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  1.     Introduction 

 Cancer nanotechnology displays potent applications in targeted 
drug therapy, molecular diagnosis and molecular imaging. [ 1–4 ]  
Nanodrug delivery systems are expected to depress the toxic 
side effects and simultaneously enhance the therapeutic 

effi ciency, and thus have drawn more 
and more attention in the past years. [ 5 ]  
Till now, various biocompatible nano-
systems with different structure and 
compositions, such as metals, polymers, 
oxides, and semiconductors, have been 
designed and prepared to carry anticancer 
drugs. [ 6–8 ]  Among these nanomaterials, 
mesoporous silica nanoparticles (MSNs) 
have been well documented as excellent 
drug delivery and disease-detection sys-
tems owing to their straightforward syn-
thesis, tunable pore morphologies, facile 
functionalization chemistries, high drug 
loading capability, low-toxicity degrada-
tion pathways in the biological milieu, 
and capacity to carry disparate payloads 
(molecular drugs, proteins, other nano-
particles) within the porous core. [ 9–16 ]  The 
property of easy surface modifi cation/
bioconjugation endowed MSNs as an 
ideal vehicle for targeting imaging, diag-
nosis, delivery and triggered drug 
release. [ 6,13,17–21 ]  Recent studies also sup-
ported the use of MSNs as a delivery 
system for hydrophobic anticancer 
drugs to overcome their insolubility 

problem. [ 22,23 ]  Interestingly, MSNs was found able to enhance 
the cytotoxicity of anticancer platinum drugs by improving 
localized drug delivery and facilitating the drug hydrolysis. [ 24 ]  
However, the effects of MSNs on the action mechanisms of the 
loaded drugs remain elusive. 

 The limitations of cisplatin-based chemotherapy have kin-
dled great interest of scientists to search alternative metal-
based anticancer drugs. [ 25,26 ]  Ruthenium (Ru) possesses sev-
eral favorable properties suitable for rational drug design 
and medicinal applications, such as the high coordination 
number and low toxicity toward healthy tissues. [ 27,28 ]  Till now, 
a great many of Ru complexes have been designed and found 
to exhibit promising anticancer activities, and two of them, 
NAMI-A and KP109, have entered clinical trials. [ 27–30 ]  The rich 
photophysical properties of Ru complexes render them as excel-
lent DNA structural probes and cellular imaging agents. [ 31–38 ]  
However, the discovery of cancer-selective agents and the 
clear understanding of the action mechanisms are the critical 
obstacle and challenge for the clinical development of Ru 
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 2.     Results and Discussion  

 2.1.     Preparation and Characterization of RuPOP@MSNs 

 In this study, fi rstly, MSNs were successfully created by the syn-
thetic route outlined in  Figure    1  a, and characterized by SEM 
and TEM. As shown in Figure  1 b, the SEM and TEM images of 
the MSNs appear as highly monodisperse particles with a diam-
eter of about 100 nm. As examined by a Zetasizer Nano-ZS 
particle analyzer, the average particles size of MSNs was about 
118.1 nm (Figure S1, Supporting Information). The RGD con-
jugation and drug loading didn't affect the size and dispersity of 
MSNs (Figure  1 b). FTIR was used to confi rm the amination of 
MSNs and the successful conjugation of RGD to MSNs. As shown 
in Figure  1 c, the peaks at 1490 and 679 cm −1  in MSNs-NH 2  were 
assigned to the symmetrical bending vibration of amino groups 
and the bending vibration of N-H, respectively. The spectrum of 
MSNs-NH 2  retain the special peaks of MSNs. Compared with 
MSNs, RGD-conjugated MSNs displays two special peaks of amide 
bands I and II at 1644 and 1554 cm −1  (Figure S2, Supporting Infor-
mation). We also found these peaks of RuPOP@MSNs, such as 
1648 cm −1  (amide band I from RGD peptide), 1088 cm −1  (antisym-
metric vibration of Si-O-Si from MSNs), 1213 cm −1  (symmetrical 
stretching vibration of C–O–C from RuPOP) and 1157 cm −1  
(stretching vibration of C–N from RuPOP).  

