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most common formulations, which could 
effi ciently carry siRNA through electro-
static interactions and show promising 
effi cacy in cancer therapy. [ 7–14 ]  These 
nano-delivery systems can accumulate in 
solid tumors through the enhanced per-
meability and retention (EPR) effect, sub-
sequently be taken up by the tumor cells, 
and then further suppress tumor growth 
by specifi cally silencing the expression of 
oncogenes. [ 15,16 ]  Numerous researchers 
have been heavily focused on the syn-
thesis of novel nanomaterials for siRNA-
based therapeutics. [ 17–21 ]  However, poor 
understanding of the correlation between 
the physicochemical properties of nano-
carriers and their interactions with bio-
logical systems has signifi cantly hindered 
their anticancer effi cacy. To achieve supe-
rior anticancer activities, it is essential 
to investigate this correlation in order to 
establish principles for the rational design 
of nanocarriers for siRNA-based therapeu-
tics. Unfortunately, relevant researches 
have been rarely reported. 

 To date, many groups have demonstrated how the phys-
icochemical properties of nanodelivery systems of small 
molecular chemotherapeutic drugs interact with biological 
systems, including their size, shape, surface charge, and sur-
face coating. [ 22–26 ]  As a part of this effort, previous studies 
have shown that the size of the delivery system had a critical 
effect on its in vivo fate, including clearance, biodistribution, 
cellular uptake, penetration, and overall therapeutic effi cacy 
against cancers. [ 27–30 ]  Kataoka and Cheng’s groups separately 
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  1.     Introduction 

 Since the discovery of RNA interference by Fire et al., [ 1 ]  small 
interfering RNA (siRNA) has emerged as a powerful thera-
peutic agent for cancer therapy because of its ability to silence 
specifi c genes rapidly and effi ciently. [ 2–4 ]  Up to now, a number 
of nanocarriers capable of systemic delivery of siRNA to tumor 
tissues and cells in vivo have been described. [ 5,6 ]  Among these 
delivery systems, positively charged nanoparticles were the 
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demonstrated that 50 nm nanoparticles could be the optimal 
size nano-delivery system for small molecular chemothera-
peutic drugs. [ 31,32 ]  To demonstrate this, both groups used 
neutral nanodelivery systems to avoid interference by surface 
charge, which could mean the determined optimal size for 
chemotherapeutic drugs was not appropriate for positively 
charged delivery systems for siRNA. Therefore, it is still essen-
tial to determine the optimal size of siRNA-based nanocarriers 
for cancer therapy. 

 In this study, we used multiple preparations of cationic 
mixed micellar nanoparticles (MNPs) that possessed identical 
physiochemical properties, except for size in order to investi-
gate optimal size for cancer therapy. On the basis of current 
knowledge and other reports, the optimum nanoparticle size 
for cancer therapy is between about 20 and 200 nm. Thus, to 
investigate the optimal size of nanocarriers for siRNA delivery, 
MNP sizes of 40, 90, 130, and 180 nm were developed by the 
rational design. After loaded siRNA, these differently sized 
MNP/siRNAs exhibited similar key phys-
icochemical properties, including shape, zeta 
potentials, stability, and siRNA release rate, 
leaving size as the only variable to be studied 
for size effect. We systematically and compre-
hensively evaluated the size effect of these 
MNP/siRNAs on circulation, internalization, 
retention, and overall antitumor effi cacy. Our 
results clearly demonstrated that the size of 
nanocarriers used for siRNA delivery plays 
a critical role in determining their biological 
properties and antitumor activity.  

  2.     Results and Discussion 

  2.1.     Preparation and Characterization of 
Different Sized Cationic MNPs 

 We have previously demonstrated that cati-
onic mixed micellar nanoparticles (MNPs) 
self-assembled from two diblock copolymers 
of poly(ε-caprolactone)- b -poly(2-aminoethyl 
ethylene phosphate) (PCL- b -PPEEA) and 
poly(ethylene glycol)- b -poly(ε-caprolactone) 
(mPEG- b -PCL) were capable of binding 
siRNA to form a micelle/siRNA complex. [ 33 ]  
Herein, in order to prepare different sized 
MNPs for siRNA delivery, we prepared the 
nanoparticles by a dialysis method using a 
mixture of mPEG- b -PCL, PCL- b -PPEEA, and 
the PCL homopolymer; the molar ratio of 
mPEG- b -PCL and PCL- b -PPEEA was fi xed 
at 1.5:1.0, and that of the PCL homopol-
ymer was gradually increased (Figure S1, 
Supporting Information). As shown in 
Figure S2 (Supporting Information), the 
particle volume of the MNPs, which was 
calculated according to the formula: par-
ticle volume (mm 3 ) = 1/6 × π × diameter 3 , 
increased linearly with the molar ratio 

of [PCL] from the PCL homopolymer/[PCL], mPEG- b -PCL, 
and PCL- b -PPEEA. Thus, different sized MNPs could be pre-
pared by this method and MNPs with diameters of 40, 90, 
130, to 180 nm were obtained for the subsequent experiments 
( Figure    1  A). These MNPs were denoted as MNP-40, MNP-90, 
MNP-130, and MNP-180, respectively. In addition, the poly-
dispersity index (PDI) of these MNPs was 0.193, 0.085, 0.124, 
and 0.111, respectively, indicating narrow size distribution of 
the obtained MNPs. The transmission electron microscope 
(TEM) images of these MNP (Figure S3, Supporting Infor-
mation) show the micelles took on a classic spherical micelle 
structure, indicating the similar shapes of the different MNP 
preparations.  

