry 
increased rapidly from ≈57.0% to ≈91.3% as the concentration 
increased from 10 to 30  μ g mL −1 . However, further increasing 
the concentration to 100  μ g mL −1 , the fl uorescence of U87MG 
cells was nearly saturated. Therefore, the concentration of 
Fc-Gd@SiO 2 (RBITC)–RGD NCPs was selected as 30  μ g mL −1  
for further investigation.  

 To confi rm the receptor-mediated cellular uptake of Fc-Gd@
SiO 2 (RBITC)–RGD NCPs in U87MG cells, the block, nega-
tive and temperature control experiments were conducted 
(Figure  5 ). For the block experiment, free RGD (30  μ g mL −1 ) 
was pre-incubated with U87MG cells before incubation with 
Fc-Gd@SiO 2 (RBITC)–RGD NCPs, thereby limiting the cellular 
uptake of NCPs (≈38.3%). The uptake of Gd ions in U87MG 
cells was decreased to 1.7 ± 0.6 pg/cell from 8.3 ± 0.6 pg/cell 
incubated with only Fc-Gd@SiO 2 (RBITC)–RGD NCPs. For the 

  2.3   .  Relaxivity Property of Fc-Gd@SiO 2 (RBITC)–RGD NCPs 

 To validate the dual-mode MR imaging, the  T  1 - and  T  2 -weighted 
MR images were acquired with different concentrations of Gd 
ions, and the longitudinal ( r  1 ) and transversal relaxivity ( r  2 ) 
of Fc-Gd@SiO 2 (RBITC)–RGD NCPs in aqueous media were 
measured using 3.0 T MR systems. As shown in  Figure   3 a, 
Fc-Gd@SiO 2 (RBITC)–RGD NCPs display a signal enhance-
ment in the  T  1  - weighted MR images with the increase of Gd 
concentration. The  r  1  value was determined to be ≈5.1 mM −1  s −1  
(Figure  3 b). This value is consistent with that of the previously 
reported Gd-DTPA ( r  1  = 4.8 mM −1  s −1 ), [  18  ]  suggesting that NCPs 
have a similar  T  1 -positive contrast effect to that of Gd-DTPA. 
Likewise, the  r  2  value was determined to be 21.7 mM −1  s −1  for 
the 3.0 T MR systems (Figure  3 b), which is about four times 
higher than that of Gd-DTPA ( r  2  = 5.3 mM −1  s −1 ). [  18  ]  The 
impressive  r  2  value of NCPs, which is ascribed to the combined 
effects of the local inhomogeneous magnetic fi elds created by 
magnetic NCPs and the exchange of water between NCPs and 
the bulk, [  19  ]  simultaneously resulted in an obvious signal reduc-
tion in the  T  2 -weighted MR images with increasing concentra-
tion of Gd ions (Figure  3 a). The suitable  r  2  /r  1  ratio ( r  2  /r  1  = 4.3) 
indicated the potential use of Fc-Gd@SiO 2 (RBITC)–RGD NCPs 
as a  T  1 / T  2  dual-mode contrast agent.   

  2.4   .  Cytotoxicity Assay 

 Prior to the applications of Fc-Gd@SiO 2 (RBITC)–RGD NCPs 
for in vivo MR imaging, the in vitro cytotoxicity was evalu-
ated in U87MG and MCF-7 cell lines by MTT assay. As shown 
in  Figure    4  , no signifi cant cytotoxic response (cell viability 

      Figure 3.  a)  T  1  and  T  2  MR images of Fc-Gd@SiO 2 (RBITC)–RGD in water 
at 3.0 T MR system. The upper part of panel a shows the  T  1  images, and 
the lower part of panel a shows the  T  2  images. b)  T  1  and  T  2  relaxivity plot 
of aqueous suspension of Fc-Gd@SiO 2 (RBITC)–RGD NCPs . 

