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Abstract 

Effective delivery holds the key to successful in vivo application of therapeutic small interfering RNA 
(siRNA). In this work, we have developed a universal siRNA carrier consisting of a mesoporous 
silica nanoparticle (MSNP) functionalized with cyclodextrin-grafted polyethylenimine (CP). CP 
provides positive charge for loading of siRNA through electrostatic interaction and enables ef-
fective endosomal escape of siRNA. Using intravital microscopy we were able to monitor tumor 
enrichment of CP-MSNP/siRNA particles in live mice bearing orthotopic MDA-MB-231 xenograft 
tumors. CP-MSNP delivery of siRNA targeting the M2 isoform of the glycolytic enzyme pyruvate 
kinase (PKM2) resulted in effective knockdown of gene expression in vitro and in vivo. Suppression 
of PKM2 led to inhibition of tumor cell growth, invasion, and migration. 
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1. Introduction 
Since the discovery of RNA interference (RNAi) 

in 1998, there has been an impetus towards the de-
velopment of siRNA therapeutics [1] . RNAi offers the 
potential for silencing any gene that contributes to 
pathogenesis, thereby providing a new avenue for 
treatment that does not require specific small mole-
cule inhibitors [2, 3]. Consequently, multiple siR-
NA-based agents have reached various stages of clin-
ical application for localized therapy and for liv-
er-related diseases [4]. However, systemic delivery of 
siRNA therapeutics to organs outside the liver re-
mains a considerable hurdle, since most delivery 

vectors tend to accumulate in organs of the reticu-
lo-endothelial system (RES) [5-8]. In order for the 
siRNA to reach tumor cells in other organs, the de-
livery system will need to not only evade the RES, but 
also pass other biological barriers such as vascular 
endothelium, unfavorable interstitial osmotic pres-
sure, and attack from tissue and cellular enzymes [9]. 
So an ideal nanocarrier for siRNA should be a mul-
ti-component delivery system with i) long blood cir-
culation time to take advantage of the enhanced per-
meability and retention effect (EPR), ii) a protective 
environment against enzymatic degradation, iii) 
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minimal RES uptake, and iv) effective cellular inter-
nalization and endosomal escape of siRNA [9].  

Mesoporous silica nanoparticles (MSNPs), which 
were first applied for drug delivery in 2001 [10], can 
serve as the building block for such a delivery system 
[11]. A major advantage of these nanoparticles is that 
the size, shape, and surface properties can be tailored 
to achieve efficient loading of therapeutics, tis-
sue-specific accumulation, high levels of intracellular 
uptake, favorable intracellular localization, and ap-
propriate release of therapeutics [10]. Consequently, 
on the preclinical level, MSNPs have been utilized for 
the delivery of drugs and nucleic acids to combat 
diseases, such as diabetes, inflammation, and cancer 
[10, 12-13]. Herein, we designed a MSNP-based siR-
NA delivery vehicle. The MSNPs have been function-
alized with cyclodextrin-grafted polyethylenimine 
(CP). Polyethylenimine (PEI) forms an electrostatic 
bond with siRNA oligos, while cyclodextrin elimi-
nates charge-induced toxicity of PEI. The pyruvate 
kinase M2 isoform (PKM2), which is frequently 
overexpressed in several cancer types [14], was used 
as a target gene to evaluate the effectiveness of this 
delivery system. Cellular internalization, subcellular 
localization, gene silencing capability and anticancer 
activity of siRNA-loaded CP-MSNP were assessed 
with MDA-MB-231 human breast cancer cells. In ad-
dition, tumor accumulation and in vivo gene silencing 
efficiency were determined using an orthotropic 
mouse model of MDA-MB-231 breast cancer.  