 To demonstrate the critical micellization concentrations 
(CMC) of the different sized MNPs, the excitation spectra of 
pyrene were measured with increased concentration of MNPs 
according to a previously reported method. [ 34 ]  As shown in 
Figure S4 (Supporting Information), these MNPs presented 
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 Figure 1.    A) Dynamic light scattering measurements of cationic mixed micellar nanoparticles. 
B) Binding affi nity of different sized MNPs to siRNA at different N:P ratios demonstrated by 
gel retardation assay. C) Changes in size of the MNP/siRNAs following incubation with DMEM 
containing 10% FBS. D) Cumulative amount of siRNA released from different sized MNPs.
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similar CMCs (all around 8.0 mg L −1 ). In addition, even at the 
higher concentrations, these MNPs did not exhibit signifi cant 
cytotoxicity to the cancer cells (Figure S5, Supporting Informa-
tion), indicating the toxicity of the MNPs would not interfere 
with the in vitro and in vivo results. 

 The cationic MNP-40, MNP-90, MNP-130, and MNP-180 all 
showed similar zeta potentials, ranging from 32.3 to 40.2 mV, 
which allows for the binding of siRNA. As demonstrated by 
a gel retardation assay, effi cient siRNA binding to these cati-
onic MNPs (Figure  1 B) occurred at a molar ratio of the PPEEA 
nitrogen to the siRNA phosphate (N:P) of 5:1. To obtain sim-
ilar zeta potentials in the siRNA-loaded MNPs, the siRNA was 
loaded at an N:P ratio of 10:1 for the subsequent experiment. 
Note that the average size of each MNP was almost unchanged 
(Figure S6, Supporting Information) after siRNA loading. And, 
after incubation in DMEM medium with 10% fetal bovine 
serum (FBS) at 37 °C, different sized MNP/siRNAs maintained 
their diameters for over 24 h (Figure  1 C), indicating the excel-
lent colloidal stability of the different sized MNP/siRNAs. In 
addition, to demonstrate the size effect on siRNA release rate, 
fl uorescent FAM-labeled siRNA was used and the FAM-siRNA 
concentration in the supernatant was analyzed according to the 
previously reported method. [ 35 ]  As shown in Figure  1 D, within 
the initial 12 h, the siRNA release rate increased as the diam-
eter of the MNP/siRNAs increased. After 48 h incubation in 
phosphate buffer saline (PBS), the released siRNA from the 

MNP/siRNA all reached ≈80%, showing a similar total release. 
The above results demonstrated that these differently sized 
MNPs with siRNA loading exhibited similar physicochem-
ical properties, including shape, zeta potentials, stability, and 
siRNA release rate.  

  2.2.     Increasing the Size of MNP/siRNAs Enhances the Cellular 
Uptake of siRNA 

 To demonstrate the size effect of the siRNA-loaded MNPs on 
cellular uptake, MDA-MB-231 tumor cells were incubated 
with different sized MNP/siRNAs. Fluorescent FAM-labeled 
siRNA (green fl uorescence) was used to highlight the nanopar-
ticles. After 6 h of incubation, we counterstained cytoskeletal 
F-actin and the cell nuclei with Alexa Fluor 568 phalloidin and 
6-diamidino-2-phenylindole (DAPI), respectively. As shown in 
 Figure    2  A, the cells incubated with MNP-180/siRNA exhib-
ited much stronger intracellular green fl uorescence signals in 
the cytoplasm compared to the cells treated with other sized 
MNP/siRNAs, and the result indicated that cellular uptake of 
the MNP/siRNAs increased with increasing size. This size-
dependent cellular uptake was further corroborated by fl ow 
cytometry analyses. As shown in Figure  2 B, after incubation 
for 6 h, the intensity of intracellular fl uorescence after incu-
bation with MNP-180 was signifi cantly stronger than those of 
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 Figure 2.    A) Confocal laser scanning microscope (CLSM) images of cellular uptake of different sized MNP/FAM-siRNAs (N:P = 10:1) (green) in MDA-
MB-231 cells after 6 h of incubation. Cytoskeletal F-actin (red) and cell nuclei (blue) were counterstained with Alexa Fluor 568 phalloidin and DAPI, 
respectively. B) Flow cytometric analyses of MDA-MB-231 cells after 6 h of incubation with different sized MNP/FAM-siRNA complexes. C) Total siRNA 
accumulation in MDA-MB-231 cells after incubation with different sized MNP/FAM-siRNAs for 6 h. The fi nal concentration of FAM-siRNA in the culture 
medium was 200 × 10 −9   M  in the experiments. * p  < 0.05, ** p  < 0.01 ( n  = 3).
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MNP-40 and MNP-90 ( P  < 0.01), and slightly stronger than 
that of MNP-130 ( P  < 0.05) (Figure  2 B). Moreover, to precisely 
determine the amount of intracellular siRNA following incu-
bation with different sized MNP/siRNAs, we established a 
quantitative method to detect the intracellular siRNA. After 6 h 
of incubation, the cells were lysed with 1% Triton X-100 and 
the supernatants were collected for high-performance liquid 
chromatography (HPLC) analyses according to our previously 
reported method. [ 36 ]  As shown in Figure  2 C, the amount of 
intracellular FAM-siRNA following incubation with MNP-40, 
MNP-90, MNP-130, and MNP-180 was 1.25 ± 0.12 pmol/mil-
lion cells, 1.64 ± 0.03 pmol/million cells, 2.43 ± 0.01 pmol/mil-
lion cells, and 2.83±0.07 pmol/million cells, respectively. This 
phenomenon was consistent with the confocal laser scanning 
microscopy (CLSM) and fl ow cytometry results, indicating that 
uptake of the siRNA by MDA-MB-231 tumor cells increased 
with increasing size of the MNP/siRNAs.   

