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Abstract 

The combination of chemotherapy and RNA interference is a promising approach for efficient 
cancer therapy. However, the success of such a strategy is hampered by the lack of suitable vectors 
to coordinate small interfering RNA (siRNA) and chemotherapeutic drug into one single platform. 
We herein report a novel triple-layered pH-responsive micelleplex loading siRNA and alkylated 
cisplatin prodrug for NF-Kappa B targeted treatment of metastatic breast cancer. The micelles 
were self-assembled from poly(ethylene glycol)-block-poly(aminolated glycidyl methacry-
late)-block-poly(2-(diisopropyl amino) ethyl methacrylate) (PEG-b-PAGA-b-PDPA) triblock co-
polymers. At pH 7.4, the cisplatin prodrug was encapsulated in the hydrophobic PDPA core and 
siRNA was loaded on the positively charged PAGA interlayer to form the micelleplexes. The PEG 
corona can prevent protein absorption during blood circulation, minimize non-specific interaction 
with the reticuloendothelial system, and prolong the systemic circulation of the micelleplexes. The 
positively charged PAGA interlayer can facilitate deep tumor penetration of the micelleplexes, 
which, upon cellular uptake, are dissociated in the early endosomes to release anticancer drug 
payload due to protonation of the PDPA core. Using a 4T1 breast cancer model, we demonstrate 
that this novel micelleplex co-loaded with cisplatin prodrug and siRNA-p65 is able to simulta-
neously inhibit tumor growth and suppress distant metastasis of the cancer cells by downregulating 
NF-kappa B expression. The results reported in this study suggest that siRNA and anticancer drug 
co-delivery using pH-responsive micelleplexes is a promising strategy for efficient treatment of 
metastatic cancer. 
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Introduction 
The dissemination of cancer cells from the pri-

mary tumor to nearby or distant organs, referred to as 
cancer metastasis, accounts for over 90% of can-
cer-caused human mortality.(1) Cancer metastasis is a 
complicated and multistep process, which is highly 
associated with angiogenesis and modulation of the 

microenvironment in target organs. Neoadjuvant 
chemotherapy is one mainstream option for clinical 
treatment of locally invasive or metastatic cancer.(2) 
However, evidence suggests that conventional chem-
otherapy using cytotoxic drugs tends to elicit the dis-
semination of cancer cells as a defense mechanism 
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against the cytotoxic stress.(3) Antiangiogenic thera-
pies were also extensively employed in the past to 
suppress tumor growth and metastasis by blocking 
the formation of new blood vessels.(4) Despite the 
promising potential, a combination of chemotherapy 
with antiangiogenic therapy, for instance, paclitaxel 
plus bevacizumab targeting vascular endothelia 
growth factor (VEGF) did not improve the overall 
survival rates compared to paclitaxel alone.(5) Similar 
to chemotherapy and radiotherapy, antiangiogenic 
therapy may also promote cancer metastasis by initi-
ating more aggressive and invasive tumor pheno-
type.(6)  

Recent advances in genomics and cancer biology 
have identified a positive correlation between cancer 
metastasis and over-activation of certain genes, for 
instance, the transcription factors Twist and nuclear 
factor kappa B (NF-κB).(7-9) Ectopic expression of 
Twist induces cell motility and invasion by promoting 
epithelial-mesenchymal transition (EMT) and reduc-
ing E-cadherin mediated cell-cell adhesion.(8) It has 
been reported that the distant metastasis of breast 
cancer could be significantly inhibited by blocking the 
Twist pathway.(12) On the other hand, NF-κB stimu-
lates cell invasion and metastasis by upregulating 
matrix metalloproteinase (MMPs) and interleukin-8 
(IL-8).(9,10) MMPs, more specifically, MMP-2 and 
MMP-9 are responsible for extracellular matrix (ECM) 
degradation and subsequent intravasation of the 
cancer cells from the primary tumor into either lym-
phatic or blood microvessels.(11) These findings im-
ply a promising potential for a combination of chem-
otherapy with RNA interference (RNAi) therapy for 
treatment of metastatic breast cancer by inhibiting the 
proliferation and suppressing the motility of cancer 
cells.(13-15) To maximize the additive synergistic 
therapeutic efficacy of chemotherapy and RNAi, it is 
crucial to spatiotemporally co-localize anticancer 
drugs and siRNA in cancer cells. This can best be ac-
complished by using nanosized drug delivery sys-
tems (NDDS).(16,17) The NDDS can not only elongate 
the time of small molecular drugs in blood circulation 
but also passively accumulate inside the tumor via the 
enhanced penetration and retention (EPR) effect. Un-
fortunately, most of the currently used NDDS dis-
played unsatisfactory or only marginally improved 
therapeutic benefits due to the presence of several 
well-defined biological barriers.(17) First, NDDS ad-
ministered systemically need to remain stable in the 
plasma during blood circulation. Second, to interact 
with tumor physiology, NDDS should efficiently 
evade reticuloendothelial system (RES) of the liver 
and renal clearance by the kidneys. Third, NDDS 
should be able to unload the therapeutics inside the 
cancer cells in a timely manner.(18,19) Furthermore, 

an additional prerequisite for siRNA and anticancer 
drug co-delivery is to integrate hydrophilic siRNA 
and hydrophobic anticancer drugs into one single 
platform. This represents a significant challenge for 
NDDS design since most of the clinically approved 
chemotherapeutic drugs display poor water solubili-
ty.  