2. Experimental section 
2.1 Materials 

Branched PEI (MW 1.8 kDa), β-cyclodextrin, 
N-cetyltrimethylammonium bromide (CTAB), tetra-
ethoxysilane (TEOS), 4’,6-diamidino-2-phenylindole 
(DAPI) and 3-isocyanatopropyltriethoxysilane (ICP) 
were from Sigma-Aldrich. Dulbecco's Modified Eagle 
Medium (DMEM) high glucose and fetal bovine se-
rum (FBS) were obtained from Fisher Scientific. 
LysoTracker® Green and fluorescein isothiocyanate 
(FITC)-labeled dextran dyes (70-kDa) were purchased 
from Invitrogen. Small interfering RNA (siRNA) 
conjugated with Alexa555 was ordered from Qiagen. 
Scrambled siRNA, and PKM2 siRNA were from Sig-
ma. PKM2 siRNA sense and anti-sense sequences are 
CCAUAAUCGUCCUCACCAA[dT][dT] and 
UUGGUGAGGACGAUUAUGG[dT][dT], respec-
tively. Female athymic nude mice were acquired from 
Charles River.  

2.2 Cell culture 
The MDA-MB-231 cell line was obtained from 

ATCC (Rockville, MD). Cells were cultured in DMEM 

supplemented with 10% FBS and 1% penicil-
lin-streptomycin under 5% CO2 and 95% humidity at 
37°C. 

2.3 Preparation of β-cyclodextrin-grafted PEI  
Beta-cyclodextrin-grafted PEI was synthesized 

according to a previous report with modifications 
[15]. Briefly, 6-mono-tosylated cyclodextrin (65 mg, 
0.05 mmol) was added drop-by-drop into a solution 
containing PEI (12 mg, 0.093 mmol) and triethylamine 
(4.72 mg, 0.047 mmol) in 3 mL of dimethyl sulfoxide 
(DMSO). The reaction was allowed to proceed at 70°C 
in a nitrogen atmosphere for 3 days. The resulting 
mixture was dialyzed against water in a Spectra/Por 
MWCO 1000 bag, and then separated with a Se-
phadex-G25 column.  

2.4 Synthesis of CP-MSNP  
Fabrication of MSNP was based on a previously 

reported protocol [16]. MSNP-OH was synthesized by 
mixing TEOS with CTAB in a basic aqueous solution 
(pH = 11). The remaining CTAB was removed by 
suspending the particles in a solution containing 
methanol/hydrochloric acid (20/1, v/v) for 24 h, fol-
lowed by centrifugation. MSNP-OH (1.0 g) was then 
resuspended in 80 mL anhydrous toluene, and mixed 
with 0.25 mL ICP (1.0 mmol). The reaction was al-
lowed to proceed for 20 h to yield MSNP-ICP parti-
cles. To conjugate MSNP-ICP with CP, MSNP-ICP 
particles (0.3 g) were dispersed in anhydrous ethanol 
(5.0 mL), and 30 mg CP was added. The reaction was 
maintained at 20°C for 20 h. The final product was 
filtered and washed thoroughly with ethanol and 
methanol before vacuum dry overnight.  

2.6. Optimization of the CP-MSNP/siRNA 
delivery system  

 CP-MSNP particles were mixed with scrambled 
siRNA in nuclease free water at various weight ratios 
(CP-MSNP/siRNA: 20:1, 40:1, 60:1, 80:1, 100:1), and 
incubated for 15 min at 4°C. Binding of siRNA to 
CP-MSNP was determined by electrophoresis in a 2% 
agarose gel containing ethidium bromide. Electro-
phoresis was carried out at a constant voltage of 120 V 
for 20 min in TAE running buffer (2 M Tris, 250 mM 
sodium acetate, 50 mM EDTA, pH 7.8). To evaluate 
whether CP-MSNP could protect siRNA from degra-
dation, 0.2 µg siRNA loaded in CP-MSNP was incu-
bated with 1 µg RNase (1 µg/µL) at 37°C for 1 h. 
RNase was then inactivated with ethylenedia-
minetetraacetic acid (EDTA, 0.25 M). siRNA was then 
dissociated from CP-MSNP in NaOH, and analyzed 
by electrophoresis.  

To measure the release profile of siRNA from 
MSNP, CP-MSNP particles loaded with Alexa555 
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siRNA (w/w: 60/1) were incubated in 10 mM 
2-[4-(2-hydroxyethyl) piperazin-1-yl]ethanesulfonic 
acid (HEPES) buffer at pH = 5.2 or 7.4, and released 
siRNA in supernatant was collected at different time 
points, and the fluorescence intensity was measured 
with a BioTek H4 synergy hybrid plate reader.  