  2.3.     Larger MNP/siRNAs Utilize an Additional Endocytosis 
Pathway 

 To understand the reason behind size-dependent cellular 
uptake, we next determined the entry mechanism of these 
MNP/siRNAs. It has been reported that endocytosis is the major 
means via which nanoparticles enter cells, which is an energy-
dependent mechanism. [ 37–39 ]  As shown in  Figure    3  , incubating 
different sized MNP/siRNAs with MDA-MB-231 cells at 4 °C 
signifi cantly inhibited the cellular uptake of all nanoparticles, 
suggesting that endocytosis is the main cellular uptake pathway 
for these different sized MNP/siRNAs. Furthermore, to dis-
criminate among distinct endocytosis pathway subcategories 
(including clathrin-mediated endocytosis, caveolae-mediated 
endocytosis, macro-pinocytosis), we used different inhibitors 
and then examined the intracellular FAM-siRNA fl uorescence 
intensity. As shown in Figure  3 , inhibition of clathrin-mediated 

endocytosis with sucrose signifi cantly decreased intracellular 
FAM-siRNA fl uorescence intensity for all the different sized 
MNP/siRNAs (reductions up to ≈70%). Pretreatment of the 
cells with fi lipin, a specifi c inhibitor of caveolae-dependent 
endocytosis, prior to incubation with MNP/siRNAs also had 
a signifi cant impact on their uptake by MDA-MB-231 cells, 
resulting in 16.0%, 15.1%, 30.4%, and 41.8% reductions for 
MNP-40/siRNA, MNP-90/siRNA, MNP-130/siRNA, and MNP-
180/siRNA, respectively. However, inhibiting macropinocy-
tosis with wortmannin did not decrease the cellular uptake of 
MNP-40/siRNA and MNP-90/siRNA, while intracellular fl uo-
rescence following incubation with MNP-130/siRNA and MNP-
180/siRNA was decreased by 61.2% and 64.2%, respectively. 
These results reveal that the smaller nanoparticles MNP-40/
siRNA and MNP-90/siRNA were internalized by MDA-MB-
231 cells via clathrin and caveolae-dependent endocytosis but 
not macropinocytosis. In contrast, the larger sized MNP-130/
siRNA and MNP-180/siRNA were also able to enter into cells 
by the macropinocytosis pathway. Thus, all three endocytotic 
pathways are involved in the uptake of MNP-130/siRNA and 
MNP-180/siRNA, with micropinocytosis being the major one, a 
fact that may contribute to size-dependent cellular uptake.   

  2.4.     Increased Size of MNP/siRNAs Enhances Gene Silencing 
Effi ciency and Promotes Cell Apoptosis In Vitro 

 The enhanced cellular uptake of the larger MNP/siRNA may be 
accompanied by an improved silencing effi ciency of target gene 
expression in the tumor cells. To demonstrate this, polo-like 
kinase 1 (Plk1), which is a well-known key regulator of mitotic 
progression in mammalian cells and is high-expressed in many 
cancer cells, was selected as the oncogenic target. [ 40,41 ]  MDA-
MB-231 cells were incubated with each different sized MNP 
carrying 200 × 10 −9   M  siPlk1 (MNP/siPlk1) for 24 h, and Plk1 
gene expression was analyzed by quantitative real-time poly-
merase chain reaction (qRT-PCR). As shown in  Figure    4  A, the 
free siPlk1 did not downregulate Plk1 expression, while the pos-
itive control Lipofectamine RNAiMAX was able to signifi cantly 
downregulate PLK1 expression, to 41.1%. Meanwhile, each of 
the different sized MNP/siPlk1 could effi ciently downregu-
late Plk1 gene expression in MDA-MB-231 cells. As expected, 
the gene silencing effi ciency of the MNP/siPlk1 was size-
dependent; increasing the size of the MNP/siPlk1 enhanced 
the inhibition of gene expression. For example, MNP-40/siPlk1 
and MNP-90/siPlk1 only showed 30.5 ± 3.4% and 37.0 ± 1.5% 
down-regulation of PLK1 mRNA expression, while MNP-130/
siPlk1 and MNP-180/siPlk1 exhibited signifi cantly improved 
gene silencing effi ciency, achieving 42.2 ± 4.2% and 53.4 ± 
1.9% down-regulation, respectively. In addition, it is note-
worthy that none of the MNPs carrying siN.C. downregulated 
Plk1 protein expression (Figure S7A, Supporting Information), 
indicating that nonspecifi c gene silencing did not occur. Fur-
thermore, western blot analyses were used to detect Plk1 pro-
tein levels after the cells were incubated for 48 h, and a similar 
size-dependent gene silencing phenomenon was detected in 
down-regulation of PLK1 protein expression (Figure  4 B and 
Figure S7B, Supporting Information). The results demonstrated 
that increasing the size of the MNP/siRNA could signifi cantly 
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 Figure 3.    Flow cytometric analyses of the intracellular fl uorescence 
intensity in MDA-MB-231 cells after 6 h of incubation with different sized 
MNP/siRNAs. Cells were incubated either at 37 °C (control) or at 4 °C. 
Prior to incubation with MNP/siRNAs at 37 °C, cells were pretreated with 
sucrose, fi lipin, or wortmannin.
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improve the target gene silencing effi ciency in MDA-MB-231 
cells, which was consistent with the improved siRNA internali-
zation seen as a result of the increased size of the MNP/siRNA 
(Figure  2 ).  