      Figure 4.  In vitro cell viability of U87MG and MCF-7 cells incubated with 
Fc-Gd@SiO 2 (RBITC)–RGD NCPs with different concentrations incubated 
for 12 and 24 h at 37 °C. 
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indicated that the cellular uptake of Fc-Gd@SiO 2 (RBITC)–RGD 
NCPs is mainly mediated by RGD endocytosis.  

  2.6   .  Targeted T 1 - and T 2 -weighted MR Imaging in Vitro 

 To confi rm targeting ability of Fc-Gd@SiO 2 (RBITC)–RGD 
NCPs for cancer cells by dual-mode MR imaging, both  T  1 - and 

negative control experiment,  α  v  β  3  integrin-defi cient MCF-7 cells 
were chosen. At 30  μ g mL −1  Fc-Gd@SiO 2 (RBITC)–RGD NCPs, 
relatively low cellular uptake of NCPs (≈44.0% determined by 
fl ow cytometry and 3.1 ± 0.1 pg/cell Gd ions measured by ICP-
MS) was observed. As the incubation temperature decreased 
to 4 °C, the uptake of Fc-Gd@SiO 2 (RBITC)–RGD NCPs in 
U87MG cells was ≈78.3%. Under the same incubation condi-
tions, the uptake of Gd ions was 5.5 ± 0.2 pg/cell. These results 

      Figure 5.  Flow cytometry profi les in different conditions. U87MG cells were incubated without (U87MG control), with Fc-Gd@SiO 2 (RBITC)–RGD 
(U87MG (+)) and Fc-Gd@SiO 2 (RBITC) NCPs in MEM at 37 °C (U87MG (-)), respectively; MCF-7 cells were incubated without (MCF-7 control) and 
with Fc-Gd@SiO 2 (RBITC)–RGD NCPs (MCF-7 (-)) in DMEM at 37 °C, respectively; U87MG cells were preincubated with the free RGD (30  μ g mL −1 ) at 
37 °C, and then incubated with Fc-Gd@SiO 2 (RBITC)–RGD NCPs in MEM at 37 °C (block); U87MG cells were incubated with Fc-Gd@SiO 2 (RBITC)–
RGD NCPs in MEM at 4 °C (U87MG (+)-4°C). All the incubation concentration and time of NCPs are 30  μ g mL −1  and 30 min, respectively. a: the uptake 
amount of Gd ions under different incubated condition. 
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cells were incubated with Fc-Gd@SiO 2 (RBITC)–RGD NCPs at 
4 °C in order to block the endocytosis process. Compared to 
that at 37 °C, the similar  T  1 - and  T  2 -weighted MR signal inten-
sity in U87MG cells was observed (Figure  6 b and c). Our results 
suggest that Fc-Gd@SiO 2 (RBITC) –RGD NCPs can specifi cally 
affect both  T  1 - and  T  2 -weighted MR signals through   α  v  β  3   inte-
grin-mediated cellular binding and uptake.   

  2.7   .  Targeting Properties Confi rmed by Laser Scanning 
Confocal Microscopy 

 The targeting properties of Fc-Gd@SiO 2 (RBITC)–RGD NCPs 
were further investigated by laser scanning confocal micros-
copy (LSCM). After incubation with Fc-Gd@SiO 2 (RBITC)–RGD 
NCPs (30  μ g mL −1 ) at 37 °C for 30 min, a strong fl uorescence 
pattern was observed throughout the cytoplasm of U87MG cells 
over-expressing  α  v  β  3  integrin ( Figure   7 a1 and a3) compared 
with that of  α  v  β  3  integrin-defi cient MCF-7 cells (Figure  7 c1 and 
c3) under similar conditions. Compared to the non-targeted 
Fc-Gd@SiO 2 (RBITC) NCPs ( Figure 8   d1 and d3), U87MG cells 
incubated with Fc-Gd@SiO 2 (RBITC)–RGD NCPs exhibited 
stronger fl uorescence, indicating higher cellular uptake of tar-
geted NCPs. It is worth noting that the fl uorescence is observed 
both on the surface and in the cytoplasm of U87MG cells, sug-
gesting that a portion of NCPs is bound onto the cell surface 
and another portion of NCPs is internalized into cells through 
receptor-mediated binding and endocytosis. To further clarify the 
dominant receptor-mediated endocytosis mechanism of NCPs, 
U87MG cells preincubated with the free RGD (30  μ g mL −1 ) 
were then incubated with Fc-Gd@SiO 2 (RBITC)–RGD NCPs 
for 30 min at 37 °C. As a result, negligible fl uorescence was 
detected (Figure  7 e1 and e3). Furthermore, a fl uorescence 