2.7. siRNA stability in serum 
 Naked scrambled siRNA and CP-MSNP/ 

scrambled siRNA were incubated in 50% FBS at 37 °C. 
Samples were taken at 30 min, 1 h, 3 h, 6 h, 12 h, 36 h 
and 60 h, and immediately mixed with gel loading 
buffer containing 1% SDS. After the final aliquote was 
collected, the samples were applied to electrophoresis 
in a 2% agarose gel and the presence of siRNA oligo 
was visualized by ethidium bromide staining. 

2.8. Cellular uptake and intracellular 
trafficking of CP-MSNP/Alexa555 siRNA  

Cellular uptake of CP-MSNP/siRNA was ex-
amined by confocal microscopy and flow cytometry. 
Briefly, MDA-MB-231 cells were seeded in 6-well 
plates with a density of 3×105 cells/well, and incu-
bated with CP-MSNP/Alexa555 siRNA. Distribution 
of siRNA inside the cells was examined on days 1, 3, 
and 5 by confocal microscopy. For flow cytometry 
analysis, cells were incubated with 
CP-MSNP/Alexa555 siRNA complexes (50 nM siRNA 
final concentration). Samples were collected at dif-
ferent time periods (0.5, 1, 4, and 24 h), and 
Alexa555-positive cells were determined using an 
LSRII Flow Cytometer (BD Bioscience, USA).  

To monitor intracellular trafficking, 
CP-MSNP/Alexa555 siRNA particles were incubated 
with MDA-MB-231 cells for various time periods (0.5, 
2, and 6 h). Cells were harvested and fixed with 4% 
paraformaldehyde. Samples were then blocked with 
1% bovine serum albumin (BSA) in phosphate buff-
ered saline containing 0.1% Tween-20 (PBST), and 
stained with LysoTracker® Green and DAPI. Confo-
cal microscopic images were obtained using a Fluo 
View TM 1000 confocal microscope.  

2.9. Gene silencing in vitro 
For expression analysis by Western blot, 

MDA-MB-231 cells were seeded in 6-well plates at a 
density of 2 × 105 cells/well in 2 mL DMEM contain-
ing 10% FBS. Cells were incubated with 
CP-MSNP/siRNA for 72 h before they were harvest-
ed. Protein samples were extracted using a mamma-
lian protein extraction reagent (M-PER, Pierce Inc., 
USA), separated on a 12% gel by SDS-polyacrylamide 
gel electrophoresis (PAGE), and transferred to a ni-
trocellulose membrane (Bio-Rad Inc., USA) for detec-
tion with the Amersham ECL Western blot detection 
reagent.  

2.10. Evaluation of cell viability, migration and 
invasion in vitro 

Proliferation of MDA-MB-231 cells in the pres-
ence of CP-MSNP/siRNA was determined using a 
MTS-based colorimetric assay (CellTiter 96 cell pro-
liferation assay kit; Promega, Madison, WI, USA) ac-
cording to the manufacturer’s instructions. Briefly, 
cells were seeded in 96-well culture plates (3 × 103 
cells/well). They were treated with CP-MSNP/siRNA 
for 72 h, and cell growth was measured.   

To assess cell migration and invasion, 
MDA-MB-231 cells were seeded in 6 mm tissue cul-
ture dishes at a density of 5 × 105 cells/well in 2 mL 
DMEM containing 10% FBS. Cells were incubated 
with empty CP-MSNP or CP-MSNP/siRNA (scram-
bled siRNA or PKM2 siRNA) for 48 h and then re-
suspended in FBS-free medium at a density of 1 × 106 
cells/mL. For the migration assay, 300 μL of cell sus-
pension was added to the upper chamber of the 
transwell inserts (BD Biosciences, Sparks, MD). 500 μL 
of medium containing 10% FBS was added into the 
bottom plate to act as a chemo-attractant. After 24 h 
incubation, cells in the upper chamber were removed 
with cotton swabs, and cells on the lower surface of 
the inserts were fixed and stained using Crystal Violet 
(Sigma-Aldrich). The number of migratory cells was 
calculated by counting ten separate fields under a 
phase-contrast microscope in three independent in-
serts. To examine cell invasion, the upper chamber 
was pre-coated with Matrigel (BD Biosciences), and 
250 μL of cell suspension was added. Growth medium 
in the bottom chamber contained 20% FBS. Cells were 
allowed to invade for 48 h before fixation and stain-
ing.  