To address the aforementioned limitations of 
current NDDS and improve their therapeutic efficacy 
against metastatic breast cancer, we herein designed 
and developed a novel triple-layered micelleplex 
platform for the co-delivery of a hydrophobic cispla-
tin prodrug and siRNA. The micelles are 
self-assembled from a pH-responsive triblock co-
polymer poly(ethylene glycol)-block-poly(aminolated 
glycidyl methacrylate)-block-poly(2-(diisopropyla-
mino) ethyl methacrylate) (PEG-b-PAGA-b-PDPA) 
and composed of three separated functional domains, 
which are a hydrophilic poly(ethylene glycol) (PEG) 
corona, a cationic intermediate layer, and a hydro-
phobic PDPA core, respectively. The PEG shell is in-
tegrated to shield protein absorption, prevent 
non-specific interaction with the RES, and elongate 
the systemic circulation of the siRNA-loaded mi-
celleplexes. The aminolated interlayer possesses posi-
tive charge at physiological neutral pH due to proto-
nation of the primary amino groups. Thus the inter-
layer can protect siRNA from serum degradation 
during blood circulation, and facilitate tumor pene-
tration of the micelleplexes once they reach the tumor 
site.(20) In the PDPA segment can stabilize the mi-
celleplexes during blood circulation and encapsulate 
the anticancer drug by forming a hydrophobic core. 
The PDPA core can be specifically dissociated in the 
early endosomes (pH = 5.9~6.2)(21,22) and trigger 
payload release via protonation of the PDPA tertiary 
amine at pH below 6.3,(23,24) thus avoiding siRNA 
degradation in lysosomes and drug elimination 
through the endocytic recycling pathway (Fig. 1).(25) 
It is expected that this novel micelleplex co-loading 
cisplatin prodrug and siRNA could simultaneously 
inhibit the growth and distant metastasis of highly 
invasive breast tumors by suppressing NF-κB expres-
sion. 

Results and discussion 
Synthesis and characterization of 
PEG-b-PAGA-b-PDPA triblock copolymer and 
micelles  

To prepare the triple-layered pH-responsive 
micelleplexes, a parental triblock copolymer 
poly(ethylene glycol)-block-poly(glycidyl methacry-
late)-block-poly(2- (diisopropylamino) ethyl methac-
rylate) (PEG-b-PGA-b-PDPA) was first synthesized by 



 Theranostics 2016, Vol. 6, Issue 1 

 
http://www.thno.org 

16 

sequential atom transfer radical polymerization 
(ATRP) of glycidyl methacrylate (GA) and 
2-(diisopropylamino) ethyl methacrylate (DPA) using 
mPEG225-Br as a macroinitiator (Fig. S1). The 
polymerization degree of PGA and PDPA segments 
was determined to be 45 and 50 respectively by 
1H-nuclear magnetic resonance (1H-NMR) spectra 
examination (Fig. S2). The PGA block of 
PEG-b-PGA-b-PDPA copolymer was then reacted 
with a set of oligoamines (i.e. ethylenediamine EDA, 
diethylenetriamine DETA, triethylenetetramine TETA 
and tetraethylenepentamine TEPA) to obtain amino-
lated PEG-b-PEDAGA-b-PDPA, PEG-b-PDETAGA-b- 
PDPA, PEG-b-PTETAGA-b-PDPA or PEG-b- 
PTEPAGA-b-PDPA triblock copolymer. The resulting 
copolymers were denoted as PEDA, PDETA, PTETA 
or PTEPA respectively, according to the abbreviation 
of oligoamine used for aminolation. The successful 
aminolation of PGA segment was verified by 
1H-NMR spectra examination (Fig. S2& Fig. S3). Two 
control diblock copolymers of mPEG225-b-PDPA50 and 
EDA-aminolated mPEG225-b-PGA45 (namely, 
PEG-b-PDPA and PEG-b-PEDA, respectively) were 
also synthesized by ATRP method (Fig. S4). Cationic 
micelles from PEG-b-PAGA-b-PDPA triblock copol-
ymer were then prepared using a solvent precipita-
tion method as described previously.(23) The cationic 
micelles prepared from different copolymers dis-
played similar surface charge around 16.0 mV, con-
firming the presence of aminolated interlayer in the 
micelles. The number-averaged hydrodynamic diam-
eter of all cationic micelles was around 40 nm as de-
termined by using dynamic light scattering meas-
urement.  

The pH-responsive property of the triblock co-
polymer was characterized by acid-base titration 

study. Diblock copolymers of PEG-b-PEDA and 
PEG-b-PDPA were shown as control (Fig. 2a). The pH 
titration curve of PEDA showed two pH transitions: 
the initial titration displayed narrow pH-responsive 
behavior due to deprotonation of PDPA tertiary 
amino groups (pH 6.2~6.4), and later titration (pH 
6.4~9.0) was similar to that of PEG-b-PEDA (Fig. 2b), 
suggesting a composite pH-responsive behavior of 
PEDA triblock copolymer. PEG-b-PEDA diblock co-
polymer displayed response to a broad pH range 
from 6.0 to 9.0. This could be attributed to the step-
wise protonation of the primary and secondary amino 
groups of EDA, since these two types of amino groups 
possess distinct pKa value of 9.1 and 6.3, respective-
ly.(26) To visualize acid-induced micelle dissociation, 
PEDA micelles were loaded with a polari-
ty-responsive and pH-insensitive fluorescent dye nile 
red (NR). As expected, at pH ≥ 6.4, strong fluores-
cence signal assigned to NR was detected due to en-
capsulation of NR in the hydrophobic PDPA core. At 
pH ≤ 6.2, the fluorescence emission of NR was com-
pletely quenched due to micelle dissociation and NR 
release into the aqueous phase (Fig. 2c).(27) The ac-
id-induced dissociation of the cationic micelles was 
further examined by transmission electron micro-
scopic (TEM) measurement. At pH 7.4, all 
PEG-b-PAGA-b-PDPA micelles displayed spherical 
morphology with particle size around 30~50 nm. 
They were dissociated to form amorphous aggregates 
due to protonation of PDPA core at acidic pH 6.0 (Fig. 
2d). A minor fraction of the micelles intended to form 
aggregate at pH 7.4 when investigated by TEM ex-
amination that might be caused by the formation of 
hydrogen bonds between amino groups of different 
micelles during the dehydration process.  