 T  2 -weighted MR images and the signal intensity of U87MG 
cells over-expressing  α  v  β  3  integrin and MCF-7 cells defi cient of 
 α  v  β  3  integrin were collected after incubation with no targeted 
Fc-Gd@SiO 2 (RBITC) and with targeted Fc-Gd@SiO 2 (RBITC)–
RGD NCPs (30  μ g mL −1 ) for 30 min. As shown in  Figure   6 , after 
incubation with targeted Fc-Gd@SiO 2 (RBITC)–RGD NCPs, the 
 T  1 -weighted MR images showed a signifi cant enhancement in 
U87MG cells, whereas the  T  2 -weighted MR images of the same 
cells showed a marked signal decrease. A quantitative analysis 
of the MR signal change also confi rmed this point. When 
U87MG cells were incubated with Fc-Gd@SiO 2 (RBITC)–RGD 
NCPs (30  μ g mL −1 ) for 30 min, the  T  1 -weighted MR signal 
intensity of U87MG cells was ≈8.3 times higher than that of 
control U87MG cells, and the  T  2 -weighted MR signal intensity 
was ≈80% lower than that of control U87MG cells. In sharp 
contrast, under the same condition, the  T  1 -weighted MR signal 
intensity of MCF-7 cells was only 2.6 times higher than that of 
control MCF-7 cells, and the  T  2 -weighted MR signal intensity 
decreased ≈45% compared with that of control MCF-7 cells. 
The signifi cant difference between U87MG and MCF-7 cells 
in MR imaging is likely due to the specifi c cellular uptake of 
Fc-Gd@SiO 2 (RBITC)–RGD NCPs into U87MG cells. To fur-
ther prove that the specifi c binding and uptake of NCPs is 
mediated through the interaction between RGD and   α  v  β  3   inte-
grins that are over-expressed on the cell surface, a free RGD 
block experiment and temperature control experiment were 
designed. U87MG cells preincubated with the free RGD pep-
tide (30  μ g mL −1 ) were then treated with Fc-Gd@SiO 2 (RBITC)–
RGD NCPs for 30 min.  T  1 - and  T  2 -weighted MR imaging data 
showed that the  T  1 -weighted MR signal intensity of U87MG 
cells was only about one times higher than that of the control 
cells, and  T  2 -weighted MR signal intensity decreased ≈23% 
compared with that of the control cells. In addition, U87MG 

      Figure 6.  a)  T  1 - and  T  2 -weighted MR images of Fc-Gd@SiO 2 (RBITC)–RGD NCPs on 3T MR system. U87MG (+): Fc-Gd@SiO 2 (RBITC)–RGD NCPs 
in U87MG cells incubated at 37 °C; U87MG (+), 4 °C: Fc-Gd@SiO 2 (RBITC)–RGD NCPs in U87MG cells incubated at 4 °C; MCF-7 (-): Fc-Gd@
SiO 2 (RBITC)–RGD NCPs in MCF-7 cells incubated at 37 °C; U87MG (-): Fc-Gd@SiO 2 (RBITC) NCPs in U87MG cells incubated at 37 °C; U87MG + 
free RGD: Fc-Gd@SiO 2 (RBITC)–RGD NCPs in free RGD-pretreated U87MG cells incubated at 37 °C; Only MCF-7 and only U87MG as controls; The 
relative signal intensity for  T  1 - (b) and  T  2 - (c) weighted MR images. All the incubation concentration and time of NCPs are 30  μ g mL −1  and 30 min. 