 The presence of RGD peptides was further verifi ed by using 
a protein staining BCA assay and UV–vis spectroscopy. As 
shown in Figure S3 (Supporting Information), the UV–Vis 
spectrum shows an increase in absorbance at 595 nm, due to 
the presence of protein in the nanoparticles, which was also 
confi rmed by the change in particle color. Moreover, RuPOP@

complexes. We have previously found that, RuPOP ([Ru(phen) 2  
p-MOPIP](PF 6 ) 2 ·2H 2 O), a potent Ru polypyridyl complex with 
novel anticancer activity higher than cisplatin and strong auto-
fl uorescence, could target cancer cell mitochondria and activate 
intrinsic cell apoptosis. [ 27 ]  Unfortunately, the further clinical 
application of RuPOP also was limited by its low aqueous solu-
bility. Therefore, it is of great signifi cance to construct delivery 
systems for hydrophobic Ru complexes. 

 MSNs has been widely investigated for their ability to 
deliver hydrophobic compounds into cancer cells to overcome 
their insolubility problem. [ 22–24 ]  Targeting modifi cation could 
enhance the recognization and internalization of MSNs by 
cancer cells, thus reduce the administrated dosage and unde-
sirable toxic side effects. To date, various targeting molecules 
has been conjugated to the surface of MSNs, such as man-
nose, folic acid, transferrin, TAT, and RGD. [ 6,23 ]  The RGD 
(arginine-glycine-aspartic acid) peptide, a particularly effec-
tive targeting agent, could be recognized by  ανβ 3 integrin 
receptor overexpressed in various human cancers cells. [ 39–41 ]  
Peptides containing RGD sequence have been identifi ed as 
ideal targeting molecules for various nanoarchitectures, such 
as polymers, liposomes, and inorganic nanoparticles, because 
of its defi ned structure and small molecular weight. Herein 
we report a novel cancer-targeted nanodrug delivery system 
based on RGD peptide-conjugated MSNs loaded with fl uores-
cent Ru complex. This system allows the direct fl uorescence 
monitoring of the cellular uptake and releases of RuPOP in 
cancer cells, and dramatically enhance the anticancer effi -
cacy of the hydrophobic Ru complex. We also clarifi ed the 
molecular mechanisms accounting for the action of RuPOP@
MSNs.   

   Figure 1.    Structural characterization of RuPOP@MSNs. a) Synthetic scheme for the RuPOP@MSNs. b) SEM and TEM images of MSNs. Scale bars 
is100 nm. c) FT-IR spectra of MSNs, MSNs-NH2, and RuPOP@MSNs. d) N2 adsorption-desorption isotherm for MSNs and RuPOP@MSNs. 
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enter cancer cells through passive and active targeting process, 
and thus could serve as drug carriers of chemotherapeutics. 
However, passive strategy has limitations due to its random 
delivery mode. [ 9 ]  In this study, RGD peptide in the surface 
of RuPOP@MSNs could recognize and bind to the integrin 
receptor overexpressed in cancer cell membrane, thus enhance 
the cellular uptake of the nanoparticles through active targeting 
process ( Figure    3  a). To examine the contribution of integrin 
receptor to the cellular uptake of RuPOP@MSNs, fi rstly, we 
should examine the expression level of the receptor on the cell 
membrane. As shown in Figure  3 b, the expression levels of 

MSNs exhibits similar emission spectrum 
with pure RuPOP (Figure S4, Supporting 
Information), indicating the presence of 
RuPOP in MSNs. Furthermore, from the 
results of N 2  adsorption-desorption isotherm 
(Figure  1 d), the infl ection point at the adsorp-
tion branches of the isotherm of RuPOP@
MSNs move to the direction of the low rela-
tive pressure, indicating the decline of the 
quantity of nitrogen capillary condensation. 
Compared with MSNs, the surface area, pore 
volume and pore size of RuPOP@MSNs 
decreased signifi cantly (Table S1, Supporting 
Information). These results demonstrate the 
successful loading of RuPOP into the nano-
particles. As shown in  Figure    2  a, the pres-
ence of Ru 3p peak at 462.4 eV in the XPS 
spectrum of RuPOP@MSNs further confi rmed the successful 
loading of RuPOP into MSNs. This increase in the binding 
energy of N 1s from MSNs-NH 2  suggests the formation of 
hydrogen bond between RuPOP and the amino groups on the 
surface of MSNs (Figure  2 b). Taken together, these results dem-
onstrate the successful construction of RuPOP@MSNs system.    