 The inhibition of Plk1 expression in tumor cells induced cell 
apoptosis and suppressed cell proliferation. [ 42 ]  The enhance-
ment of Plk1 gene silencing effi ciency by increasing the size 
of the MNP/siRNA might result in an elevated induction of 
cell apoptosis and suppression of cell proliferation. To demon-
strate this, after incubation with the above-mentioned formu-
lations, apoptosis and proliferation were analyzed by annexin 
V-FITC/PI staining and colony formation assay, respectively. As 
shown in Figure  4 C, the percentage of cells suffering apoptosis 
(including early apoptotic cells and fully apoptotic cells) after 
treatment with MNP-40/siPlk1, MNP-90/siPlk1, MNP-130/
siPlk1, or MNP-180/siPlk1 was 16.92%, 28.40%, 32.30%, and 
45.80%, respectively. On the contrary, treatment of MDA-MB-
231 cells with differently sized MNP/siN.C. or free siPlk1 did 
not induce remark apoptosis when compared with PBS group. 
Similarly, no signifi cant inhibition of cells proliferation was 
observed upon treatment with free siPlk1 or the different sized 

MNP/siN.C, while different sized MNP/siPlk1 signifi cantly 
inhibited the growth of MDA-MB-231 cells in a size-dependent 
manner (Figure  4 D). Therefore, based on the above results 
(from Figures  2  to  4 ), it can be summarized that the increased 
size of MNP/siRNA enhanced cellular uptake by endocytosis 
in MDA-MB-231 cells, thus improving the gene silencing effi -
ciency and subsequently enhancing the inhibition of cell prolif-
eration and elevating cell apoptosis.  

  2.5.     90 nm MNP/siRNAs Exhibit the Best Gene Silencing 
Effi ciency and Highest Antitumor Effi cacy 

 According to the results of the cell experiments, we speculated 
that treatment with different sized MNP/siRNA should show 
size-dependent antitumor effi cacies in a tumor model. To dem-
onstrate this, MDA-MB-231 tumor-bearing mice were randomly 
divided into different groups and treated with PBS, free siPlk1, 
and different sized MNP/siPlk1 or MNP/siN.C. at an siRNA 
dose of 10 µg per injection every other day. The most effi cient 
tumor inhibition was detected after intravenous injection of 
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 Figure 4.    A,B) Expression of Plk1 mRNA A) and protein B) in MDA-MB-231 cells following incubation with different formulations. C) Induction of 
apoptosis in MDA-MB-231 cells following incubation with different formulations. Early apoptotic cells are shown in the lower right quadrant and 
late apoptotic cells are shown in the upper right quadrant. Cell apoptosis after treatment with other controls is given in the Supporting Information 
(Figure S7). D) Inhibition of cell proliferation in MDA-MB-231 cells after treatment with different sized MNP/siRNAs for 72 h. The number of colonies 
was used as a measure of cell proliferation. The fi nal concentration of siPlk1 in the culture medium was 200 × 10 −9   M  in the experiments. Lipo/siPlk1 
(positive control) represents complexes of LipofectamineiMAX with siPlk1 (50 × 10 −9   M ), and free siPlk1 (200 × 10 −9   M ) was used as a negative control. 
* p  < 0.05, ** p  < 0.01 ( n  = 3).
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MNP-90/siPlk1, and tumor growth was moderately inhibited 
by intravenous injection of MNP-40/siPlk1, MNP-130/siPlk1, 
and MNP-180/siPlk1 ( Figure    5  A,B). This result was a surprise 
because gene silencing effi ciency and cell apoptosis were mod-
erate for MNP-90/siPlk1. To further confi rm this result, Plk1 
expression at the mRNA and protein levels in the tumors were 
analyzed by RT-PCR and Western blot analyses, respectively, 
following the treatment. As shown in Figure  5 C, after treat-
ment with MNP-40/siPlk1, MNP-90/siPlk1, MNP-130/siPlk1, 
and MNP-180/siPlk1, Plk1 mRNA levels showed a 32.0 ± 
10.0%, 60.6 ± 3.8%, 41.7 ± 4.2%, and 52.1 ± 3.1% reduction, 
respectively, when compared to the level in tumors following 
treatments with PBS. Moreover, the Plk1 protein displayed a 
consistent knockdown effi ciency in each group. As shown in 
Figure  5 D, only slight down-regulation of Plk1 protein expres-
sion was detected after administration of MNP-40/siPlk1 and 
MNP-130/siPlk1. However, the most signifi cant downregula-
tion of Plk1 protein expression occurred when the mice were 
treated with the MNP-90/siPlk1, which was further confi rmed 
by immunohistochemistry analyses of Plk1 protein in the 
tumor tissue (Figure S8, Supporting Information). Moreover, 
cell proliferation and apoptosis in the tumor tissues were ana-
lyzed by immunohistochemical staining after the treatment. 
As shown in Figure S8 (Supporting Information), treatment 
with MNP-90/siPlk1 was demonstrated to be the most effec-
tive formulation in reducing the percentage of proliferating 
Ki67-positive tumor cells and increasing TUNEL-positive tumor 
cells, indicating the optimal effi ciency of the MNP-90/siPlk1 

treatment in inducing apoptosis and inhibiting tumor cell pro-
liferation. The above results demonstrated that MDA-MB-231 
tumors in mice treated with MNP-90/siPlk1 exhibited the best 
antitumor effects, due to the preparation’s improved Plk1 gene 
silencing effi ciency resulting in its greatest effi ciency in induc-
tion of tumor apoptosis.   