 

 
Figure 1. Schematic illustration for the preparation and intracellular activation of siRNA and cisplatin prodrug co-loaded pH-responsive micelleplexes: (a) Pt(IV)-OC 
was encapsulated in the hydrophobic core and siRNA was loaded on the intermediate layer of the micelleplexes; (b) Intracellular acidic pH-induced activation of 
micelleplexes. The micelles were dissociated inside acidic late endosome/lysosome due to protonation of the PDPA core. Pt(IV)-OC prodrug and siRNA were then 
simultaneously released into cytosol due to the strong hemolytic activity of the cationic triblock copolymers.  
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Figure 2. Characterization of PEG-b-PAGA-b-PDPA triblock copolymer and micelles: (a) Chemical structure of PEDA triblock copolymer, PEG-b-PEDA and 
PEG-b-PDPA diblock copolymers, respectively; (b) pH titration curves of PEDA, PEG-b-PEDA and PEG-b-PDPA copolymers; (c) Fluorescence spectra and fluo-
rescent images of NR-loaded PEDA micelles at different pH; (d) Representative TEM images of PEDA, PDETA, PTETA and PTEPA micelles examined at neutral (pH 
7.4) or acidic (pH 6.0) (scale bar = 100 nm).  

 
To demonstrate intracellular micelle dissociation 

in endosome/lysosome vesicles, PEDA micelles was 
labeled with a pH-insensitive fluorescence dye tetra-
methyl rhodamine (TMR) through co-assembling 85 
wt.% of aminolated triblock copolymer with 15 wt.% 
of TMR-conjugated PEG-b-PDPA diblock copolymer. 
Three molecules of TMR was conjugated on each 
PEG-b-PDPA diblock copolymer via ester bonds (Fig. 
S5).(27) Around 1.0 wt.% TMR was loaded into each 
micelle nanoparticle. At pHs above 6.3 (i.e. pH = 6.4 or 
7.4), the as-prepared micelles displayed a quenched 
fluorophore signal owing to Förster resonance energy 
transfer (FRET) effect between the TMR 
molecules.(28) At weakly acidic pHs (pH ≤ 6.2), the 
fluorescent emission of TMR recovered dramatically 
due to PDPA protonation and micelle disassemble 
(Fig. 3a). Next, 4T1 murine breast cancer cells were 

pre-treated with 200 nM bafilomycin-A1 (Baf-A1), and 
then incubated with TMR-labeled PEDA micelles. 
Baf-A1 is a potent inhibitor for vacuolar-type 
H+-ATPase (V-ATPase) proton pump. The V-ATPase 
is responsible for the acidification of the endocytic 
vesicles (i.e., endosomes or lysosomes).(29,30) Fig. 3b 
demonstrated that 4T1 cells displayed “silenced” 
TMR signals after 12 h co-incubation with Baf-A1 and 
TMR-labeled micelles when examined using confocal 
laser scanning microscopy (CLSM). This result is 
caused by the inhibition of endosome acidification 
and corresponding lack of dissociation of the PDPA 
core. In contrast, strong fluorescence signal assigned 
to TMR was observed in Baf-A1 untreated cell control 
due to micelle dissociation in the early 
endosomes.(16) Taken together, the pH titration 
curves, fluorescence changing pattern of both 
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NR-loaded and TMR-labeled micelles consistently 
suggested a sharp responsiveness of PEG-b-PAGA- 
b-PDPA micelles to weakly acidic environment, im-
plying good potential of these micelles for drug re-
lease in early endosomes.  

Given the strong buffer capacity of 
PEG-b-PAGA-b-PDPA micelles in the pH range of 6.2 
to 7.4, we next examined their membrane destabiliza-
tion ability by a hemolytic assay. Fig. 3c illustrated 
that no hemoglobin was released from the red blood 
cells (RBC) when treated with the micelles at pH 7.4, 
implying good blood compatibility of the micelles at 
the neutral pH condition. In significant contrast, at 
acidic pH = 6.2 simulating the weakly acidic envi-
ronment of early endosome, dramatic hemoglobin 
release was induced by all four kinds of micelles in a 
concentration-dependent manner. More specifically, 
over 30%, 50% and 70% of hemoglobin was released at 

a PEDA concentration of 25, 50 and 100 µg/mL, re-
spectively, implying an acidic pH-dependent mem-
brane destabilization capacity of the 
PEG-b-PAGA-b-PDPA micelles.  

Good serum stability is a prerequisite for sys-
temic administration of NDDS. The influence of se-
rum concentrations on the colloidal stability of mi-
cellar nanoparticles was examined using dynamic 
light scattering (DLS) measurement. As shown in Fig. 
3d, consistent hydrodynamic particle sizes were 
found for all PEG-b-PAGA-b-PDPA micelles when the 
serum contents were increased from 0 to 20% (V/V), 
along with a slight increase of the polydispersity in-
dex (PDI) of the particle size distribution. The DLS 
data suggested good serum stability of the cationic 
micelles that could most likely be attributed to the 
shielding effect of PEG corona.  

 

 
Figure 3. Intracellular dissociation, serum stability, blood compatibility and siRNA binding affinity of PEG-b-PAGA-b-PDPA micelles with different oligoamine side 
chain: (a) Fluorescence curves of TMR-labeled PEDA micelles versus pH (the insert shows the fluorescence images of the micelles at different pH values); (b) CLSM 
images of 4T1 cells treated with TMR-labeled PEDA micelles, Baf-A1 inhibited the intracellular dissociation of PEDA micelles, as indicated by the lack of TMR 
fluorescence in Baf-A1 pre-treated cells (scale bar = 100 µm); (c) Hemolytic activity of the pH-responsive micelles (**, p < 0.01); (d) Change of hydrodynamic particle 
size and polydispersity (PDI) versus serum concentrations; (e) siRNA binding ability of PEDA, PDETA, PTETA or PTEPA micelles as determined by gel retardation 
assay.  