 2.2.     In Vitro Cellular Uptake of RuPOP@MSNs 

 Cellular uptake effi cacy is an important factor that determines 
the nanomaterials-based drug activities. Usually, nanomaterials 

   Figure 3.    Selective cellular uptake of RuPOP@MSNs. a) Schematic illustration for the targeting effects of RuPOP@MSNs on cancer cells. b) Western 
blots showing the distinct expression of integrin receptor in various cell lines. c,d) Quantitative analysis of cellular uptake of RuPOP@MSNs in 
c) A375 and d) HK-2 cells by determination of fl uorescence intensity. e) Real-time imaging of the same A375 cells treated with 600 n M  RuPOP@MSNs. 
The RuPOP@MSNs and cell nucleus were visualized by green and blue fl uorescence, respectively. f) Quantitative analysis of cellular uptake effi ciency 
of RuPOP@MSNs in A375 cells after treated with the 1.4 mg mL -1  of RGD for 1 h. 

   Figure 2.    a) XPS spectra of RuPOP, RuPOP@MSNs and MSNs-RGD. b) N 1s spectra of 
RuPOP@MSNs and MSNs-RGD. 
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 2.3.     Endocytosis of RuPOP@MSNs and pH-Mediated 
Drug Release 

 Endocytosis is a important uptake mechanism of nanomaterials 
in cancer cells. [ 42 ]  In this study, the localization of the RuPOP@
MSNs in cancer cells were investigated by using specifi c probes, 
Lyso Tracker Red for fl uorescence imaging of lysosomes and 
DAPI (blue) for nucleus. As shown in  Figure    5  a, the complete 
merge of the green and red fl uorescence clearly indicated the 
colocalization of RuPOP@MSNs and lysosomes, suggesting 
RuPOP@MSNs entered the cells through endocytosis via lys-
osomes. In the detailed time-course analysis, we found that 
RuPOP@MSNs gathered around the cell membrane after 0.5 h 
of treatment and the fl uorescence intensity increased after that. 
After 4 h of treatment, the nanoparticles entered the lysosomes. 
From the time point of 12 h, RuPOP was release from lys-
osomes into the cytosol. Moreover, co-localization of the fl uo-
rescence of RuPOP and nucleus was not found, indicating that 
nucleic acids were not the cellular target of RuPOP@MSNs.  

 In vitro drug release profi les of RuPOP from the MSNs in 
PBS at pH 7.4 and 5.3 were investigated to simulate the normal 
body blood and acidic environments of lysosomes. As shown 
in Figure  5 b, RuPOP was released slowly at fi rst day under two 
pH conditions, with release ratio at 23.6% for pH 5.3 and 15.3% 
for pH 7.4, respectively. Thereafter, the cumulative release of 
RuPOP reached 63.3% for pH 5.3 and 43.1% for pH 7.4 after 
12 days. These results demonstrate that the release process at 
pH 5.3 was much faster than that at pH 7.4. Therefore, MSNs 
could control the release of RuPOP in acidic microenvironment 
around the tumor tissues, but not in the normal tissues. Pos-
sibly, the faster release of RuPOP under the acidic pH could 

integrin receptor in human cancer cells (A375, HepG2, MCF-7, 
and Neuro-2a) were signifi cantly higher than the HK-2 normal 
cells. These results suggest the feasibility of the RGD peptide-
guided selectivity between cancer and normal cells.  

 The strong autofl uorescence of RuPOP permits the 
direct monitoring of drug uptake and delivery. Therefore, a 
quantitative analysis of cellular uptake of nanoparticles in A375 
human melanoma cells with high expression level of integrin 
receptor was conducted by measuring the fl uorescence inten-
sity of RuPOP. As shown in Figure  3 c, intracellular drug con-
centration increased in a time- and dose-dependent manner 
in cancer cells. For instance, after 2-h incubation with 0.4, 0.8, 
and 1.6 μ M  of the RuPOP@MSNs, the intracellular RuPOP 
concentration increased to 0.10, 0.19, and 0.25 μ M /10 8  cells, 
respectively, which were about 5–6 times higher than those 
in HK-2 human normal cells (Figure  3 d). The green fl uores-
cence from the cytoplasm of A375 cells further confi rmed the 
internalization of RuPOP@MSNs (Figure  3 e). A detailed time-
course analysis showed that RuPOP@MSNs accumulated in 
the cell membrane after 30 min of treatment and the inter-
nalized nanoparticles increased after that in a time-dependent 
manner (Figure  3 f). RGD peptide competing assay was used 
to further confi rm the important role of integrin receptor. As 
shows in the  Figure    4  a, RGD peptide signifi cantly inhibited 
the uptake of RuPOP@MSNs in a dose-dependent manner, 
to the level similar to that in HK-2 human normal cells. More-
over, from the results of fl uorescence microscopy, RGD effec 
tively blocked the internalization of RuPOP@MSNs in A375 
cells (Figure  4 b,c). These results demonstrate that, the selec-
tive uptake of RuPOP@MSNs in human cancer cells could be 
traced to integrin receptor-mediated endocytosis.    