Adv. Funct. Mater. 2014, 24, 1738–1747



FU
LL

 P
A
P
ER

1744

www.afm-journal.de
www.MaterialsViews.com

wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

intensity in U87MG cells treated with Fc-Gd@SiO 2 (RBITC)–
RGD NCPs at 4 °C was similar to that at 37 °C (Figure  7 b1 and 
b3). These results from LSCM images provide strong evidence 
that the binding and cellular uptake of Fc-Gd@SiO 2 (RBITC)–
RGD NCPs are dominantly mediated by RGD endocytosis.   

  2.8   .  Targeted  T  1 - and  T  2 -weighted MR Imaging in Vivo 

 The targeted dual-mode in vivo MR imaging for Fc-Gd@
SiO 2 (RBITC)–RGD NCPs was further performed with a 3 T 
MR imaging scanner. The  T  1 - and  T  2 -weighted MR images 
sequentially before and after intravenous injection of Fc-Gd@
SiO 2 (RBITC)–RGD NCPs (500  μ L, 1 mg mL −1 ) were acquired 
using a U87MG tumor xenograft mouse model. As a block 
experiment, the  T  1 - and  T  2 -weighted MR images sequentially 
before and after intravenous injection of both free RGD and 
Fc-Gd@SiO 2 (RBITC)–RGD NCPs (500  μ L, 1 mg mL −1 ) were 
also acquired under similar experimental conditions. Compared 
with the pre-image, a bright  T  1  signal enhancement from the 
T 1 -weighted MR imaging was observed after 2 h post injection 
in the U87MG tumor. The boundary between the normal soft 
tissue and the tumor is clearly visible as shown in Figure  8 a. 
More importantly, a  T  2  signal decrease from the T 1 -weighted 
MR imaging was simultaneously observed. The tumor was easy 
to be discriminated. The self-confi rmed dual mode MR imaing 
shows the great potential use for accurate diagnosis of cancers. 
Figure  8 b shows the change of the  T  1  and  T  2  signal intensity of 
the tumor in the targeted and block experiments. The  T  1  signal 
intensity was enhanced 47 ± 5% in the targeted group whereas 
only 14 ± 3% enhancement was observed in the block groups. 
Accordingly, the  T  2  signal intensity decreased 33 ± 5% in the 
targeted group whereas only 8 ± 1% enhancement was observed 

      Figure 7.  LCSM images of a1–a3) Fc-Gd@SiO 2 (RBITC)–RGD NCPs in U87MG cells incubated at 37 °C; b1–b3) Fc-Gd@SiO 2 (RBITC)–RGD NCPs in 
U87MG cells incubated at 4 °C; c1–c3) Fc-Gd@SiO 2 (RBITC)–RGD NCPs in MCF-7 cells at 37 °C; d1–d3) Fc-Gd@SiO 2 (RBITC) NCPs in U87MG cells 
incubated at 37 °C; e1–e3) Fc-Gd@SiO 2 (RBITC)–RGD NCPs in free RGD-pretreated U87MG cells incubated at 37 °C. All the incubation concentration 
and time are 30  μ g mL −1  and 30 min. 

      Figure 8.  a)  T  1 -weighted and  T  2 -weighted MR images; b) signal intensity 
analysis of tumor. Targeted group: injected with Fc-Gd@SiO 2 (RBITC)–
RGD NCPs (500  μ L,1 mg mL −1 ); block group: injected with both free RGD 
and Fc-Gd@SiO 2 (RBITC)–RGD NCPs (500  μ L, 1 mg mL −1 ). 
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SiO 2  NCPs were precipitated by centrifuged at 12 000 rpm for 15 min 
and washed three times with ethanol. Then, An ammonium hydroxide 
(29.4%, 80  μ L) and APS (20  μ L) was added separately to the above 
20 mL ethanol solution of the collected Fc-Gd@SiO 2  NCPs, and 
subsequently the mixture was stirred at room temperature for further 
12 h. The resulting NCPs were separated by centrifugation, washed three 
times with ethanol. 