 



 Theranostics 2016, Vol. 6, Issue 1 

 
http://www.thno.org 

19 

The siRNA binding ability of the cationic 
PEG-b-PAGA-b-PDPA micelles was examined by gel 
shift assay. As shown in Fig. 3e, a positive correlation 
was found between the chain length of oligoamines 
and the siRNA binding ability of the micelles. For 
instance, 65%, 25%, 4.0% and no free siRNA was de-
tected when it was mixed with PEDA, PDETA, 
PTETA or PTEPA micelles respectively, at a micelle to 
siRNA weight ratio of 4.0. This result suggested the 
strongest siRNA binding affinity of PTEPA micelles 
which can most likely be attributed to the highest 
secondary amino density of TEPA among all the oli-
goamines.(30) 

Intracellular distribution and GFP knockdown 
efficiency of micelleplexes 

To examine the intracellular uptake and distri-
bution of siRNA-loaded micelleplexes, PEDA micelles 
were covalently labeled with TMR dye as described 
above. The micelles were then loaded with fluoresce-
in-modified siRNA (siRNA-FAM) to form the mi-
celleplexes. A time course study was first performed 
to examine the internalization efficacy of the PEDA 
micelleplexes. The intracellular fluorescence intensity 
of both FAM and TMR was increased over time when 
examined by flow cytometric measurement, indicat-
ing that the cellular uptake of the micelleplexes was 
dependent on incubation time (Fig. S6). The intracel-
lular distribution of PEDA micelleplexes was then 
investigated using CLSM examination. As shown in 
Fig. 4a, after 12 h incubation, considerable red fluo-
rescence signal assigned to TMR was observed in 
A549 cells, implying successful internalization and 
dissociation of the PEDA micelles. The red spots of 
TMR were not completely colocalized with the green 
ones of FAM, indicating successful cytosol release of 
siRNA payload due to the strong hemolytic activity of 
the triple-layered micelles (Fig. S7). The majority of 
the red fluorescence spots were localized surrounding 
the cellular nuclei and colocalized with the lysosome 
vesicles as demonstrated by lysosome staining assay, 
indicating the majority of the micellar nanoparticles 
were entrapped inside the lysosome vesicles (Fig. S8).  

To screen the optimized micelle composition for 
siRNA delivery, the siRNA transfection efficacy of 
four kinds of micelleplexes (i.e. PEDA, PDETA, 
PTETA and PTEPA) was examined in A549 cells with 
stable green fluorescence protein expression 
(A549-GFP). Commercially available transfection re-
agent Lipofectamine-2000 (Lipo-2000) was used as a 
parallel control. Strong GFP expression was observed 
in siRNA-NC treated A549-GFP cells. On the contrary, 
significant decrease of GFP expression was found in 
the cells transfected with siRNA-GFP micelleplexes, 
implying successful RNAi-specific GFP knockdown 

in A549-GFP cells (Fig. 4b&c and Fig. S9). A quanti-
tative analysis of the GFP knockdown efficacy using 
flow cytometry revealed that PEDA micelleplexes 
possessed the highest RNAi-binding efficacy among 
four kinds of micelleplexes. For instance, PEDA si-
lenced over 80% of GFP expression in A549-GFP cells 
at a micelle to siRNA weight ratio of 20, much more 
efficient than other kinds of micelles and Lipo-2000 
(Fig. 4d). The GFP knockdown study suggests a neg-
ative correlation between the siRNA binding ability 
and target gene silencing efficacy of our 
pH-responsive micelleplexes. This could most likely 
be caused by the low efficiency of PTEPA micelles to 
release siRNA payload intracellularly since PTEPA 
micelles displayed the strongest siRNA binding abil-
ity among all micelles. The micelles bearing different 
ologoamine side chains were further screend by a 
cytotoxocity assay. It was found that PEDA micelles 
with or without siRNA complexation caused the 
lowest cytotoxicity among all the micelles as deter-
mined by a sulforhodamine B (SRB) staining assay 
(Fig. 4e & Fig. S10). Thus we selected PEDA mi-
celleplexes prepared at micelle to siRNA weight ratio 
of 20 for RNAi studies in vitro and in vivo. 

Inhibition of tumor metastasis in vitro  
The ability of PEDA micelleplexes to silence 

NF-κB subunit p65 was tested in 4T1 cancer cells, a 
murine breast cancer cell line with high potential for 
lung metastasis. As shown in Fig. 5a&b, siR-
NA-p65-loaded PEDA (PEDA/p65) micelleplexes 
significantly suppressed p65 expression in 4T1 cells in 
a siRNA concentration dependent manner. Approxi-
mately 50% of p65 expression was silenced at a siR-
NA-p65 concentration of 150 nM. Knockdown of p65 
protein notably inhibited metal matrixproteinase-9 
(MMP-9) expression in 4T1 cells (Fig. 5c&d) abolish-
ing 40% of MMP-9 expression in 4T1 cells at a siR-
NA-p65 concentration of 150 nM. Furthermore, si-
lencing of p65 in 4T1 cells reduced over 70% of cell 
cycle regulator Cyclin D1 (Fig. 5e). The influence of 
p65 knockdown on the proliferation rate of 4T1 cells 
was examined using flow cytometric assay. Notable 
increase of G0/G1 ratio (from 41.91% to 63.83%) was 
found in siRNA-p65-transfected cells, implying sig-
nificant inhibition of cell proliferation induced by 
Cyclin D1 downregulation (Fig. S11). 