   Figure 4.    RGD blocks the cellular uptake of RuPOP@MSNs. a) Quantitative analysis of cellular uptake effi ciency of RuPOP@MSNs in A375 cells after 
treated with the 1.4 mg mL −1  of RGD for 1 h. (b) Dose-dependent effects of RGD on the cellular uptake of RuPOP@MSNs. The cells were treated 
with different concentrations of RGD for 1 h, and then exposed to 0.8 μ M  RuPOP@MSNs for 2 h. cellular uptake was determined by fl uorometry as 
described in Experimental Section. c) Representative fl uorescence microscope images showing the internalization of RuPOP@MSNs in A375 cells 
after 2 h incubation. Cells were pretreated with different concentrations of RGD for 1 h. 
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effi cacy, therefore, we investigated the effects of RuPOP@
MSNs on a series of cancer cells by MTT assay by comparing 
with RuPOP. As shown in  Figure    6  a, the RuPOP@MSNs exhib-
ited signifi cant anticancer activities against A375 melanoma, 
HepG2 hepatocellular carcinoma, MCF-7 breast adenocarci-
noma, Neuro-2a neuroblastoma and RHepG2 drug-resistant 
hepatocellular carcinoma cells. The IC 50  of these cancer cells 
treated by RuPOP@MSNs was declined about 30–90 times of 
RuPOP (Figure S5, Supporting Information). Especially, A375 
cells displayed the highest sensitivity to RuPOP@MSNs with 
IC 50  found at 65.8 n M , while the IC 50  value for free RuPOP 
was 5.9 μ M . A time-course analysis revealed that RuPOP@
MSNs exhibited time- and dose-growth inhibition on A375 and 
MCF-7 cells. Signifi cant growth inhibition was also observed 
in cells treated with RuPOP@MSNs for 24 h (Figure S6, Sup-
porting Information). In contrast, the nanodrug carrier RGD-
MSNs alone showed no cytotoxicity toward various cancer and 
normal cells, even at concentrations of 200 and 400 μg mL −1  
(Figure S7, Supporting Information). Furthermore, the toxicity 
of RuPOP@MSNs toward HK-2 human normal cells was much 
lower than that of RuPOP (Figure  6 b). These results indicate 
that RuPOP@MSNs exhibits higher anticancer effi cacy and 
lower toxicity than RuPOP.    

be attributed to the interaction mode between RuPOP molecule 
and the functional groups on the surface of MSNs. Although 
the successful conjugation of RGD to MSNs, there is plenty of 
amino groups remained on the surface of the nanomaterials. 
Therefore, after the loading of RuPOP, hydrogen bond could be 
formed between RuPOP and the amino groups. This hypoth-
esis could be supported by the increase in the binding energy 
of N 1s in RuPOP@MSNs by comparing with RGD-MSNs 
(Figure  2 b). However, under the acidic pH condition, protona-
tion of the amino groups would occur, and thus RuPOP was 
replaced and released into the solution, fi nally resulted in faster 
and higher drug release by comparing with that pH 7.4. The 
results also demonstrated that the RuPOP@MSNs can realize 
the sustained release and possibly show a longer blood-circula-
tion lifetime in human bodies.   

