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amphiphilic drug–drug conjugate for cancer therapy, which 
exhibited excellent anticancer activity in vitro and in vivo.[10] 
Hao and co-workers confirmed that a combination of three 
chemotherapy agents (5-fluorouracil, irinotecan, oxaliplatin) 
proved to be efficient for pancreatic cancer therapy.[11] How-
ever, chemotherapy also faces several limitations, including 
fast blood/renal clearance, poor bioavailability, and multi-
drug resistance.[12] Furthermore, the shortage of targeting 
selectivity leads to serious side effects toward normal tissues, 
greatly limiting their efficacy and clinic applications.

Due to its high specificity and low toxicity,[13,14] small 
interfering RNA (siRNA) is able to silence almost any 
target gene after cellular delivery, providing them with great 
potential for gene therapy for various diseases, including 
cancer.[15,16] A variety of siRNA-based therapeutics have 
been developed, showing great promise in cancer treat-
ments.[17–19] Orphan nuclear receptor TR3/Nur77 is a new 
therapeutic target for pancreatic cancer therapy, which is 
reported overexpressed in a panel of human pancreatic 
tumors (77%), the endogenous TR3 not only facilitates cell 
growth but also cell survival by repressing apoptosis.[20,21] 
siTR3 decreases TR3 mRNA and TR3/Nur77 protein, and 
this is accompanied by decreasing expression of Bcl-2 and 
Survivin and induction of cleaved caspase-3 and poly ADP 
ribose polymerase (PARP) cleavage, confirming the activa-
tion of apoptosis.[22,23] As a result, knocking down TR3 signal 
pathway is potential to prevent the proliferation of pancre-
atic cancer. Tumorigenesis involves multiple mechanisms that 
enable cancer cells to sustain proliferative signaling, resist 
cell death and induce angiogenesis, which makes cancer treat-
ment extremely challenging. Currently, co-delivery of siRNA 
and chemotherapeutic drugs to tumor cells is a vital means 
to silence target genes and overcome the side effects of the 
chemotherapy for an improved chemotherapeutic effect.[24]

However, it remains a challenge to design sophisticated 
nanocarriers with the capability to co-delivery of siRNA 
and chemotherapeutic drugs because of the different phys-
icochemical properties of each part.[25] Naked siRNA hardly 
penetrates across cell membranes due to their high-molec-
ular-weight and high density of negative charge.[26] More-
over, it is easily degraded by nucleases in plasma, resulting 
in the inactivation of the siRNA.[27] For general chemothera-
peutic drugs, such as PTX, doxorubicin, GEM, the solubility 
and stability are always poor in physiological environment. DOI: 10.1002/smll.201602697
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Pancreatic cancer is the fourth leading cause of cancer deaths 
and shows a rapid clinical course with a 5-year survival rate 
of less than 5%, becoming a major health issue and a great 
clinical challenge in the coming years.[1–3] The incidence and 
the mortality of pancreatic cancer increase dramatically over 
the past decades.[4] Recently, some progress has been made 
in the diagnosis and treatment of pancreatic cancer. Several 
chemotherapy agents, including gemcitabine (GEM), pacli-
taxel (PTX), and 5-fluorouracil, show moderate efficacy in 
the treatment of pancreatic cancer,[5,6] whereas negligible 
survival benefit is achieved. Development of new therapeutic 
means is urgently needed for the vast majority of pancre-
atic patients. Recently, combination therapy is widely uti-
lized to cooperatively inhibit the proliferation of tumor cells 
with combined effects through different antitumor mecha-
nisms.[7–9] For example, Zhu and co-workers developed the 
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To overcome these issues, researchers have specially devel-
oped various systems by using polymeric micelles,[28,29] 
liposomes[30] and silica-based nanomaterials,[31,32] den-
drimers,[33] and other organic/inorganic hybrid materials.[34] 
Among them, polymeric nanoparticles (NPs) exhibit unpar-
alleled advantages as nanovehicles due to their excellent 
biocompatibility and easy functionalization.[35,36] Dendrimers 
are a popular class of materials for drug and gene therapy 
due to their unique highly branched and highly precise 
molecular structure to meet specific needs in different situ-
ation.[37,38] We previously developed a redox-sensitive co-
delivery system based on branched poly(ethylene glycol) 
with G2 dendrimers through disulfide linkages (PSPG), 
responsive to the intracellular glutathione (GSH) to release 
the hydrophobic drugs and siRNA.[39] The co-delivery NPs 
exhibit dynamic and structure-invertible properties, which 
are effective to simultaneously deliver nucleic acids and 
hydrophobic drugs for combination cancer therapy. How-
ever, this system showed limited accumulation in vivo and 
lacked the tumor-targeted for cancer therapy.