The motility of siRNA-p65 transfected 4T1 cells 
was then examined by wound healing assay. Com-
pared to the untreated cell control that healed thor-
oughly, p65-silenced 4T1 cells displayed negligible 
wound reparation ability (Fig. 5f). A quantitative 
wound healing analysis showed that the wound rep-
aration ability of 4T1 cells was significantly reduced 
by over 95% following transfection with siR-
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NA-p65-loaded PEDA micelleplexes. This translates 
into 20-fold lower motility than that of the cell control 
treated with siRNA-NC (Fig. 5g). A transwell assay 
was also performed to evaluate the ability of cancer 
cells to migrate to adjacent tissue or traffic through the 
extracellular matrix. The photographs presented in 
Fig. 5f indicate that following transfection with siR-
NA p65, the number of 4T1 cells passing through the 

membrane was notably less than that of the cells 
treated with siRNA-NC. The migration and invasion 
capability of 4T1 cells were reduced by 4.4 and 
1.5-fold, respectively, when treated with siR-
NA-p65-loaded micelleplexes (Fig. 5g). This could 
most likely be attributed to p65 knockdown-induced 
MMP-9 downregulation.  

 
Figure 4. Cellular uptake and target gene knockdown of siRNA-loaded pH-responsive micelleplexes: (a) Intracellular distribution of siRNA-FAM loaded PEDA 
micelleplexes determined by CLSM examination (scale bar = 50 µm); (b) Fluorescence images of A549-GFP cells transfected by siRNA-GFP loaded PEDA mi-
celleplexes or lipoplexes (scale bar = 150 µm); (c) Flow cytometry determined GFP expression in A549-GFP cells transfected with siRNA-GFP loaded PEDA 
micelleplexes or lipoplexes; (d) Influence of micelle to siRNA weight ratio on GFP knockdown (KD) efficiency of siRNA-GFP loaded micelleplexes; (e) Relative 
viability of A549-GFP cells after 24 h incubation with siRNA-loaded micelleplexes.  
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Figure 5. Anti-metastasis in murine 4T1 breast cancer cells in vitro: (a-c) Western-blotting assay determined (a&b) p65; (c-e) MMP-9 and Cyclin D1 expression in 4T1 
cells transfected with PEDA/siRNA-p65 micelleplexes in vitro; (f) Representative images determined by wound healing, migration and invasion assay of siRNA-p65 
transfected 4T1 cells (scale bar = 200 µm); (g) Quantitative analysis of the wound healing, migration and invasion potential of siRNA-p65 transfected 4T1 cells. The 
wound healing, migration and invasion ratios of siRNA transfected cells were normalized with that of untreated cells control (**, p < 0.01). 

 
 

Biodistribution and pharmacokinetics of siR-
NA and cisplatin prodrug co-loaded mi-
celleplexes  

To test the potential of PEDA micelles for 
co-delivery of siRNA and anti-cancer drug, we first 
synthesized a hydrophobic cisplatin prodrug 
Pt(IV)-OC by esterification of Pt(IV)-OH with octanoic 
anhydride. This was performed by following the 
procedure reported by Farokhzad et al (see Fig. S12 & 
Fig. S13 for synthesis and MS spectrum, respective-
ly).(17) Pt(IV)-OC was then encapsulated into the core 
of PEDA micelles through hydrophobic interaction 
with PDPA moiety. After loading 1.0%(wt) Pt(IV)-OC 
prodrug, the number averaged hydrodynamic diam-
eters of PEDA micelles changed from 41.6±1.8 to 
54.9±4.3 nm, which increased further to 67.2±4.7 nm 
following siRNA complexation. The 
Pt(IV)-OC-loaded PEDA micelles displayed positive 
surface charge of 16.0±1.1 mV, which decreased to 
11.8±2.4 mV after siRNA loading (Fig. 6a&b). The 
acidic pH-induced dissociation of the micelleplexes 
was not impaired by Pt(IV)-OC-loading and siRNA 
complexation as confirmed by TEM examination (Fig. 
6c). The cytotoxicity of cisplatin, Pt(IV)-OC and PEDA 
micelleplexes loading siRNA-NC/Pt(IV)-OC or siR-
NA-p65/Pt(IV)-OC (denoted as M/Pt(IV)-OC/NC 
and M/Pt(IV)-OC/p65, respectively) was evaluated 
by SRB staining assay. Cisplatin and Pt(IV)-OC pro-