  Preparation of Fc-Gd@SiO 2 (RBITC) NCPs : Fc-Gd@SiO 2  NCPs (20 mg) 
were dissolved in tetrahydrofuran (THF, 100 mL), and RBITC (3 mg) 
was added to the above THF solution. The mixture was stirred at room 
temperature for 5 h, and the reaction was carried out under nitrogen 
atmosphere in dark without moisture. Lastly, the obtained Fc-Gd@
SiO 2 (RBITC) 2  NCPs were precipitated by centrifugation at 12 000 rpm 
for 15 min, and purifi ed with ethanol by several cycles of redispersion 
and centrifugation. 

  Preparation of Fc-Gd@SiO 2 (RBITC)-RGD NCPs : Fc-Gd@SiO 2 (RBITC) 
NCPs (25 mg) was added to an ethanol solution (15 mL) containing 
the 6-maleimidohexanoic acid  N -hydroxysuccinimide ester (2 mg) and 
1-ethyl-3-(3-dimethyllaminopropyl)carbodiimide hydrochloride (2 mg). 
After 8 h at room temperature, the obtained NCPs were isolated via 
centrifugation, washed with ethanol three times. The precipitate 
was then redispersed into an ethanol solution (15 mL) containing 
c(RGDFK) peptide (6 mg), then gently stirred at room temperature 
for 12 h. The mixture was centrifuged and washed twice with ethanol. 
The precipitate was then redispersed into ethanol (5 mL) and placed 
inside a piece of dialysis membrane (MWCO 14 000) to remove the 
free RGD. The purifi ed NCPs were resuspended in ethanol and stored 
at 4 °C before use. 

  Measurement of Release of Gd 3+  Ions from Fc-Gd@SiO 2 (RBITC)-RGD 
NCPs : 2.0 mL of a suspension of Fc-Gd@SiO 2 (RBITC)-RGD NCPs in 
MEM with 10% FBS (2.55 mg) was placed inside a piece of dialysis 
membrane (MWCO 14 000). The dialysis membrane was submerged 
in 150 mL of MEM with 10% FBS under gentle stirring. Aliquots 
of the solution were then removed a different time points. 1 mL of 
1 M nitric acid was added to the solution. The water was evaporated 
and the residue was redissolved in a 10 mL volumetric fl ask for ICP 
measurements. 

  Cell Culture : A human glioblastoma cell line (U87MG cells) and a 
human breast cancer cell line (MCF-7 cels) were provided by Shanghai 
Institutes of Biological Sciences (SIBS), Chinese Academy of Sciences 
(CAS, China). U87MG and MCF-7 Cells were cultured in MEM (Thermo, 
USA) and DMEM medium (Thermo, USA) supplemented with 10% 
FBS (Gibco, USA) and 1% penicillin-streptomycin solution (Thermo, 
USA) at 37 °C and 5% CO 2 . Cells were generally plated in cell culture 
fl ask (Corning, USA) and allowed to adhere for 24 h, then harvested by 
treatment with 0.25% trypsin-EDTA solution (Gibco, USA). 