Herein, PTP (plectin-1 targeted peptide, 
NH2KTLLPTPCOOH), a novel biomaker of pancreatic 
cancer,[40] is coupled with the PSPG vector to form peptide-
conjugated PSPG (PSPGP) nanoparticles for targeted co-
delivery of nuclear receptor siRNA (siTR3) and hydrophobic 
drug (PTX) in vitro and in vivo. The PTP targeted NPs spe-
cifically accumulate in cancer cells through receptor-medi-
ated cell endocytosis. Once entering into cells, the loaded 
siRNA and PTX released from the NPs to exert their thera-
peutic functions due to the cleavage of disulfide linkages in 
the intracellular glutathione-rich reduction environment. In 
vitro studies indicate that the PSPGP/PTX/siTR3 ternary 
system effectively facilitates cellular uptake and exhibits 
high gene transfection in Panc-1 cell lines. siTR3 mediated 
knockdown of TR3 decreases the expression of antiapoptotic 
proteins, including Bcl-2 and Survivin in pancreatic cancer 
cells. For systemic in vivo delivery, the functional co-delivery 
system is expected to extensively accumulate in tumor tissue, 
significantly inhibiting tumor growth and inducing cancer cell 
apoptosis. Moreover, co-delivery of siTR3 and PTX reveals 
a synergetic effect to inhibit cancer cell growth in murine 
tumor models in vivo, which is much more efficient than 
either siTR3- or PTX-based monotherapy. Such PTP pep-
tide-conjugated siTR3 and PTX co-delivery NPs have great 
potential applications in pancreatic cancer therapy.

In this study, PTP peptide-conjugated PSPG nanoparticles 
(PSPGP) possessing redox-sensitivity were successfully syn-
thesized for co-delivery of PTX and siTR3. Intracellular 
delivery process of PSPGP/PTX/siTR3 ternary complex indi-
cated that PSPGP exhibited enhanced endosomal escape and 
reduced intracellular degradation that facilitated efficient 
PTX and siRNA release in the cytosol (Scheme 1). PSPG 
was prepared by conjugating branched poly(ethylene glycol) 
with dendrimers of two generations (G2) through disulfide 
linkages. PSPGP was synthesized according to the reported 
literature.[39] Briefly, PTP was added to the solution of pro-
pargylamine (CC) was activated by N-succinimidyl-3-(2-
pyridyldithiol) propionate to afford CC-SS-PTP. Then, click 
reaction was conducted by mixing PSPG/N3 and CC-SS-PTP 

in the presence of CuSO4 (5 mol%) and sodium ascorbate 
(10 mol%). The successful preparation of PSPG was con-
firmed by proton nuclear magnetic resonance (1H NMR) 
spectroscopy (Figure 1). The existence of disulfide bonds was 
confirmed by the observation of the signals at 2.7–2.9 ppm cor-
responding to the protons on cystamine moiety. Furthermore, 
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Scheme 1.  Schematic illustration of PTX-loaded, TR3 siRNA complexed 
co-delivery vectors and their structure inversion after nucleic acid 
complexation. Intracellular delivery process of PSPGP/PTX/siTR3 
tertiary complexes indicates that PSPGP exhibited enhanced endosomal 
escape and intracellular degradation that facilitates efficient PTX and 
siRNA release in the cytosol.