drug showed comparable cytotoxicity, suggesting 
effective intracellular reduction of the prodrug into 
activate status. A comparison of the dose-response 
curves showed significantly lower IC50 values of the 
prodrug-loaded micelleplex than that of cisplatin or 
prodrug (Fig. 6d). This could most likely be explained 
by nanoparticle-enhanced internalization of the al-
kylated cisplatin prodrug.(17) Moreover, 
M/Pt(IV)-OC/p65 displayed higher cytotoxicity than 
M/Pt(IV)-OC/NC in all selected drug concentrations. 
The ability of siRNA and Pt(IV)-OC co-loaded mi-
celleplexes to induce cellular apoptosis was also ex-
amined in 4T1 cells. When incubated with siRNA-NC 
loaded PEDA micelleplexes (M/NC) or Pt(IV)-OC, 
14.8% and 35.4% of 4T1 cells underwent apoptosis, 
respectively. The apoptotic cell percentage increased 
notably to 95.1% after incubation with 
M/Pt(IV)-OC/p65 micelleplexes (Fig. S14). To eluci-
date the possible underlying mechanism, caspase-3 
activation was examined by immunostaining analysis. 
Significant caspase-3 elevation was detected in 4T1 
cells treated with M/Pt(IV)-OC/p65, suggesting 
caspase-3 activation might be the dominant mecha-
nism to induce cellular apoptosis (Fig. S15). Taken 
together, all these results verified that the simultane-
ous delivery of siRNA-p65 and Pt(IV)-OC is able to 
concurrently sensitize 4T1 breast cancer cells to plat-
inum treatment by suppressing p65 expression.  
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Figure 6. Physical characterization and in vivo behavior of siRNA and Pt(IV)-OC co-loaded PEDA micelleplexes: (a&b) Size distribution of (a) PEDA/Pt(IV)-OC 
micelles and (b) PEDA/Pt(IV)-OC/siRNA micelleplexes; (c) TEM image of PEDA/Pt(IV)-OC micelles, and PEDA/Pt(IV)-OC/siRNA micelleplexes examined at pH = 7.4 
or 6.0 (scale bar = 100 nm); (d) In vitro cytotoxicity, and (e) pharmacokinetics of PEDA/Pt(IV)-OC/siRNA micelleplexes; (f) Tissue distribution of Pt(IV)-OC prodrug 
when delivered with PEDA micelleplexes; (g) In vivo and (h) ex-vivo distribution of siRNA-loaded micelleplex in 4T1 orthotopic tumor-bearing mice (H: heart; L: liver; 
S: spleen; Lu: lung; T: tumor; the black arrows in Figure g indicated the location of 4T1 tumors); (i) CLSM examination determined intratumoral distribution of 
siRNA-loaded micelleplexes 2 h post tail vein injection (scale bar = 50 µm). The PEDA micelles and siRNA were labeled with Ce6 and FAM, respectively. 

 
The pharmacokinetic behavior and biodistribu-

tion of Pt(IV)-OC, systemically administered either in 
free drug form or micelleplex formulation, were 
quantitatively examined by ICP-MS measurement. 
The maximal drug concentration and area under the 
curve of Pt(IV)-OC were significantly increased by 3.9 
and 17.7-fold over those of free Pt(IV)-OC respective-
ly, when delivered with PEDA micelles (Fig. 6e and 
Table S1). The tissue distribution of Pt(IV)-OC was 
examined in nude mice bearing orthotopic 4T1 tumor 
at 1, 4 or 24 h time point post intravenous (i.v.) injec-
tion. Fig. 6f showed that free Pt(IV)-OC was mainly 

found in the lung, liver and kidney, with negligible 
tumor distribution, which could be explained by the 
rapid clearance of small molecular drug by the kid-
neys and Kupffer cells. When delivered with PEDA 
micelles, the tumoural concentration of Pt(IV)-OC was 
notably increased by 3.2-fold when examined at 1 h. 
This could be mainly attributed to the passive tumor 
targeting ability of PEDA micelles through the EPR 
effect.  

The in vivo and ex-vivo distribution of siRNA and 
Pt(IV)-OC co-loaded PEDA micelleplexes was exam-
ined by whole body imaging. For this purpose, 
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PEG-b-PDPA diblock copolymer was conjugated with 
a fluorescence dye chlorine e6 (Ce6) (see Fig. S5 for 
synthesis). The PEG-b-PDPA-Ce6 copolymer was 
thoroughly purified by dialyzing against DMSO and 
Milli-Q water to remove free Ce6. The complete re-
moval of any trace free Ce6 was verified by high per-
formance liquid chromatography (HPLC) examina-
tion (Fig. S16). Each PEG-b-PDPA molecule was con-
jugated with three Ce6 molecules as determined by 
UV-Vis spectroscopic measurement. PEG-b-PDPA- 
Ce6 copolymer was then mixed with PEDA triblock 
copolymer at a weight ratio of 15 to 85 to obtain 
Ce6-labled PEDA micelles. The Ce6-labeled micelles 
were then loaded with siRNA-FAM for tracking 
siRNA distribution in vivo. As shown in Fig. 6g&h, 
tumor accumulation of PEDA micelleplexes was 
found 1 h post i.v. injection. The fluorescence intensity 
increased slightly at 2 h, and then dropped slowly 
over time due to blood washing of the micelleplexes. 
It is worth noting that strong fluorescence signal was 
found in the kidney 1 h post nanoparticle injection, 
this could be most likely caused by fast disassembly 
and retention of the cationic micelleplexes at the kid-
ney glomerular basement membrane as reported by 
Davis et al.(31)  

The intratumoral distribution of siRNA-loaded 
PEDA micelleplexes was further investigated by 
CLSM examination of the tumor sections. As shown 
in Fig. 6i, green fluorescence assigned to FAM and red 
fluorescence of Ce6 were both found throughout the 
tumor tissue when examined at the 2 h time point. 
The fluorescence dots of FAM and Ce6 were distrib-
uted mainly surrounding the nucleus and were par-
tially co-localized, indicating successful internaliza-
tion of the micelleplexes and cytosol release of siRNA 
payload in vivo. We had recently reported that the 
micellar nanoparticles with neutral surface charge 
tended to distribute in the perivascular areas of solid 
tumor without notable tumor penetration,(32) even 
though they can accumulate in the tumor site via EPR 
effect. On the contrary, the tumor distribution images 
clearly indicated good tumor penetration and cellular 
entry of PEDA micelleplexes. Our observation is also 
consistent with the literature reports that cationic 
nanoparticles can penetrate deeper inside the solid 
tumors than their counterparts bearing neutral or an-
ionic surface charge.(20,33) This could be most likely 
attributed to the positive surface charge of the mi-
celleplexes facilitating their interaction with the ECM 
and cell membrane post extravasation from the blood 
vessel at the tumor site.  