  2.6.     90 nm MNPs Show the Optimal Balance of Prolonged 
Circulation and Cellular Uptake by Tumor Cells, Thus Exhibiting 
the Highest Retention in Tumors 

 The size effect of MNP/siRNA on antitumor effi cacies showed 
differences when compared with the in vitro results, due to the 
different gene silencing effi ciencies of these MNP/siRNAs in 
vitro and in vivo. The in vitro gene silencing effi ciency indi-
cated that increasing the size of the MNP/siRNA leads to 
improved target gene silencing effi ciency due to the enhanced 
cellular uptake. However, among these MNP/siRNAs, treat-
ment with the MNP-90/siPlk1 exhibited the best Plk1 gene 
silencing effi ciency in tumors, which may be because siRNA 
carried by MNP-90 was taken up most effi ciently by tumor 
cells in vivo after systemic delivery. As reported, the circulation 
and accumulation of nano-drug delivery systems following sys-
temic administration are a prerequisite for cellular uptake by 
the tumor cells via endocytosis. Therefore, the circulation and 
accumulation of these MNP/siRNAs might be the main fac-
tors resulting in their different anticancer effi ciencies in vitro 
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 Figure 5.    A) Inhibition of tumor growth in a murine model with MDA-MB-231 xenografts after treatment with various formulations ( n  = 6). B) Images 
of MDA-MB-231 xenograft tumors at the end of the treatment. C,D) Expression of Plk1 mRNA C) and protein D) in tumors analyzed 24 h after the 
fi nal injection. MDA-MB-231 xenograft tumor-bearing mice received one intravenous injection every day from the 14th day postxenograft implantation 
onward in all of the experiments. The dose of siRNA was 10 µg per injection every other day. * p  < 0.05, ** p  < 0.01 ( n  = 6).
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and in vivo. To verify this speculation, the pharmacokinetics 
and accumulation of these MNP/siRNAs were examined. After 
intravenous injection of the MNP/siRNAs, blood was collected 
at 0 min, 10 min, 20 min, 30 min, 1 h, 2 h, 6 h, 12 h, and 24 h, 
and the plasma siRNA concentration was determined by HPLC 
according to our previously reported method. [ 43 ]  As shown in 
 Figure    6  A, free siRNA was eliminated rapidly after intrave-
nous injection. Among the MNP/siRNAs, the size-dependence 
of clearance was evident; with MNP-40/siRNA ( T  1/2 : 47.19 ± 
15.82 h) possessing the longest half-time in blood circulation, 
MNP-90/siRNA ( T  1/2 : 28.73 ± 2.26 h) having a slightly reduced 
blood circulation, and the MNP-130/siRNA ( T  1/2 : 16.66 ± 
1.70 h) and MNP-180/siRNA ( T  1/2 : 18.78 ± 5.82 h) being 
cleared away more rapidly compared with MNP-40/siRNA and 
MNP-90/siRNA. Meanwhile, the MNP-90/siRNA nanoparticles 
most signifi cantly increased the area under the curve (AUC) 
in blood, which was 2.39-fold greater compared to MNP-180/
siRNA. This size-dependent clearance may be due to increased 
uptake by macrophages (Figure S9, Supporting Information) as 
the size of the MNP/siRNA increased.  

 Furthermore, to demonstrate the size effect on accumula-
tion in vivo, we examined the biodistribution of siRNA in the 

tumor following intravenous injection of the above-mentioned 
formulations into nude mice bearing the MDA-MB-231 tumor 
model. The distribution was analyzed after 12, 24, and 48 h 
postadministration through the fl uorescence signal collected by 
a Xenogen IVIS Lumina system. As shown in Figure  6 B, the 
MNP-90/siRNA showed the highest accumulation in tumors at 
all time points, followed by MNP-180/siRNA, MNP-130/siRNA, 
and MNP-40/siRNA. This result does not seem to be consistent 
with the circulation of these MNP/siRNAs. It seems reasonable 
that delivery of siRNA with MNP-40 should show the highest 
siRNA accumulation in tumors because it prolonged the cir-
culation time of the siRNA most effi ciently (Figure  6 A). How-
ever, it should be noted that although the smaller sized MNP/
siRNAs resulted in an increased amount of siRNA circulating 
within the tumor interstitials due to avoiding uptake by mac-
rophages (Figure S9, Supporting Information), the smaller size 
of these MNP/siRNAs also meant they were less readily taken 
up by tumor cells, but rather were subsequently eliminated 
by the lymphatic system. Therefore, there must be a balance 
between the cellular uptake of the different sized MNP/siRNAs 
and their circulation, and 90 nm MNPs are the optimal size for 
these siRNA-loaded nanoparticles. Thus, the greatest amount of 
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 Figure 6.    A) Plasma siRNA concentration versus time after intravenous injection of different sized MNP/siRNAs and free siRNA at a dose of 40 µg per 
mouse (mean ± SD,  n  = 4). B) Distribution of Cy5-siRNA in MDA-MB-231 xenograft-bearing mice after 12, 24, and 48 h postadministration of different 
formulations. The injected dose of Cy5-siRNA was 40 µg per mouse. C) Mean fl uorescence intensity (MFI) of Cy5-siRNA in GFP-expressing MDA-MB-
231 cells that were separated from tumor tissue. Different sized MNP/Cy5-siRNAs, or equivalent free Cy5-siRNA (40 µg per mouse), were intravenously 
administered and the GFP-expressing MDA-MB-231 cells were isolated for fl ow cytometric analyses. * p  < 0.05, ** p  < 0.01 ( n  = 6).
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siRNA was delivered to tumor cells following intravenous injec-
tion of MNP-90/siRNAs. 