Figure 1.  1H NMR spectrum (400 MHz, room temperature, D2O) of a) PSP, 
b) N3-PEG-NH2, c) G2 Dendrimer, d) PSPG/N3, e) PTP, f) CC-SS-PTP and 
g) PSPGP.
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characteristic resonances related to the protons on PTP 
appeared in the 1H NMR spectrum ranging from 0.3 to 1.5 
ppm, verifying the synthesis of PSPGP (Figure 1).

The size and morphology of the PSPGP, PSPGP/PTX, 
PSPGP/siRNA, and PSPGP/PTX/siRNA complexes were 
characterized by transmission electron microscopy (TEM) 
and atomic force microscope. As shown in Figure 2 and 
Figure S2 (Supporting Information), the spherical structures 
were observed ≈200 nm in diameter. The suitable size and 
positive charge of the NPs were prerequisites to effective 
cellular internalization. As shown in Figure 3, the average 
diameter of these NPs was calculated to be around 200 nm 
and the zeta potential of the NPs stabilized at low values in 
the range of 1–6 mV accompanied with the increase of the 
N/P ratios (Figure 3a,b). This phenomenon was attributed to 
the existence of neutral poly(ethylene glycol) (PEG) shell 
that sheltered the surface charge of cationic PSPGP poly-
plexes after the structure inversion.[39,41,42] The NPs with suit-
able size were favorable for passive targeting tumor though 

the enhanced permeability and retention (EPR) effect[43,44] 
and positive surface potential increased the endocytosis by 
increasing the interaction with the cell membrane.[44,45] To 
measure the PTX-loading capacity of PSPGP/PTX/siTR3, 
drug-loading content was measured depending on different 
feed ratios of PTX to PSPGP/PTX/siTR3 shown in Figure 3c. 
PTX was efficiently entrapped in a wide range of feed weight 
ratios, and the drug loading content ranged from 4.63 to 
13.9 wt%. This result indicated that the PTX loading content 
in PSPGP/PTX/siTR3 was adjustable, which was an impor-
tant peculiarity for codelivery systems.

The property of drug release from the co-delivery system 
is very important for anti-tumor efficacy in intracellular envi-
ronment.[46] The most attractive function of PSPGP/PTX/
siTR3 was their ability to quickly release PTX and siRNA in 
physiological reducing environment. Due to the breakage of 
disulfide bonds, the imbedded cationic dendrimers separated 
from 8-armed PEG backbone, resulting in the release of the 
loaded PTX and siTR3. To investigate the redox-triggered 
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Figure 2.  TEM images of a) PSPGP, b) PSPGP/siRNA, c) PSPGP/PTX, and d) PSPGP/PTX/siRNA complexes. The scale bars represent 500 nm.

Figure 3.  a) The particle size and b) zeta potential of PSPG/siRNA, PSPG/PTX/siRNA, PSPGP/siRNA, and PSPGP/PTX/siRNA complexes at different 
N/P ratio (pH 7.4). c) The PTX loading capacity of PSPGP and PTX as a function of initial feed ratio of PSPGP/PTX. d) Time-dependent release of PTX 
from PSPGP/PTX/siRNA complexes in the presence or absence of 10 × 10−3 m GSH.
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drug release behavior, the ternary NPs were incubated in 
phosphate buffer (PBS, pH 7.4) in the absence and pres-
ence of 10 × 10−3 m intracellular GSH to simulate the normal 
extracellular environment and the intracellular circumstance. 
As shown in Figure 3d, about 20% of PTX was released from 
PSPGP/PTX/siTR3 NPs over 12 h in the absence of GSH. 
Whereas, a rapid release of PTX was monitored in the pres-
ence of GSH, and about 80% of PTX was sustained release 
from PSPGP/PTX/siTR3 NPs over 12 h. These results sug-
gested that the PSPGP NPs maintained excellent stability 
in the normal extracellular environment and may efficiently 
release PTX and siRNA at cytosol where GSH was rich.