Inhibition of tumor growth and metastasis in 
vivo  

Encouraged by the improved cytotoxicity in 4T1 

cells and the significant accumulation in the ortho-
topic 4T1 tumor of siRNA and Pt(IV)-OC co-loaded 
PEDA micelleplexes, their ability to inhibit tumor 
growth was also evaluated in vivo. The 4T1 tumor 
bearing nude mice were randomly divided into six 
groups when the tumor volume reached 50 mm3. The 
mice were then systemically injected with siRNA and 
prodrug co-loaded PEDA micelleplexes or other for-
mulations at an equal siRNA and prodrug dose of 3.0 
and 0.60 mg/kg, respectively. The micelle dose was 60 
mg/kg accordingly. The injection was repeated for 6 
times at an interval of 2 days. As shown in Fig. 7a, the 
tumors of M/Pt(IV)-OC/p65 group grew much 
slower than those of M/Pt(IV)-OC/NC or M/p65 
group. A hematoxylin and eosin (H&E) staining assay 
revealed significant DNA degradation in the tumor 
sections of the M/Pt(IV)-OC/p65 group (Fig. 7b). The 
tumor slices of each mouse group were further ex-
amined by the tunnel staining assay. Significant cel-
lular apoptosis was detected in M/p65/Pt(IV)-OC 
group in comparison with that of M/Pt(IV)-OC/NC 
or cisplatin group (Fig. 7c).  

The ability of M/Pt(IV)-OC/p65 to suppress 
lung metastasis of the orthotopicallly implanted 4T1 
tumors was studied in the six groups of mice. At the 
24th day post first injection, the mice were sacrificed. 
The lungs were collected and photographed. Meta-
static nodules of 4T1 cells from the primary tumor 
were found in the lungs of the PBS or M/NC group as 
confirmed by bioluminescence imaging (BLI) (Fig. 
7d&e). Although M/p65 and cisplatin displayed 
comparable tumor growth inhibition effect, signifi-
cantly less metastasis nodules and weaker BLI signal 
were found in the lungs of M/p65 group. This indi-
cated a much better tumor metastasis inhibition abil-
ity of siRNA-p65 than that of cisplatin that could be 
attributed to the p65-knockdown-induced metastasis 
suspension as demonstrated in the cell culture studies 
in vitro. Most notably, M/p65/Pt(IV)-OC treatment 
significantly inhibited both the growth of the primary 
tumors and the dissemination of 4T1 cells to lung, 
suggesting a cumulative therapeutic outcome of 
Pt(IV)-OC-mediated chemotherapy and siR-
NA-p65-directed RNAi therapy.  

A notable liver and kidney distribution of the 
micelleplexes was detected in the biodistribution 
study. To evaluate the systemic toxicity of the mi-
celleplexes, the liver and kidney of the tumor bearing 
ice were examined using a histological analysis at the 
end of the anti-tumor study. Cisplatin-treatment in-
duced obvious tubular atrophy and necrosis due to its 
severe nephrotoxicity. On the contrary, neither siR-
NA-loaded nor siRNA and Pt(IV)-OC co-loaded 
PEDA micelleplexes caused notable damage in the 
liver and kidney (Fig. S17). Biochemical analysis of 
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blood was further performed to evaluate the influence 
of micelleplex-injection on the liver function. There 
was no significant difference between the liver func-
tion of PBS or micelleplex-injected mouse groups 
when tested for several factors including the serum 
levels of albumin, globulin, alkaline phosphatase, 
alanine aminotransferase, aspartate aminotransferase, 
total bilirubin level and total protein level (Table S2). 
Both the H&E staining and results from liver function 
analysis implied satisfactory biosafety of the mi-
celleplex nanoparticles co-loaded with siRNA and 
cisplatin-prodrug.  

Metastasis is one of the leading challenges for 
breast cancer therapy. The dissemination of cancer 
cells to a secondary location is a multistep and com-
plicated process. One significant driving force for 
cancer metastasis is the uncontrolled proliferation of 

cancer cells causing hypoxia and acidic tumor mi-
croenvironment due to insufficient oxygen supply 
and medium exchange in deep tumor.(34) This is be-
lieved to stimulate local invasion of cancer cells by 
initiating the EMT of cancer cells.(35) The second 
underlying reason for tumor metastasis is the genetic 
instability of cancer cells. The ectopic activation of 
NF-κB in cancer cells could promote EMT and matrix 
degradation by eliciting MMP-9 expression.(36) In 
addition, over-activation of NF-κB is also closely re-
lated to the chemoresistance of cancer cells by 
up-regulating anti-apoptotic gene Bcl-2.(37,38) Con-
sidering this complex, multi-factorial nature of me-
tastasis, it is essential to treat metastatic cancer by 
simultaneously targeting several different mecha-
nisms.  

 
 
 

 
Figure 7. PEDA micelleplex mediated siRNA-p65 and Pt(IV)-OC prodrug co-delivery significantly inhibited the growth of primary tumor and suppressed lung 
metastasis: (a) Tumor growth curves in a mouse model bearing 4T1 tumors after treatment with various formulations (the black arrows indicated the injection time 
points); (b) H&E and (c) tunnel staining of tumor sections; (d-f) Lung metastasis of 4T1 breast tumor determined by (d) photograph, (e) BLI imaging, and (f) H&E 
staining (the black arrows indicated the location of metastasis nodules in the lung) (200 × for H&E and tunnel staining images). The black arrows in d and f indicate the 
presence of metastasis nodules in the lungs. 
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We hypothesized that a combination of cytotoxic 
chemotherapy with RNAi therapy could address the 
current challenge for treatment of metastatic breast 
cancer. To verify our hypothesis, we firstly selected 
cisplatin as the therapeutic reagent. Cisplatin is a 
first-line anticancer drug widely used for chemo-
therapy of a large variety of carcinomatous diseases, 
including lung, ovarian and blood cancers.[40] How-
ever, the clinical application of cisplatin is severely 
hindered by its poor pharmacokinetics, low bioavail-
ability, undesired side effect and tendency to induce 
resistance.(41) Alkylation of cisplatin has recently 
been demonstrated as a practical strategy to convert 
cisplatin into a hydrophobic prodrug form.(17,42) In 
this study, we employed octanoic anhydride as an 
alkylation reagent to prepare hydrophobic cisplatin 
prodrug Pt(IV)-OC, which can be specifically acti-
vated with intracellular GSH in cancer cells. In paral-
lel, we selected siRNA-p65 targeting the NF-κB 
pathway for RNAi therapy to inhibit both the growth 
of the primary tumor and distant metastasis of the 
cancer cells.  