For evaluation of cell migration by scratch assay, 
MDA-MB-231 cells were seeded in 6-well plates, and 
kept at 37°C until the cells reached a density of 
85%. Cells were incubated with empty CP-MSNP or 
CP-MSNP/siRNA (scrambled siRNA or PKM2 siR-
NA) for 48 h and then scratched with a pipette tip. 
Microscopy images were taken immediately after 
scratching and 24 h later. 

2.11. Evaluation of CP-MSNP delivery in vivo 
All experimental procedures for animal studies 

were approved by the committee for the care and use 
of laboratory animals at Houston Methodist Research 
Institute. To determine particle biodistribution, 
CP-MSNP/Alexa555 siRNA particles were adminis-
tered into female athymic nu/nu nude mice by tail 
vein injection (n=3, 15 µg siRNA/mouse). Major or-
gans including heart, liver, spleen, lung, kidney, and 
tumor were collected 1 h post injection. Fluorescent 
images of the tissues were captured using the IVIS 200 
imaging system (PerkinElmer, USA).  
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In order to visualize particle flow in live animals, 
mice were also inoculated i.v. with fluorescein isothi-
ocyanate (FITC)-labeled dextran dyes (70-kDa), which 
delineated the tumor vasculature. Movement of the 
red fluorescent CP-MSNP/Alexa555 siRNA particles 
inside tumor blood vessels was visualized by intravi-
tal microscopy (RS 2000TM, Newport, USA), and im-
ages were captured.  

To determine knockdown of gene expression in 
vivo, nude mice were inoculated with MDA-MB-231 
tumor cells in the mammary fat pad. When the aver-
age tumor size reached 150-200 mm3, mice were di-
vided into three groups and treated on day 1 and day 
3 with: i) CP-MSNP/scrambled siRNA (15 µg siR-
NA/injection), ii) CP-MSNP/PKM2 siRNA (15 µg 
siRNA/injection), and CP-MSNP (900 µg/injection). 
Mice were sacrificed on day 5 and tumor samples 
were collected for expression analysis by Western 
blot. 

2.12. Statistical Analysis  
All quantitative data are presented as mean ± 

standard deviation. Statistical analysis was performed 
with the Student’s t-test. Differences were considered 
statistically significant at p < 0.05 (*) and p < 0.01 (**). 

3. Results and discussion 
3.1. Synthesis and characterization of CP and 
CP-MSNPs 

The extent of cyclodextrin grafting to polyeth-
ylenimine was determined based on proton integra-
tion of 1H-nuclear magnetic resonance (NMR) (400 
MHz, D2O): δ5.19 ppm (s, C1H of beta-CD), 3.3-4.2 
ppm (m br., C2H-C6H of beta-CD), 2.4-3.2 ppm (m 
br., CH2 of PEI). The integration yielded a calculated 

beta-cyclodextrin/PEI ratio of approximately 5 (Fig. 
1A), which is very similar to that reported by Davis 
and co-workers [15]. As shown in Figure 1B, the 
strong band at 1166.26 cm-1 can be assigned to the 
asymmetric glycoside vibration (C-O-C) and the 
bands at 1052.09 and 1081.60 cm-1 correspond to the 
coupled stretch vibrations (C-C/C-O), which are typ-
ical for cyclodextrin. The broad band at 3420.51 cm-1 
corresponds to the O-H vibration and the N-H vibra-
tion arising from PEI.  