The ability of the PSPGP to deliver siRNA and induce 
gene silencing was investigated using 293T/GFP cells that 
stably expressed the green fluorescent protein (GFP). The 
gene silencing ability of PSPGP/PTX/siRNA became optimal 
at N/P ratio of 10, showing up to 35% of GFP knockdown 
(Figure 4d). These results demonstrated that PSPGP medi-
ated efficient siRNA-based gene silencing. For the co-delivery 
system, the internalization of the siRNA and drug into cells 
was the prerequisite for its pharmacological effect.[47] To 
explore the cellular uptake and release of cargos from the 
NPs, PSPGP/PTX/FAM-siRNA complexes were visual-
ized in Panc-1 cells using confocal laser scanning micro
scopy (CLSM). As shown in Figure 4c, green fluorescence 
was observed mainly in the cytoplasm for all experimental 
time points, suggesting that the NPs were able to co-delivery 
of the siRNA and drug efficiently and release the cargos in 
the cytosol where GSH was rich. In our previous study, PSPG 

showed excellent biocompatibility both in vitro and in vivo. 
After PTP was grafted, the cytotoxicity of the NPs was iden-
tical or even slightly lower than that of PSPG. To assess the 
synergistic anticancer effect of the co-delivery system, cyto-
toxicity against Panc-1 cells and HeLa cells was evaluated by 
MTT assay. The cells were incubated with a series of doses of 
free PTX, siTR3, PTX-loaded, and siTR3-loaded NPs for 24 h. 
Dose-dependent cytotoxicity of these NPs was observed, along 
with the changes of PTX and siTR3 concentration. Increasing 
the concentration of PTX or PTX-loaded NPs reduced the 
cell viability (Figure 4a). Compared with free PTX, PTX-
loaded NPs exhibited higher toxicity in the range of experi-
mental concentrations. The cytotoxicity of the free siTR3 was 
ignored, whereas siTR3-loaded NPs exhibited high toxicity 
(Figure 4b). In the case of PSPGP/PTX/siTR3, the ternary 
NPs display the highest toxicity in the given dose, confirming 
the synergistic effect in this system. As shown in Figure 4a,b, 
the NPs containing the targeting peptide showed higher cyto-
toxicity toward Panc-1 cells than those of the PSPG systems 
without targeting PTP peptide. It should be noted that the 
negligible difference in cytotoxicity toward HeLa cells (Figure 
S3, Supporting Information) was observed for the NPs with 
and without targeting PTP peptide. These investigations 
strongly demonstrated that the PTP peptide on the surface of 
the vehicles acted as targeting groups, resulting in the specific 
delivery of the loaded drug/siRNA to Panc-1 cells.

In order to investigate the knockdown level of siTR3 in 
vitro, immunofluorescence assay was carried out. As shown 
in Figure 5 and Figure S4 (Supporting Information), when 
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Figure 4.  a,b) MTT assay toward Panc-1. The cells were treated with the complexes at different concentration for 24 h. c) Time-dependent in 
vitro CLSM images of Panc-1 cells transfected with PSPGP/PTX/FAM-siRNA. The scale bar represents 20 µm. d) The GFP knockdown 48 h after 
transfection with PSPGP/PTX/GFP-siRNA complexes at different N/P ratios in 293T/GFP cells. Control denotes to the fluorescence obtained from 
the cells without the treatment of siRNA polyplexes. Data represent mean ± SD (n = 3, Student’s t-test, *P < 0.05).
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the Panc-1 cells were cultured with naked siTR3, PSPG/
siTR3, PSPGP/siTR3, the expression of the Nur77, Bcl-2, and 
Survivin proteins were downregulated, which confirmed the 
decreased proliferation, induced apoptosis, and decreased 
expression of antiapoptotic genes. On the other hand, the 
proteins of the caspase-3 and PARP were upregulated, 
because Survivin was a member of the inhibitor of apop-
tosis protein family inhibiting apoptosis through interactions 
with caspases. A recent report showed that a Nur77-derived 
nanopeptide could be used to convert Bcl-2 into a proapop-
totic moiety, which initiated apoptosis.[48] One of the major 
targets of TR3 in pancreatic cancer cells was Survivin, which 
was overexpressed in pancreatic tumors and may be a drug 
target for cancer chemotherapy. As a consequence, activation 
of TR3/Nur77 promoted apoptosis and inhibited pancreatic 
tumor growth.[21,22] Those results also confirmed that siTR3 
decreased TR3 mRNA and Nur77 protein, and this was 
accompanied by decreased expression of Bcl-2 and Survivin 
and induction of cleaved caspase-3 and PARP cleavage. It 
should be pointed out that the PSPGP/siTR3 group effec-
tively downregulated the level of the Nur77, Bcl-2, and Sur-
vivin protein, which was more effective than those of the 
PSPG/siTR3 and the naked siTR3 groups (Figure 5), empha-
sizing the targeting ability of PTP peptide.