 2.4.     In Vitro Anticancer Activity of RuPOP@MSNs 

 This study aimed to use RGD peptide-conjugated MSNs as a 
carrier of RuPOP to overcome its drawbacks of low aqueous sol-
ubility, diffi culty in penetrating cell membrane and low selec-
tivity between cancer and normal cells to enhance its anticancer 

   Figure 5.    Intracellular localization and release of RuPOP@MSNs. a) Colocalization of RuPOP@MSNs (green fl uorescence), nucleus (blue fl uores-
cence), and lysosomes (red fl uorescence) in A375 cells. The cells was treated with 600 n M  RuPOP@MSNs for different periods of time and visualized 
under fl uorescence microscope. b) In vitro release profi les of RuPOP@MSNs in PBS at different pH values. 
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has been regarded as a central regulator of cell apoptosis, while 
caspase-8 and -9 act as initiators of extrinsic death receptor-
mediated and intrinsic mitochondria-mediated apoptotic path-
ways. Therefore, in this study, we examined the roles of caspase 
family proteases in the apoptosis initiated by RuPOP@MSNs. 
As shown in  Figure    7  , treatments of the cells with RuPOP@
MSNs led to dose-dependent activation of caspase-3, -8, and -10, 
but not caspase-9, which subsequently triggered the proteolytic 
cleavage of PARP, a characteristic hallmark of apoptosis. More-
over, the quantitative examination of caspase activities showed 
that RuPOP@MSNs evoked dose-dependent activation of cas-
pase-3 and -8, but not caspase-9, in A375 cells, indicating the 
involvement of extrinsic pathway in cell apoptosis. Moreover, 
the protein expression levels of Fas and TNFR-2, two death 
receptors required for activation of caspase-8/10, as well as 
their adapter protein FADD, were also up-regulated (Figure  7 d). 
RuPOP@MSNs also induced the truncation of Bid that could 
relay the apoptotic signal from the cell membrane into the 
cytosol. These results suggest that death receptor-mediated 
apoptotic pathway play an major role in apoptosis induced by 
RuPOP@MSNs, which is different from the free RuPOP that 
induces mitochondria-mediated apoptosis in cancer cells. [ 27 ]     

 2.7.     ROS Overproduction Activates p53, AKT, and MAPKs Pathways 

 ROS is a essential chemical signal that regulates the signaling 
network triggered by various anticancer agents, including 

 2.5.     Induction of Cancer Cell Apoptosis by RuPOP@MSNs 

 Apoptosis was the most crucial mechanism accounting for the 
anticancer action of RuPOP. [ 27 ]  Therefore, fl ow cytometry was 
used to examine the effects of MSNs on the action mechanisms 
of RuPOP. The representative DNA histograms clearly reveal 
that treatments of A375 cells with RuPOP@MSNs led to dose-
dependent increase of apoptotic cell death, as evidenced by the 
increase in sub-G1 cell population (Figure  6 c). The induction 
of cell apoptosis by the nanoparticles was further confi rmed by 
TUNEL-DAPI co-staining assay, which could detect apoptotic 
DNA fragmentation and nuclear condensation before mor-
phological change. As shown in Figure  6 d, after incubation 
with RuPOP@MSNs, A375 cells exhibited typical apoptotic 
features including DNA fragmentation, nuclear condensation 
and formation of apoptotic bodies. These results indicate that 
RuPOP@MSNs inhibit cancer cell growth mainly through 
induction of apoptosis.   

 2.6.     Activation of Extrinsic (Death Receptor-Mediated) Apoptotic 
Pathway by RuPOP@MSNs 

 Caspases family proteases are essential for the initiation and 
execution of cell apoptosis. [ 43 ]  Cleavage of specifi c caspases and 
activation of downstream signals are important cellular evens 
during apoptosis of diverse biological systems. [ 44 ]  Caspase-3 

   Figure 6.    Induction of apoptosis in cancer cells after by RuPOP@MSNs. a,b) Cytotoxic effects of RuPOP@MSNs on various human cancer and normal 
cells after 72-h incubation. Values expressed are means ± SD of triplicates. c) Flow cytometric analysis of A375 cells exposed to RuPOP@MSNs for 
24 h. d) DNA fragmentation and nuclear condensation induced by RuPOP@MSNs (24 h) as determined by TUNEL-DAPI co-staining assay. 
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induced differential effects on p38, JNK, ERK, and AKT in cells 
exposed to RuPOP@MSNs. The phosphorylation of pro-apop-
totic kinases p38 and JNK displayed a trend of up-regulation in 
a dose-dependent manner. In contrast, the phosphorylation of 
anti-apoptotic kinases ERK and AKT was effectively suppressed 
by RuPOP@MSNs. These results suggest that RuPOP@MSNs 
activate MAPKs and AKT pathways in cancer cells by regulating 
ROS generation. Following, we examined the effects of thiol-
reducing antioxidants, N-acetylcysteine (NAC) and glutathione 
(GSH), on the cell death and ROS level, to confi rm the impor-
tance of ROS in the anticancer action of RuPOP@MSNs. The 
results showed that NAC and GSH effectively inhibited the cell 
death (Figure  8 e and Figure S8, Supporting Information) and 
ROS generation (Figure  8 f) induced by RuPOP@MSNs, which 
confi rm the importance of ROS to the apoptosis induced by 
RuPOP@MSNs.    