The two-step procedure for fabrication of 
MSNPs, illustrated in Scheme 1/Figure A, is based on 
a protocol similar to that previously reported [16]. 
Fourier transform infrared spectroscopy (FTIR) con-
firmed that the CP was successfully conjugated with 
CP-MSNP (Fig. 1B). The MSNP peaks at 555.67 and 
1039.94 cm-1 are in accordance with previously re-
ported results [17]. The CP peak around 1039.34 is 
almost covered by the stronger MSNP peak. Moreo-
ver, the peak at 3407.61 with a slight blue shift corre-
sponds to the CP-MSNP complex. Transmission elec-
tron microscopy (TEM) was applied to analyze the 
morphology of CP-MSNP (Fig. 1C). The size of 
CP-MSNPs was in the range of 80-140 nm with a 
mean size of 105 nm as determined by dynamic light 
scattering (Fig. 1D). Surface chemical modification of 
the particles was confirmed by changes in surface 
charge (Fig. 1E). CP modification changed zeta po-
tential of the particles from negative to positive. The 
zeta potentials were -24.6 mV for MSNP-OH, -39.97 
mV for ICP-MSNP, and +46.97 mV for CP-MSNP. 
Alexa555 siRNA was used to visualize siRNA loading 
to CP-MSNP. Confocal microscopy confirmed suc-
cessful loading of siRNA to the particles (Fig. 1F).  

 
Figure A. (Scheme 1) Schematic illustration on fabrication of the CP-MSNP delivery carrier for gene silencing agents. 
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Figure 1. Characterization of CP-MSNP as a delivery carrier for gene silencing agents. (A) 1H nuclear magnetic resonance (NMR) analysis of cyclodextrin-grafted 
polyethylenimine (CP) in D2O (400 MHz). (B) Fourier transform infrared spectroscopy (FTIR) spectrums of CP and CP-MSNPs. (C) Transmission electron mi-
croscopy (TEM) image of CP-MSNP. (D) Size distribution of CP-MSNPs measured by dynamic light scattering. (E) Changes in zeta potential of particles at various 
stages of fabrication. Results are presented as the mean of five measurements ± standard deviation. (F) Confocal microscopic image of CP-MSNP/siRNA. The red 
fluorescence stems from Alexa555-conjugated siRNA. 

 

3.2. Optimization and release kinetics of 
CP-MSNP/siRNA  

Binding affinity, stability, and release profile of 
siRNA are some of the most important factors to con-
sider when developing a siRNA delivery platform [7]. 
In this study, agarose gel electrophoresis was per-
formed in order to examine the condensing ability 
and binding affinity of CP-MSNPs. We used a wide 
range of CP-MSNP to siRNA ratios (20:1 to 100:1) in 
this study. The surface charge of the 
CP-MSNP/siRNA complexes ranged from approxi-
mately -23 to +38 mV depending on the weight ratio 
of CP-MSNP to siRNA (Fig. 2A, left panel). No sig-
nificant amount of siRNA release could be detected by 
electrophoresis when the MSNP/siRNA ratio was 
above 40 (Fig. 2A, right panel), indicating that the 
CP-MSNP carrier was able to bind the negatively 
charged siRNA tightly. In addition, stability of the 
loaded siRNA was assessed by incubating 
CP-MSNP/siRNA with RNase, an enzyme that de-
grades RNA. As shown in Figure 2B, free siRNA was 
degraded after incubation with RNase, while the 
CP-MSNP platform effectively protected siRNA from 

degradation.  
It is important for the delivery vehicle to display 

a moderately positive charge, since cellular uptake is 
not as effective for negatively charged particles [18]. 
On the other hand, particles with a very high positive 
charge can cause cytotoxic effects [19]. Hence, the 
CP-MSNP/siRNA particles with a weight ratio of 60:1 
and a positive charge of ~+8 mV were selected for 
further studies.  

To compare stability of between the naked 
siRNA and siRNA in CP-MSNP particles, samples 
were incubated in 50% FBS at 37 °C for a different 
amount of time, and then separated in a 2% agarose 
gel (Supplementary Material: Fig. S1). After 12 h of 
incubation, 86.5% of the naked siRNA and 45.5% of 
the particle-bound siRNA had degraded. The result 
indicates that binding of siRNA to MSNP protects 
siRNA from degradation by serum enzymes. Release 
of siRNA from the CP-MSNP at pH 5.2 and 7.4 was 
also evaluated. After 168 h of incubation, the cumula-
tive release reached 93% at pH 5.5 and 52% at pH 7.4 
(Fig. 2C). This result demonstrates that siRNA oligos 
can be effectively released from the carrier.  
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3.3. Uptake of CP-MSNP/siRNA by tumor cells  
Cellular uptake of CP-MSNP/Alexa555 siRNA 