We previously reported a set of PDPA-based 
pH-responsive micellar nanoparticles for delivery of 
siRNA(22) and anti-cancer drugs.(23,24) These nano-
particles displayed a sharp pH transition around 6.3 
in response to the weakly acidic microenvironment of 
early endosome via protonation of the PDPA core. In 
this study, we developed triple-layered micelleplexes 
by successfully integrating the hydrophobic cisplatin 
prodrug and therapeutic siRNA into one single mi-
celleplex nanoplatform. These unique micelleplexes 
were responsive to the weakly acidic microenviron-
ment of early endosomes and therefore could be spe-
cifically dissociated in the early endosomes. The in-
tracellular dissociation of the micelleplexes could be 
blocked by Baf-A1 treatment verifying the endosome 
pH-responsive property of this novel micelleplex. In 
cell culture studies, we demonstrated that siR-
NA-p65-loaded micelleplexes could completely in-
hibit migration and invasion of 4T1 cells by sup-
pressing gelatinase MMP-9 expression. Also, a com-
bination of siRNA-p65 and cisplatin prodrug caused 
significant apoptosis of 4T1 cells by downregulating 
Cyclin D1 and the anti-apoptotic gene Bcl-2.(42) In the 
anti-tumor study in vivo, we found that siRNA-p65 
and cisplatin prodrug co-loaded micelleplexes simul-
taneously inhibited the growth and metastasis of or-
thotopic 4T1 breast tumor. We propose a synergistic 
therapeutic mechanism of the siRNA and cisplatin 
prodrug co-loaded micelleplexes in vivo. Pt(IV)-OC 
primarily inhibited growth of the primary tumor by 
inducing cellular apoptosis. Simultaneously, siR-
NA-p65 suppressed both the growth of the primary 
tumor and distant metastasis of cancer cells. 

Compared to the NDDS reported so far, the 
present micelleplex platform possesses several obvi-
ous advantages. Firstly, the PEG-b-PAGA-b-PDPA 
micelles display well-defined and triple-layered top-
ological structure, thus allowing integration of very 
different functions into one micellar nanoplatform. 
The micelles can encapsulate both the hydrophobic 
anti-cancer drug inside the hydrophobic PDPA core, 
and compact hydrophilic siRNA on the positively 
charged interlayer. The PDPA core can stabilize the 
micelleplexes at physiological pH and ensure high 
serum stability during blood circulation. Secondly, 
the hydrophobic to hydrophilic transition of PDPA 
core uses proton transfer and non-covalent disassem-
bly rendering a fast response (< 5 ms) to endosomal 
acidic pH upon protonation of the tertiary amino 
groups, allows timely and burst release of the 
chemotherapeutic payload in the early endosome 
vesicles.(44,16) Although conventional NDDS pre-
pared with poly(ε-caprolactone) (PCL) or 
poly(lactide-co-glycolide) (PLGA) had been exten-
sively exploited for cancer therapy, these nanoparti-
cles displayed low efficiency of drug release since it 
was highly dependent on the degradation of polymer 
backbone.(53,54) This might induce acquired drug 
resistance due to continued expose of cancer cells to a 
suboptimal drug concentration.(33) Nanoparticles 
with pH-responsive properties were also extensively 
exploited for drug and gene delivery application re-
cently.(45-47) Most of these nanovehicles were based 
on the breaking of pH-labile covalent bonds to induce 
nanoparticle degradation. This strategy is time con-
suming (generally several hours to days), and their 
pH-responsive property is non-specific to the tu-
moural or intracellular acid microenvironment.(48-52) 
Furthermore, the PAGA and PDPA segments display 
a composite pH-responsive property and strong pro-
ton sponge capacity in the weak acid condition (i.e. 
pH 6.3 ~ 7.0) (Fig. 2a&b). Consequently, the mi-
celleplexes could synergistically induce endo-
some/lysosome disruption and facilitate cytosol re-
lease of siRNA and hydrophobic drugs.(24) Moreover, 
the micelleplex platform co-loaded with siRNA and 
anti-cancer drugs could simultaneously inhibit the 
growth of primary tumor as well as the distant me-
tastasis of the cancer cells.  

Conclusion 
In summary, we reported a unique micelleplex 

platform with sharp pH-responsive property for de-
livery of siRNA and the cisplatin prodrug. The mul-
tifunctional micelleplexes exhibited sharp response to 
weakly acidic microenvironment of early endosomes. 
In cell culture studies, PEDA micelleplexes loaded 
with siRNA-p65 could completely abolish the migra-
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tion and invasion ability of 4T1 breast cancer cells by 
blocking the NF-κB pathway. Furthermore, the mi-
celleplexes co-loaded with cisplatin prodrug and 
siRNA-p65 could passively accumulate into the or-
thotopic 4T1 breast tumor. Most significantly, the 
micelleplexes inhibited both the growth of primary 
tumor and the lung metastasis of cancer cells. Given 
the defined chemical structure, as well as the superior 
anti-tumor property of our triple-layered mi-
celleplexes, the results presented in this study imply a 
promising potential of this novel platform co-loading 
siRNA and anti-cancer drugs not only for treatment of 
metastatic breast cancer, but also other kinds of inva-
sive solid tumors.  

Supplementary Material  
Supplementary materials and methods, Supplemen-
tary tables and figures. 
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