 To demonstrate this, we further detected the amount of intra-
cellular siRNA in vivo in a murine model of GFP-expressing 
MDA-MB-231/GFP cells; thus, the GFP protein can function as 
an indicator for particular tumor cells. Cy5-labeled siRNA (red) 
was used to highlight the different sized MNPs, and the GFP-
expressing MDA-MB-231 cells (green) were isolated in order 
to analyze the Cy5-siRNA fl orescence in the GFP-expressing 
cells by fl ow cytometry. As shown in Figure  6 C, the strongest 
fl uorescence intensity in MDA-MB-231/GFP cells was observed 
48 h after intravenous injection of MNP-90/Cy5-siRNA, and the 
intracellular fl uorescence intensity was reduced in turn after 
treatment with MNP-180/Cy5-siRNA, MNP-130/Cy5-siRNA, 
and MNP-40/Cy5-siRNA. The highest cellular uptake of Cy5-
siRNA by tumor cells being achieved following intravenous 
injection of MNP-90/Cy5-siRNA was further corroborated by 
CLSM (Figure S10, Supporting Information). The strongest red 
fl uorescent signal from the siRNA was detected in tumor tissue 
sections exposed to MNP-90/Cy5-siRNA when compared to 
administration of other sized MNP/Cy5-siRNA. These results 
verifi ed that 90 nm MNPs are the optimal size for delivery of 
siRNA, as they most effi ciently facilitated cellular uptake by 
tumor cells following accumulation in MDA-MB-231 tumor 
tissue, and further enhanced the antitumor effi cacy.   

  3.     Conclusion 

 To investigate the optimal size of nanocarriers for siRNA 
delivery, we have rationally designed different sized MNP/
siRNAs. We systematically evaluated the size effect on circula-
tion, internalization, retention, and overall antitumor effi cacy. 
The results from in vitro and in vivo experiments clearly dem-
onstrated that the size of nanocarriers used for siRNA delivery 
plays a critical role in determining their biological properties 
and antitumor activity. The 90 nm MNPs showed the most sig-
nifi cant antitumor effi cacy in a MDA-MB-231 xenograft murine 
model due to possessing the highest siRNA retention and best 
gene silencing effi cacy following intravenous injection. In con-
trast, the larger MNPs (130 and 180 nm) were rapidly cleared 
from the circulation and the smaller MNPs (40 nm) were inef-
fi ciently taken up by tumor cells, leading to overall low gene 
silencing effi cacy and antitumor effi cacy. Therefore, 90 nm was 
the optimal balance of prolonged circulation and cellular uptake 
by tumor cells among these different sized nanocarriers, indi-
cating that 90 nm could be at or close to the optimal size for 
systemic delivery of siRNA in a MDA-MB-231 xenograft murine 
model. Our fi ndings provide valuable information and method-
ology for the rational design of the next generation of siRNA 
delivery systems, which achieve better therapeutic effects in 
cancer therapy.  

  4.     Experimental Section 
  Materials : Dulbecco’s modifi ed Eagle’s medium (DMEM) and 

trypsin-EDTA were purchased from Gibco BRL (Eggenstein, Germany). 
FBS, the Lipofectamine RNAiMAX transfection kit, DAPI, and Alexa 

Fluor 488 phalloidin were provided by Invitrogen (Carlsbad, NM). 
 N -2-hydroxyethylpiperazine- N ′-2-ethanesulfonic acid buffered saline 
(HEPES), collagenase I, RNase A, and heparin sulfate were purchased 
from Sigma-Aldrich Co. (Shanghai, China). The CellTiter 96 Aqueous 
One Solution Cell Proliferation Assay used for the methyl thiazol 
tetrazolium (MTT) assay was purchased from Promega Biotech. 
Co. Ltd. (Beijing, China). The fl uorescent-labeled FAM-siRNA, 
Cy5-siRNA, negative control siRNA with a scrambled sequence 
(siN.C., antisense strand, 5′-AACCACTCAACTTTTTCCCAAdTdT-3′), 
and siRNA-targeting Plk1 mRNA (siPlk1, antisense strand, 
5′-UAAGGAGGGUGAUCUUCUUCAdTdT-3′) were supplied by Suzhou 
Ribo Life Science Co. (Kunshan, China). Other organic solvents or 
reagents were analytical grade and used as received. 

  Preparation of Different Sized MNPs : Different sized cationic MNPs 
were prepared by changing the molar ratios of mPEG- b -PCL, PCL- b -
PPEEA, and homopolymer PCL using a dialysis method. In the present 
work, we synthesized the polymer mPEG 114 - b -PCL 41 , PCL 25 - b -PPEEA 17 , or 
PCL 34  (the subscript number represents degree of polymerization of each 
block) using a previously reported procedure, and the characterization 
was provided in the Supporting Information. [ 36 ]  mPEG 114 - b -PCL 41  
(10 mg), PCL 25 - b -PPEEA 17  (10 mg), or PCL 34  (50 mg) were dissolved 
in 1 mL of solution (acetonitrile:methyl alcohol = 1:1). The molar ratio 
of mPEG 114 - b -PCL 41  and PCL 25 - b -PPEEA 17  was maintained at 1.5:1, and 
PCL 34  was gradually added into the mixed solution in different molar 
ratios. Then, the mixed solution was stirred gently at room temperature 
for 15 min and added to ultrapurifi ed water (Millipore, 18.2 MΩ) that 
was ten times the volume of the organic solvent. After stirring again at 
room temperature for 20 min, the solution was transferred into a rotary 
evaporator (Buchi, Switzerland) and rotated for 15–20 min to completely 
remove the organic solvent. The diameters and zeta potentials of the 
MNPs were analyzed by a Malvern Zetasizer Nano ZS90 apparatus at 
25 °C, illuminating the sample with 633 nm wavelength radiation from 
a solid-state He–Ne laser and collecting the scattered light at an angle 
of 90°. The MNPs were analyzed in triplicate at a concentration of 
1.0 mg mL −1 . The morphology of the MNPs was examined by JEOL-2010 
TEM (Tokyo, Japan) at an accelerating voltage of 200 kV. 