 3.     Conclusions 

 In conclusion, we have described the design and synthesis 
of a cancer-targeted nanomaterials loaded with a novel Ru 
polypyridyl complex that endow the direct fl uorescence moni-
toring of the cellular uptake and localization of anticancer 
agents in cancer cells. Specifi cally, the RGD peptide surface 

cisplatin and Ru complexes. [ 28,45 ]  A number of apoptotic stimuli 
induce cancer cell death through ROS overproduction. [ 46 ]  Gen-
erally, excess ROS could attack various biological molecules, 
like proteins and DNA, leading to protein modifi cation and 
DNA damage, which could trigger cell apoptosis through var-
ious downstream signaling pathways, [ 47 ]  such as p53, ATM/
ATR, AKT and MAPKs pathways. [ 48 ]  Therefore, the ROS levels 
in cells exposed to RuPOP and RuPOP@MSNs was measured 
by DCF fl uorescence method. As shown in  Figure    8  b, treat-
ment of cells with RuPOP@MSNs led to a rapid increase in 
DCF fl uorescence intensity in a time-dependent manner, which 
is much higher than that of 1.6 μ M  free RuPOP. To check the 
involvement of p53 pathway in cell apoptosis, we examined the 
expression levels of total and phosphorylated p53 in treated 
cells. As shown in Figure  8 c, RuPOP@MSNs triggered the ele-
vation of total p53 and its phosphorylation at Ser 15 site. The 
protein levels of p21Waf1, p-ATM, p-ATR, p-Chk2, p-BRCA1, 
and Ser139-Histone H2A.X (a DNA damage marker) were also 
increased in cells exposed to RuPOP@MSNs. Taken together, 
these results suggest that ROS-activated p53 phosphorylation is 
essential for apoptosis triggered by RuPOP@MSNs.  

 Due to the importance of MAPKs and AKT in the action of 
anticancer drugs, we examined the protein expression levels 
of total and phosphorylated MAPKs and AKT in cells treated 
with RuPOP@MSNs. As shown in Figure  8 d, RuPOP@MSNs 

   Figure 7.    Activation of extrinsic apoptotic pathway by RuPOP@MSNs. a) Schematic illustration of death receptor-mediated apoptosis induced by 
RuPOP@MSNs in cancer cells. b) Activation of caspase family members in RuPOP@MSNs-induced apoptosis. c) Quantitative analysis of caspase 
activation triggered by RuPOP@MSNs. Cells were treated with RuPOP@MSNs for 24 h. Signifi cant difference between treatment and control groups 
is indicated at * P  <0.05, ** P  < 0.01 level. d) Western blot analysis of expression levels of the death receptors after treated by RuPOP@MSNs. The data 
shown here are representative of four independent experiments with similar results. 
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cancer cell apoptosis through regulation of AKT and MAPKs 
signaling pathways. We anticipate that, this study may provide 
an effective strategy for the design and development of cancer-
targeted agents that could achieve enhanced cellular uptake and 
anticancer effi cacy.   

 4.     Experimental Section 
  Synthesis of RuPOP@MSNs : The MSNs particles were synthesized 

according to previous procedures with modifi cation. [ 6 ]  Briefl y, 2.0 g of 
the CTAC (Hexadecyl trimethyl ammonium chloride) were dissolved 

decoration effectively enhances the cellular uptake of RuPOP@
MSNs through receptor-mediated endocytosis, and improves 
the selectivity between cancer and normal cells. RuPOP@
MSNs exhibits unprecedented enhanced cytotoxicity toward 
cancer cells overexpressing integrin receptor. The death 
receptor-mediated extrinsic pathway is essential for the apop-
tosis induced by RuPOP@MSNs. The internalized RuPOP@
MSNs could release free Ru complex into the cytoplasm. The 
intracellular RuPOP triggers ROS overproduction, which could 
attack DNA in the nucleus and induce DNA damage-mediated 
p53 phosphorylation. In addition, ROS generation promotes 