  In Vitro Cytotoxicity Assay : MTT assays were performed to evaluate 
the cytotoxicity of Fc-Gd@SiO 2 (RBITC)-RGD NCPs at different 
concentrations and different time. U87MG and MCF-7 cells were 
plated at a density of 5 × 10 4  cells/well into 96-well plates for 24 h, 
followed by treatment with Fc-Gd@SiO 2 (RBITC)-RGD NCPs at different 
concentrations (0, 10, 20, 50, 100, 200  μ g mL −1  diluted in MEM and 
DMEM) for a further 12 or 24 h at 37 °C under 5% CO 2 . Thereafter, 
thiazolyl blue tetrazolium bromide (MTT, 20  μ L, 5 mg mL −1 ) was added 
to each well and the plate was incubated for 4 h at 37 °C. Then, the 
supernatant was removed, and the formazan crystals were dissolved 
using DMSO (150  μ L), followed by shaking at 150 rpm for 5 min. 
Finally, the optical absorption of formazan at 490 nm was measured 
by an enzyme-linked immunosorbent assay reader, with background 
subtraction at 690 nm was measured by microplate reader (Multiskan 
MK3, USA.). 

  Flow Cytometry : To determine the uptake contents of Fc-Gd@
SiO 2 (RBITC)-RGD NCPs, U87MG and MCF-7 cells were incubated with 
different concentrations (0, 3, 10, 30, and 100  μ g mL −1 ) of Fc-Gd@
SiO 2 (RBITC)-RGD NCPs in serum-free medium for 30 min after seeded 
in 6-well plates at 1 × 10 6  cells/well for 24 h. To confi rm the receptor-
mediated binding and endocytosis uptake of Fc-Gd@SiO 2 (RBITC)-RGD 
NCPs by U87MG cells, U87MG cells were incubated with Fc-Gd@

in the block groups. Therefore, targeted Fc-Gd@SiO 2 (RBITC)–
RGD NCPs revealed excellent  T  1 - and  T  2 -weighted properties in 
vivo.    

  3   .  Conclusions 

 We developed unique Fc-Gd@SiO 2 (RBITC)–RGD NCPs for 
dual-mode targeted  T  1 - and  T  2 -weighted MR imaging of cancer 
cells in vitro and in vivo. The formed multifunctional NCPs are 
water-dispersible, stable, and exhibit a low cytotoxicity at con-
centrations up to 200  μ g mL −1 . The suitable  r  2  /r  1  ratio of the 
multifunctional NCPs enable dual-mode  T  1 - and  T  2 -weighted 
MR imaging of tumors in vivo. Our MR imaging data clearly 
indicate that the multifunctional Fc-Gd@SiO 2 (RBITC)–RGD 
NCPs can specifi cally target cancer cells over-expressing 
  α  v  β  3   integrin on the cell surface through a receptor-mediated 
delivery pathway. The  T  1 -weighted positive and  T  2 -weighted 
negative enhancement in the dual-mode MR imaging signifi -
cantly improve the diagnosis accuracy. The developed Fc-Gd@
SiO 2 (RBITC)–RGD NCPs may conjugate with other biomol-
ecules (e.g., antibodies, sugars, and peptides, etc.), thereby 
providing a versatile platform for targeting and dual-mode self-
confi rmed imaging of other biological systems.  

  4   .  Experimental Section 
  Materials : 1,1′-dicarboxyl ferrocene were purchased from J&K Chemical. 

Gadolinium acetate hydrate [Gd(Ac) 3 ·4H 2 O] and tetraethoxysilane 
(TEOS) were purchased from Sinopharm Chemical Reagent. 
Rhodamine B isothiocyanate (RBITC), 3-aminopropyltriethoxysilane 
(APS),  N -hydroxysuccinimide (NHS), 3-(3-dimethylaminopropyl)-1-
ethylcarbodiimide (EDC), and fetal bovine serum (FBS) were purchased 
from Sigma–Aldrich. 1-Ethyl-3-(3-dimethyllaminopropyl)carbodiimide 
hydrochloride were purchased from TCI. Thiolatedcyclo(Arg-Gly-
Asp-Phe-Lys(mpa)) peptide (c(RGDFK)) were purchased from GL 
biochem(Shanghai) Ltd. All reagents were used without further 
purifi cation. Water used in all experiments was purifi ed using a 
Milli-Q Plus 185 water purifi cation system (Millipore, Bedford, MA) 
with resistivity higher than 18 M Ω  cm. Cellulose dialysis membranes 
(molecular weight cut-off, MWCO = 14 000) were acquired from Fisher. 