was evaluated in MDA-MB-231 human breast cancer 
cells. Confocal microscopy was used to monitor the 
intracellular accumulation of particles at different 
time points. Particle uptake by the breast cancer cells 
was apparent 1 day after incubation (Fig. 3A), and 
multiple particles per cell could be visualized on day 3 

and 5 (Fig. 3A). Flow cytometry was also used to 
measure cellular uptake of Alexa555 siRNA at various 
time periods after incubation (0.5, 1, 4, and 24 h). The 
percentage of cells with internalized 
CP-MSNP/Alexa555 siRNA was 32.8% (0.5 h), 58.0% 
(1 h), 81.5% (4 h) and 99.2% (24 h) (Fig. 3B). These 
results indicate that the particles can be internalized 
rapidly and effectively by tumor cells.  

 
Figure 2. Optimization of CP-MSNP/siRNA and siRNA release from CP-MSNP/siRNA. (A) Left panel: Changes in zeta potential at different ratios of CP-MSNP and 
siRNA (w/w, 20:1 to 100:1). Right panel: Agarose gel retardation assay of CP-MSNP/siRNA complexes at various ratios. Naked siRNA (100 µg) was used as a control. 
(B) Agarose gel analysis on protection of siRNA from RNase degradation by CP-MSNPs. siRNA was dissociated from the carrier in the presence of SDS. Naked 
siRNA (200 µg) was used as a control. (C) Release profiles of siRNA from CP-MSNP/siRNA (60:1). CP-MSNP/Alexa555 siRNA was incubated in 10% fetal bovine 
serum at pH 5.2 or pH 7.4. Supernatant was separated from the particles, and was used to measure fluorescent intensity at Ex543/Em590 nm. Results are presented 
as the mean of three independent measurements ± standard deviation. 

 
Figure 3. Uptake of CP-MSNP/Alexa555 siRNA by MDA-MB-231 cells. (A) Time-dependent analysis of CP-MSNP/Alexa555 siRNA (red) inside MDA-MB-231 cells. 
Final siRNA concentration: 50 nM. (B) Quantitative flow cytometry analysis of Alexa555-positive cells after incubation with CP-MSNP/Alexa555 siRNA at different 
time points. Untreated cells were used as a negative control. Final siRNA concentration: 50 nM. (C-D) MTS assay on cell viability following incubation with CP-MSNP 
(C) or CP-MSNP/siRNA (D) for 72 h. Results are presented as the mean of three measurements ± standard deviation. 
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Since PEI is known to cause cytotoxicity due to 
the prevalence of primary amino groups in this pol-
ymer [20], we evaluated potential cell-killing effect 
from empty CP-MSNP and scrambled siRNA-loaded 
CP-MSNP. Over 95% of the cells were viable at con-
centrations up to 100 μg/mL after 72 h of incubation 
(Fig. 3C, 3D). It is likely that conjugation of PEI to 
ICP-MSNP has converted primary amino groups in 
PEI to secondary or tertiary amines, thereby reducing 
overall toxicity.  

3.4. Intra-cellular trafficking and gene silencing 
in vitro  

Endosomal/lysosomal escape is essential for ef-
fective delivery of gene silencing agents [21]. We 
examined intra-cellular location of 
CP-MSNP/Alexa555 siRNA by tracking the red fluo-

rescent Alexa555 siRNA with confocal microscopy 
(Fig. 4A). The acidic late endosomes and lysosomes 
were stained with LysoTrack Green. The images in-
dicate that the siRNA reached the endo-
somes/lysosome after 30 min of incubation, as is ev-
ident from the colocalization of the red and green 
fluorescence signal. Maximum levels of colocalization 
could be observed after 2 h, when almost all of the 
Alexa555siRNA was located in the endo-
some/lysosome. By 6 h, some of the siRNA was pre-
sent in the cytoplasm, suggesting that the particles 
had escaped from the late endosome or lysosome. The 
potential mechanism behind this phenomenon is most 
likely the proton sponge effect triggered by the pol-
yamine moiety present in the delivery vehicle [22].  