   Figure 8.    Activation of intracellular apoptotic signaling pathways by RuPOP@MSNs. a) Proposed apoptotic signaling pathways triggered by RuPOP@
MSNs in A375 cells. b) Overproduction of ROS in A375 cells exposed to RuPOP@MSNs and RuPOP. c) Activation of p53 signaling pathway by 
RuPOP@MSNs. d) Effects of RuPOP@MSNs on the phosphorylation status and expression levels of MAPKs and AKT pathways. Cells were treated 
with different concentrations of RuPOP@MSNs for 24 h. e) Effects of NAC on cell growth inhibition induced by RuPOP@MSNs. Cells were pretreated 
with NAC for 2 h and then exposed to 0.1 μ M  RuPOP@MSNs for 24 h. Cell viability was determined by MTT assay. f) Effects of NAC on intracellular 
ROS generation induced by RuPOP@MSNs. Cells were pretreated with NAC for 2 h and then exposed to 0.1 μ M  RuPOP@MSNs for 1 h. All results 
were obtained from three independent experiments. Bars with different characters (a, b and c) are statistically different at  P  < 0.05 level. 
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described. [ 51 ]  Apoptotic cells with hypodiploid DNA content were 
measured by quantifying the sub-G1 peak in the cell cycle pattern. 

  TUNEL and DAPI Co-Staining Assay : DNA fragmentation and nucleus 
condensation induced by RuPOP@MSNs in cancer cells were examined 
by TUNEL-DAPI co-staining assay. [ 50 ]  

  Measurement of Intracellular Reactive Oxygen Species (ROS) Generation : 
The effects of RuPOP@MSNs on intracellular ROS generation in A375 
cells were monitored by DCF-DA assay. [ 52 ]  The intracellular ROS level 
was examined under a microplate reader (SpectraMax M5, MD) with the 
excitation and emission wavelengths at 479 and 599 nm, respectively. 

  Determination of Caspase Activity : Caspase activity was measured as 
previously described by using specifi c caspase-3, -8, -9 substrates. [ 52 ]  

  Western Blot Analysis : The effects of RuPOP@MSNs on the expression 
levels of proteins associated with different signaling pathways were 
examined by Western blot analysis. [ 52 ]  

  Statistics Analysis:  All the data are expressed as mean ± standard 
deviation. Differences between the control and the experimental groups 
were analyzed by two-tailed Student’s test. One-way analysis of variance 
(ANOVA) was used in multiple group comparisons. Statistical analysis 
was performed using SPSS statistical program version 13 (SPSS Inc., 
Chicago, IL). Difference with  P  < 0.05 (*) or  P  < 0.01 (**) was considered 
statistically signifi cant.  

  Supporting Information 
 Supporting Information is available online from the Wiley Online Library 
or from the author. The surface area, pore volume and pore size of 
MSNs and RuPOP@MSNs (Table S1), size distribution of MSNs and 
RuPOP@MSNs (Figure S1), FT-IR spectra of the MSNs-RGD and 
RGD (Figure S2), conjugation of RGD peptide to MSNs as examined 
by BCA assay (Figure S3), comparison of the fl uorescent spectra of 
RuPOP and RuPOP@MSNs (Figure S4), comparison of the cytotoxic 
effects of RuPOP@MSNs and RuPOP on various human cancer 
cells after treatments for 72 h (Figure S5), dose- and time-dependent 
growth inhibitory effects of RuPOP@MSNs on A375 and MCF-7 cells 
(Figure S6), effects of RGD-MSNs on the growth of various cancer and 
normal cells (Figure S7), and the effects of GSH on cell growth inhibition 
induced by RuPOP@MSNs (Figure S8).  
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in 20 mL water. Then added 50 μL of TEA (triethanolamine) into the 
mixed solution and then stirred 1 h at 95 °C. Then 1.5 mL of the TEOS 
(tetraethyl orthosilicate) was dropwise added in the mixed solution 
and then stirred for another 1 h. The products were collected by 
centrifugation and then refl uxed in HCl/methanol for 6 h to remove the 
template CTAC. The MSNs was then collected by centrifugation and 
vacuum drying. 