  Preparation of Different Sized MNP/siRNA Complexes and Gel 
Retardation Assay : For siRNA binding, the different sized MNPs were 
diluted to different concentrations for the desired N:P ratios, added to the 
siRNA solution (20 × 10 −3   M ), and incubated a further 20 min to allow 
formation of the MNP/siRNA complexes. The formed complexes were 
electrophoresed on a 1% agarose gel at 120 mV for 10 min in Tris/borate/
EDTA buffer (TBE buffer; 89 × 10 −3   M  Tris, 89 × 10 −3   M  boric acid, 2 × 10 −3   M  
EDTA, pH 8.3). The siRNA bands were visualized with ethidium bromide 
staining under a UV transilluminator (Tanon GIS System, Shanghai, 
China) at a wavelength of 365 nm. Free siRNA was used as the control. 
The mean diameters and surface zeta potentials of the MNP/siRNA 
complexes at different N:P ratios were monitored as described above. 

  In Vitro siRNA Release : Different sized MNP/FAM-siRNAs prepared at 
an N/P ratio of 10:1 were suspended in PBS (0.02  M , pH 7.4 or 5.5) at 
a siRNA concentration of 200 pmol mL −1  and incubated at 37 °C with 
gentle shaking. At different time intervals, samples were taken and 
centrifuged (30 000 × g , 1 h). The concentration of FAM-siRNA in the 
supernatant was determined by HPLC and the amount of FAM-siRNA 
released was calculated accordingly. [ 35 ]  

  Determining the Stability of Different Sized MNP/siRNAs : MNP/siRNAs 
prepared at an N/P ratio of 10:1 were incubated in DMEM with 10% FBS 
(pH 7.4) at 37 °C under gentle stirring. At each time point, the mean 
diameters of the micelleplex were monitored by a Malvern Zetasizer 
Nano ZS90 apparatus as described above. 

  Cell Culture : The human breast cancer MDA-MB-231 cells were 
obtained from the American Type Culture Collection (ATCC) and 
maintained in DMEM supplemented with 10% FBS. Cells were incubated 
at 37 °C in a 5% CO 2  atmosphere. 

  Cellular Uptake of Different Sized MNP/siRNAs : For microscopic 
observation, MDA-MB-231 cells were seeded into 24-well plates at 5 × 
10 4  cells per well in 0.5 mL of complete DMEM and cultured at 37 °C 
in a 5% CO 2  humidifi ed atmosphere for 24 h. Then, free FAM-siRNA 
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or different sized MNP/FAM-siRNAs were added and the fi nal FAM-
siRNA concentration in the culture medium adjusted to 200 × 10 −9   M . 
After further incubation for 4 h, the cells were washed twice with PBS 
and fi xed with 4% paraformaldehyde for 15 min at room temperature for 
fl ow cytometry analyses (FACS Calibur fl ow cytometer, BD Biosciences, 
USA). The cells were stained with Alexa Fluor 568 phalloidin (Invitrogen, 
Carlsbad, CA) and DAPI to counterstain the cytoskeleton and cell 
nuclei according to the standard protocol provided by the suppliers. 
To reduce fl uorescent photobleaching, the coverslips were mounted 
on glass microscope slides with a drop of anti-fade mounting medium 
(Sigma-Aldrich). The cellular uptake was observed by CLSM (LSM 710, 
Carl Zeiss, Inc., Jena, Germany). For fl ow cytometric analysis, MDA-
MB-231 cells were seeded into 24-well plates at 1 × 10 5  cells per well 
in 0.5 mL of complete DMEM medium and cultured at 37 °C in a 5% 
CO 2  humidifi ed atmosphere for 24 h. Then, the cells were incubated 
with the above formulations. After further incubation for 4 h, the cells 
were washed twice with cold PBS (pH 7.4), trypsinized, washed with 
cold PBS (pH 7.4), fi ltered through 35 µm nylon mesh, and subjected 
to fl ow cytometric analysis using a BD FACSCalibur fl ow cytometer 
(BD Bioscience, Bedford, MA). The results were analyzed using 
Flowjo 7.6.1 software. For HPLC analyses, MDA-MB-231 cells were 
incubated with the above formulations for 4 h. Subsequently, the cells 
were washed twice with PBS, and lysed with 1% Triton X-100 in PBS 
(250 µL) at 37 °C for 30 min, followed by three freeze–thaw cycles. Then, 
polyanionic heparin (MW = 17–19 k, Sigma, 1 mg mL −1 ) was added to 
induce decomplexation and the lysates were further incubated 30 min. 
The concentration of FAM-siRNA in the cell lysates was measured by 
HPLC according to a previously reported method. [ 43 ]  

  Cellular Uptake Mechanism : MDA-MB-231 cells were seeded into 
24-well plates at 1 × 10 5  cells per well in 0.5 mL of complete DMEM 
medium and cultured at 37 °C in a 5% CO 2  humidifi ed atmosphere for 
24 h. Then, the cells were incubated at either 37 °C or at 4 °C. Prior to 
incubation with different sized MNP/siRNAs at 37 °C, the cells were 
pretreated with wortmannin (10 × 10 −6   M , Sigma-Aldrich Co., USA), 
sucrose (0.45  M , Invitrogen, USA), or fi lipin (5 µg mL −1 , Sigma-Aldrich Co., 
USA) as previously reported. After incubation with the above formulations 
for 4 h, the cells were analyzed by fl ow cytometry as described above. 