 

 
Figure 4. Intracellular trafficking and gene silencing of CP-MSNP/siRNA in MDA-MB-231 cells. (A) Intracellular trafficking of CP-MSNP/siRNA in MDA-MB-231 cells. 
Cells were harvested at the indicated time points and stained with Lysotracker (green) and DAPI (blue). Fluorescent images were captured with a confocal mi-
croscope. (B) Western blot analysis of PKM2 protein expression in MDA-MB-231 cells. Beta-actin was used as an internal control. Cells were treated with 50 nM 
siRNA. PKM2: PKM2 siRNA; Scr: scrambled siRNA. 
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To evaluate gene knockdown efficiency of the 
CP-MSNP delivered siRNA, MDA-MB-231 breast 
cancer cells were treated with CP-MSNP carrying 
siRNA specific for the PKM2 gene (Fig. 4B). Expres-
sion of PKM2 in cancer cells results in aerobic glycol-
ysis, which is believed to bestow a selective growth 
advantage [14]. CP-MSNP/PKM2 siRNA treatment 
caused significant reduction in PKM2 protein level as 
compared to treatment with CP-MSNP/scrambled 
siRNA. Importantly, the CP-MSNP delivery platform 
was more efficient than the commercial transfection 
reagent Oligofectamine.  

3.5. Migration and invasion in vitro  
Since inhibition of PKM2 is known to result in 

suppression of cancer cell proliferation and migration 
[23], we assessed cell migration in response to 
CP-MSNP/PKM2 siRNA treatment in a two-chamber 
assay. Compared to the negative control groups 
(CP-MSNP and CP-MSNP/scrambled siRNA, 50 nM), 
cells treated with CP-MSNP/PKM2 siRNA exhibited 
a 93% decrease in migration (Fig. 5A, 5D). We also 
examined cell migration in a scratch assay. While cells 
treated with empty CP-MSNP or 
CP-MSNP/scrambled siRNA migrated rapidly, the 
cells with suppressed PKM2 did not show apparent 
migration (Fig. 5B). We observed similar results in the 
invasion assay, where the number of invading cells 
was reduced by ~90% in cells treated with 
CP-MSNP/PKM2 siRNA (Fig. 5C, 5D). Besides pre-
venting migration and invasions, treatment with 
CP-MSNP/PKM2 siRNA platform also significantly 
reduced viability of MDA-MB-231 cells (Fig. 5E). 
Taken together, these results confirm that CP-MSNP 
particles are very effective in delivering siRNA into 
tumor cells to achieve knockdown of gene expression.  

3.6. Evaluation of the CP-MSNP delivery 
system in vivo 

  Athymic nude mice bearing orthotopic 
MDA-MB-231 tumors were used to test the ability of 
CP-MSNPs to deliver gene-silencing agents to solid 
tumors in vivo. In order to track CP-MSNP/Alexa555 
siRNA particles (in red) inside tumors, mice were 
intravenously administered with FITC-labeled dex-
tran dyes (in green) to delineate the tumor vascula-
ture. Images and videos were captured during the 
first hour after particle administration by intravital 
microscopy. As shown in Figure 6A, particles were 
successfully delivered to the tumor tissue. While most 
particles passed through the tumor vasculature, many 
of them remained stationary within the tumor (video 
S1), indicating successful particle retention. 
Time-dependent particle flow-through and retention 
was analyzed and shown in Figure 6B. There was a 

surge of particles that passed through tumor blood 
vessels in the first 10 minutes following administra-
tion. The number of particles leveled off after 20 
minutes, and approximately 40,000 CP-MSNP/siRNA 
particles per cubic millimeter were detected in the 
tumor 30 minutes after administration. Mice were 
subsequently sacrificed and major organs (heart, 
spleen, kidney, liver, and lung) and tumor tissues 
were visualized using an IVIS-200 imaging system 
(Fig. 6C). While most particles accumulated in the 
liver, as much as 19% of the total combined fluores-
cent intensity from these organs/tissues was detected 
in the tumor tissue, (Fig. 6D), which was equivalent to 
24% of the measured fluorescence/gram tissue (Fig. 
6E). Although the result does not reflect a whole-body 
or quantitative analysis, the biodistributional pattern 
suggests that the EPR effect may have played a sig-
nificant role in tumor accumulation of 
CP-MSNP/siRNA. Indeed nano-scale objects are 
known to preferentially accumulate in tumors due to 
the presence of leakier vasculature [24]. 