  Characterization Techniques : SEM images were recorded on a 
HitachS-4800 electron microscope operating at an accelerating voltage 
of 3.0 kV. TEM images were collected on a JEOL JEM-2010 transmission 
electron microscope operating at an accelerating voltage of 200 kV. FTIR 
spectra were collected using a Nicolet Avatar 370 FTIR spectrometer 
in the 400–4000 cm −1  region. The samples were pelletized with KBr 
before measurements. The surface potential andhydration radius 
weremeasured using a Malvern Zetasizer Nano ZS model ZEN3690 
(Worcestershire, U.K.) equipped with a standard 633 nm laser. 
Fluorescence imaging was performed with a Leica TCS SP5 II inverted 
microscope with a Leica DMI 6000B confocal scanning system. All MR 
imaging measurements were performed Siemens Magnetom Trio with 
a 3.0 T systems. Flow Cytometry were analyzed with a Beckman Coulter 
fl ow cytometer (Quanta SC, USA). The concentration of Gd 3+  ions was 
determined by inductively coupled plasma mass spectrometry (ICP-MS, 
VISTAMPXICP VARIAN). 

  Preparation of Fc-Gd@SiO 2  NCPs : Fc-Gd NCPs (10 mg) were 
dispersed in ethanol (20 mL) by sonication to form a well dispersed 
solution. Ammonium hydroxide (29.4%, 200  μ L) was then added into 
the resulting mixture. After stirring for a while, TEOS (50  μ L) was 
added dropwise to the reaction under vigorous stirring. The reaction 
was continued for 24 h at room temperature. The resulting Fc-Gd@
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was used to reduce acquisition time under the following parameters: 
TR/TE = 6000/98 ms, 320 × 320 matrices, 60 × 60 mm fi eld of view, 
220 Hz/Px of bandwidth, and a slice thickness of 1.2 mm. Each in vivo 
scan was completed within half an hour. The change of signal intensity 
in tumor (%) = signal intensity of post-injection / signal intensity of pure 
water – signal intense of pre-injection / signal intensity of pure water * 
100%.  
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SiO 2 (RBITC) NCPs (30  μ g mL −1 ) and MCF-7 cells were incubated 
with Fc-Gd@SiO 2 (RBITC)-RGD NCPs (30  μ g mL −1 ) for 30 min at 
37 °C(negative control experiment). To block the endocytosis process, 
U87MG cells were incubated with Fc-Gd@SiO 2 (RBITC)-RGD NCPs 
(30  μ g mL −1 ) for 30 min at 4 °C (temperature control experiment). To 
further confi rm the dominant receptor-mediated endocytosis mechanism 
of NCPs, free RGD-pre-incubated (30  μ g mL −1 ) U87MG cells were then 
incubated with Fc-Gd@SiO 2 (RBITC)-RGD NCPs (30  μ g mL −1 ) for 
30 min at 37 °C (block experiment). Treated cells were then washed with 
PBS three times, and harvested by trypsinization. After the cells were 
spun-down, the cell pellet was washed once and resuspended with PBS, 
then analyzed with a fl ow cytometer. The collected data were analyzed by 
using WinMDI 2.9 software. 