 To obtain the MSNs-NH2 particles, 1.0 g of the MSNs particles was 
added to 50 mL of toluene. Then 1.0 mL of APTES ((3-aminopropyl)
triethoxysilane) was dropwise added in the mixed solution and then 
refl uxed for 24 h. The mixture was then extensively washed with toluene 
and ethanol and then vacuum drying. MSNs-SMP was then prepared by 
addition of 0.1 g of the MSNs-NH2 particles to the solution of the SMP 
with stirring for 24 h at room temperature. The obtained MSNs-SMP was 
added into 5 mL RGD solution and stirred 24 h. MSNs-RGD was then 
collected by centrifugation and vacuum drying. To obtain the RuPOP@
MSNs particles, 50 mg of the MSNs-RGD particles was added to 5 mL 
of the RuPOP solution. The mixed solution was stirred for 48 h at room 
temperature, and then collected by centrifugation and vacuum drying. 
The concentration of RuPOP in the nanomaterials was determined by 
ICP-MS analysis. 

  Characterization of RuPOP@MSNs : The obtained product of the 
RuPOP@MSNs was characterized by transmission electron microscopy 
(TEM), scanning electron microscopy (SEM), Zetasizer particle 
size analysis, fourier transform infrared spectra (FT-IR), UV-visible 
spectroscopy, fl uorescence spectroscopy and nitrogen adsorption-
desorption technology. The samples for TEM analysis were prepared 
by dispersing RuPOP@MSNs onto the holey carbon fi lm on copper 
grids. The micrographs were obtained on Hitachi H-7650 system with 
acceleration voltage set at 80 kV. SEM analysis was carried out on an 
EX-250 system (Horiba). FT-IR was recorded on a FT-IR spectrometer 
(Equinox 55, Bruker) in the range 4000–500 cm −1 . The Zeta potential 
and size distribution of the nanoparticles was analyzed on a Nano-ZS 
instrument (Malvern Instruments Limited). Nitrogen adsorption-
desorption isotherms were obtained using a NOVA 4200e surface area 
analyzer (Quantachrome) at –196 °C under continuous adsorption 
conditions. 

  In Vitro Drug Release of RuPOP@MSNs : Briefl y, 10 mg of RuPOP@
MSNs powder was suspended in 10 mL of PBS at pH values of 7.4 
and 5.3 with constant shaking at 37 °C in glass tube. After different 
incubation time, 0.5 mL of the supernatant was taken out from the glass 
tube and the same volume of fresh PBS was replaced. All samples were 
determined by fl uorescence intensity with the excitation and emission 
wavelengths set at 479 and 599 nm, respectively. 

  Cell Culture and MTT Assay : Human cancer cell lines, including 
A375 melanoma cells, MCF-7 breast adenocarcinoma cells, HepG2 
hepatocellular carcinoma cells, HepG2 drug resistance in hepatocellular 
carcinoma cells, and Neuro-2a mouse neuroblastoma cells, and HK-2 
human proximal tubular cells were purchased from American Type 
Culture Collection (ATCC, Manassas, VA). The cells were cultured in 
DMEM media with 10% fetal bovine serum, 100 units mL −1  penicillin 
and 50 units/ml streptomycin at 37 °C in CO2 incubator (95% relative 
humidity, 5% CO2). Cell viability was determined by measuring by MTT 
assay. [ 49 ]  

  In Vitro Cellular Uptake of RuPOP@MSNs : Quantitative analysis of 
the cellular uptake of RuPOP@MSNs after different treatments was 
carried out as previously described. [ 50 ]  Fluorescence microplate reader 
(SpectraMax M5, MD, USA) was used to measure the fl uorescence 
intensity of RuPOP with excitation and emission wavelengths set at 479 
and 599 nm, respectively. The cellular uptake effi ciency was expressed as 
the percentage of nanoparticles adsorbed over that added. 

  Real-Time Live Cell Mornitoring : Real-time imaging of the cellular 
uptake and localization of RuPOP@MSNs was carried by living cell 
imaging technique under a monochromatic CoolSNAP FX camera 
(Roper Scientifi c, USA) and analysed by using AxioVision 4.2 software 
(Carl Zeiss). [ 50 ]  

  Flow Cytometric Analysis : The effects of RuPOP@MSNs on the 
cell cycle distribution were analyzed by fl ow cytometry as previously 
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