  In Vitro Transfection and Analysis of Gene Expression : MDA-MB-231 cells 
(2 × 10 5 ) were seeded in a six-well tissue culture plate and cultured at 
37 °C in a 5% CO 2  humidifi ed atmosphere for 24 h. Then, the cells were 
treated with different sized MNP/siRNAs encapsulating siPlk1 or siN.C. 
at a dose of 200 × 10 −9   M . Free siPlk1 was used as a negative control, and 
Lipofectamine RNAiMAX carrying siPlk1 (Lipo/siPlk1) at a dose of 50 × 
10 −9   M  was used as the positive control. After incubation for 48 h (for 
mRNA isolation) or 72 h (for protein extraction) at 37 °C, the cellular 
levels of Plk1 mRNA and protein were assessed using quantitative 
reverse transcription real-time PCR (qRT-PCR) and Western blotting, 
respectively, and a procedure that has been reported previously. [ 44 ]  

  Cell Apoptosis and Proliferation Analysis : For the cell apoptosis 
analysis, MDA-MB-231 cells were seeded into six-well plates (2 × 10 5  
per well) and incubated for 24 h. The cells were then treated with the 
above formulations for 96 h. Then, the cells were collected and the 
apoptotic cells were detected by fl ow cytometry using the annexin V-FITC 
apoptosis detection kit I (BD Biosciences, San Diego, CA) according 
to the standard protocol provided by the suppliers. The results were 
analyzed using Flowjo 7.6.1 software. A colony formation assay was 
used to detect cell proliferation. MDA-MB-231 cells were treated with 
the above formulations for 48 h, then trypsinized and resuspended in 
DMEM medium. One thousand cells were plated in each well of a six-
well plate. The cells were further incubated at 37 °C with 5% CO 2  for 
10 d to observe the colony formation. 

  Xenograft Tumor Model : BALB/nu-nu nude mice (6 weeks old) were 
purchased from Vital River Laboratories (Beijing, China) and all animals 
received care in compliance with the guidelines outlined in the Guide for 
the Care and Use of Laboratory Animals. The procedures were approved 
by the University of Science and Technology of China’s Animal Care and 
Use Committee. The xenograft tumor model was generated by injecting 
MDA-MB-231 cells (2 × 10 6  per mouse) in the mammary fat pad of each 

mouse. The green fl uorescent protein-expressing xenograft tumor model 
was generated by subcutaneous injection of MDA-MB-231 cells stably 
expressing GFP (2 × 10 6  per mouse) in the mammary fat pad of each 
mouse as previously described. [ 45 ]  

  Pharmacokinetics Studies : Different sized MNP/siRNAs carrying FAM-
siRNA were intravenously injected into ICR mice (Vital River Laboratories, 
Beijing, China) at a siRNA dose of 40 µg per mouse ( n  = 4 for each group). 
Blood samples were collected at the predetermined time points, and the 
concentration of FAM-siRNA in the plasma was analyzed by HPLC using 
a previously reported method. [ 43 ]  The pharmacokinetics parameters were 
calculated by DAS 3.0 with the noncompartmental model. 

  Accumulation of siRNA in Tumor Tissue and In Vivo Cellular Uptake : 
When the MDA-MB-231 tumor volume was about 200 mm 3 , the mice 
were intravenously injected with 200 µL of different sized MNP/siRNAs 
carrying 40 µg Cy5-siRNA or free Cy5-siRNA. The mice were anesthetized 
at the predetermined time points and imaged by a Xenogen IVIS Lumina 
system (Caliper Life Sciences, USA). The results were analyzed using 
Living Image 3.1 software (Caliper Life Sciences). To further examine the 
in vivo cellular uptake of different sized MNP/siRNAs by tumor cells, a 
stable GFP-expressing xenograft tumor model was used. Tumor tissue 
cells were separated at 48 h postinjection of the above formulations as 
described above. The fl uorescence of the GFP-labeled tumor cells was 
analyzed by fl ow cytometry. The amplifi cation scale was logarithmic 
for the FL1-H and FL4-H parameters and linear for SSC-H and FSC-H. 
MDA-MB-231 tumor cells stably expressing GFP were carefully gated 
out using FL1-H versus SSC-H bivariant graphs. Within this gate, the 
geometric MFI of GFP positive cells was determined in the FL4-H 
histogram. For microscopic observation of Cy5-siRNA distribution in 
tumor tissue, tumor tissues were collected at 48 h postinjection, frozen, 
and sectioned. Sections were counterstained with DAPI for the cell 
nucleus and Alexa Fluor 488 phalloidin for the cytoskeleton following the 
manufacturer’s instructions. The slides were analyzed using LCSM. 

  Tumor Suppression Study : When the tumor volume was around 
100 mm 3  14 d after MDA-MB-231 cell implantation, the mice were 
randomly divided into six groups and treated once every other day with 
PBS, different sized MNP/siPlk1 or, in the case of the control group, with 
an equivalent siRNA dose of 10 µg per injection per mouse. The volume 
of the tumor was monitored every other day and calculated according to 
the formula: tumor volume (mm 3 ) = 0.5 × length × width 2 . 

  Detection of Plk1 Expression in Tumor Tissue : Tumor tissues were 
excised 48 h after the last intravenous injection. For Plk1 mRNA 
analysis, a piece of tumor tissue (≈10 mg) was triturated and detected 
by qRT-PCR. For Plk1 protein analysis, a piece of tumor tissue (≈50 mg) 
was triturated and detected by Western blot analysis using a previously 
reported method. [ 44 ]  

  Statistical Analysis : The statistical signifi cance of treatment outcomes 
was assessed using the Student’s t-test;  p  < 0.05 was considered 
statistically signifi cant in all analyses (95% confi dence level).  
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 Supporting Information is available from the Wiley Online Library or 
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