  Laser Scanning Confocal Microscopy : U87MG and MCF-7 cells were 
plated for 24 h before the experiment in glass cover slips at 1.2 × 10 4  cell/
cm 2 . Then U87MG cells were incubated with Fc-Gd@SiO 2 (RBITC)-RGD 
NCPs (30  μ g mL −1 ) for 30 min at 37 °C. To confi rm the receptor-mediated 
binding uptake of Fc-Gd@SiO 2 (RBITC)-RGD NCPs by U87MG cells, the 
block experiment, negative control experiment and temperature control 
experiment were investigated. After incubation, the alive cells were 
washed three times with PBS and visualized with serum-free medium. 
Fluorescence imaging was performed with an Leica DMI 6000B confocal 
scanning system. A 63× oil-immersion objective lens was used (Zoom: 
1.4) under 22% Voltage. Excitation of RBITC was carried out with a 
tunable argon ion laser at  λ  = 488 nm, and emissions were collected in 
the wavelength range of 550–650 nm. 

  Relaxivity Measurements in Solution : We used aqueous solutions of 
various concentrations of Fc-Gd@SiO 2 (RBITC)-RGD NCPs for  T  1  and 
 T  2  measurements. All MR imaging measurements were performed 
with a 3.0 T systems.  T  1 -weighted MR images were acquired using a 
conventional spin-echo sequence under the following parameters: TR/
TE = 900/7.9 ms, 256 × 320 matrices, 128 × 128 mm fi eld of view, 313 
Hz/Px of bandwidth, a slice thickness of 3 mm. For  T  2 -weighted MR 
imaging, a fast spin-echo sequencewas used to reduce acquisition 
time with the same parameters of  T  1 -weighted MRI, except for TR/TE = 
4000/284 ms and 220 Hz/Px of bandwidth. 

  T  1  - and T  2  -weighted MR Imaging in Cells : U87MG and MCF-7 cells 
were incubated with Fc-Gd@SiO 2 (RBITC)-RGD NCPs suspension 
in cell culture medium for 30 min after seeded in 6-well plates at 
1 × 10 6  cells per well for 24 h. U87MG cells were incubated with Fc-Gd@
SiO 2 (RBITC)-RGD NCPs (30  μ g mL −1 ) for 30 min at 37 °C. To confi rm the 
receptor-mediated binding uptake of Fc-Gd@SiO 2 (RBITC)-RGD NCPs 
by U87MG cells, the block experiment, negative control experiment 
and temperature control experiment were investigated. All MR imaging 
measurements were performed with a 3.0 T systems.  T  1 -weighted MR 
images were acquired using a conventional spin-echo sequence with 
the following parameters: TR/TE = 300/11 ms, 248 × 320 matrices, 
124 × 160 mm fi eld of view, 140 Hz/Px of bandwidth, a slice thickness 
of 3 mm.  T  2 -weighted MR images using a fast spin-echo sequence was 
used to reduce acquisition time under the following parameters: TR/TE 
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Px of bandwidth, and a slice thickness of 3 mm. The change of signal 
intensity in cells (%) = signal intensity of cells incubated with NCPs- 
signal intense of only cells)/ signal intensity of cells * 100%. 

  In vivo MR Imaging : To verify the dual-contrast ability of Fc-Gd@
SiO 2 (RBITC)-RGD NCPs for targeted imaging of a tumor model in vivo. 
U87MG cells were harvested by incubation with 0.05% trypsin-EDTA, 
after centrifugation and resuspension in 0.2 mL PBS, 2 × 10 6  cells 
were subcutaneously implanted into the left fl ank of each nude mouse, 
xenografted tumor reached 1.0–1.2 cm in diameter after ten days. A 
500  μ L of the Fc-Gd@SiO 2 (RBITC)-RGD nanoparticles suspension 
(1 mg mL −1 )with or without free RGD (1 mg mL −1 ) was injected into 
nude mice through tail vein injection. In vivo MR imaging experiments 
were performed using a 3.0 T systems after injected for 2 h.  T  1 -weighted 
MR images were acquired using a conventional spin-echo sequence 
with the following parameters: TR/TE = 200/12 ms, 320 × 320 matrices, 
60 × 60 mm fi eld of view, 140 Hz/Px of bandwidth, a slice thickness 
of 1.5 mm.  T  2 -weighted MR images using a fast spin-echo sequence 
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