In a separate study, mice bearing MDA-MD-231 
orthotopic tumors were treated i.v. with two doses of 
CP-MSNP/PKM2 siRNA (15 µg siRNA in 900 µg 
CP-MSNP particles/injection). Tumor samples were 
collected 5 days after the first treatment, and PKM2 
expression was measured by Western blot. The 
CP-MSNP/PKM2 siRNA treatment knocked down 
PKM2 expression, while the expression level was un-
altered in the control group that received 
CP-MSNP/scrambled siRNA (Fig. 6F). These in vivo 
results demonstrated that CP-MSNP can effectively 
deliver gene-silencing agents to tumor tissues and 
mediate suppression of gene expression.  

4. Conclusion  
 In summary, we have developed an efficient 

multi-component system for delivery of siRNA ther-
apeutics. Each component is design to perform one or 
more unique functions in order for the whole system 
to overcome biological barriers and achieve tumor 
enrichment of therapeutics. This system is capable of 
not only protecting siRNA oligos from attack by 
plasma RNases, but also enriching the gene-silencing 
agents in tumor tissues. Overcoming multiple biolog-
ical barriers and tumor tissue enrichment are perhaps 
the two most important properties of a good delivery 
system. In contrast to most other delivery systems 
where complicated chemical conjugation steps are 
needed to package siRNA [25], loading of siRNA into 
the CP-MSNP carrier is achieved by simple mixing. In 
the in vivo studies, we have demonstrated that siRNA 
accumulation inside the primary tumor is more pro-
found than in most major organs. By loading the de-
livery system with siRNA oligos specific for the PKM2 
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gene, we have also shown effective knockdown of 
gene expression in vitro and in vivo, and subsequent 
inhibition of cancer cell growth, migration, and inva-
sion. Taken together, this system has the potential for 
broad applications both in basic research and in clin-
ical treatments.  

The current study is the first step towards de-
velopment of a powerful system for systemic delivery 
of siRNA therapeutics. Future efforts should be de-
voted to fully evaluation of particle biodistribution at 
the whole body level, such as using whole body im-
aging techniques, and functional validation on the 
therapeutic efficacy of siRNA.  

 

 
Figure 5. Evaluation of migration, invasion, and cell viability in MDA-MB-231 cells following CP-MSNP/siRNA treatment. (A) Migration assay. Cells were fixed with 
crystal violet. (B) Scratch assay. (C) Invasion assay. Cells were fixed with crystal violet. (D) Quantitative analysis of migration and invasion results. The number of cells 
that had migrated across the transwell insert was measured by counting ten separate fields/well under a phase-contrast microscope. Percentage of cell number was 
presented as the average of measurements in three independent wells after normalized against the control. Data are presented as the mean of thirty measurements 
± standard deviation. Final siRNA concentration: 50 nM. (E) MTS assay to measure cell viability following CP-MSNP/siRNA treatment for 72 h. Cell viability was 
quantified by measuring the absorbance at 490 nm, and normalized against the control. 
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Figure 6. In vivo evalution of CP-MSNP/siRNA tumor accumulation, biodistribution, and suppression of gene expression. (A) Intravital microscopic images captured 
one hour after administration of CP-MSNP/Alexa555. CP-MSNP/Alexa555 siRNA particles are shown in red, and tumor blood vessels are displayed in green 
(FITC-dextran). White arrows point to selected particles that have left the tumor vasculature. (B) Measurement of CP-MSNP/Alexa555 siRNA in tumor blood vessels 
at various time points by intravital microscopy. (C-E) Biodistribution of CP-MSNP/Alexa555 siRNA in tumor tissue and major organs. (C) Fluorescent intensity from 
tumor and major organs. Samples are presented as a: heart, b: liver, c: spleen, d: lung, e: kidney, and f: tumor. (D) Percentage of fluorescent intensity/sample and (E) 
percentage of fluorescent intensity/gram sample are presented. Percentage was calculated as fluorescent intensity in the sample/total combined intensity. (F) Western 
blot analysis on knockdown of PKM2 expression 5 days after treatment with CP-MSNP/siRNA (n = 3 mice/group). 
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