In vivo fluorescence imaging experiments were carried 
out to demonstrate the targeting ability of PSPGP/PTX/
siTR3, the nude mice bearing Panc-1 tumor were adminis-
trated by PSPGP/Rho-PTX/FAM-siRNA, PSPG/Rho-PTX/
FAM-siRNA, Rho-PTX/FAM-siRNA or PBS via intravenous 

(i.v.) injections. Fluorescent images of mice were acquired at 
different time intervals. The fluorescence intensities of Rho 
and FAM were detected through their individual channels 
(Figure 6). Because naked siRNA was rapidly degraded and 
lacked the targeted ability, no obvious fluorescence signals 
in tumor and organs were detected for the free Rho-PTX/
FAM-siRNA group. Notably, the mice formulated with 
PSPGP/Rho-PTX/FAM-siRNA showed high fluorescent 
signal at tumor site. The intensity of the signal sustained from 
4 to 24 h, indicating that the ternary NPs well accumulated 
in tumors, due to the combination of EPR effect and the 
active targeting ability of PTP. These results indicated that 
PSPGP/Rho-PTX/FAM-siRNA co-delivery system prefer-
entially accumulated at site of the tumor and had the high 
tumor targeting ability.

The mice were randomly assigned to seven groups and 
treated with the PBS, PSPGP, PSPGP/PTX, PSPGP/siTR3, 
PSPG/PTX/siTR3, PSPGP/PTX & PSPGP/siTR3, PSPGP/
PTX/siTR3, respectively, to test the anti-tumor activity and 
systemic toxicity. The tumor volume and body weight were 
measured every 3 d up to 42 d. As shown in Figure 7a, rapid 
tumor growth was observed for the mice treated with PBS. 
Compared with the groups treated with PBS or PSPGP, 
simultaneous delivery of PTX and siTR3 by PSPGP exhib-
ited moderate inhibition of tumor growth. In contrast, 
delivery of separate siTR3 and PTX by PSPGP showed 
slight inhibition of tumor growth and no synergistic effect 
was observed, primarily due to the separate internalization of 
the two complexes. Excitingly, the tumor-targeted co-delivery 
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Figure 5.  In vitro immunofluorescence image of Panc-1 cells transfected with free siTR3, PSPG/siTR3, and PSPGP/siTR3 at 24 h. Nur77, Bcl-2, 
Survivin, c-Caspase, and c-PARP were labeled with the corresponding antibody, and the secondary antibody (green) was Alexa Fluor 488 goat 
anti-rabbit IgG (H+L). Plasma membranes (red) were stained with Alexa Fluor 647 WGA and cell nuclei (blue) were stained with DAPI. Scale bars 
represent 20 µm.
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system PSPGP/PTX/siTR3 showed a more effective anti-
tumor growth effect than the PSPG/PTX/siTR3 group, 
which is attributed to the targeting function of PTP peptide. 
These results demonstrated that a strong synergetic effect 
in treating cancer could be obtained through co-delivery of 
PTX and siTR3. The positron emission tomography (PET) 
imaging was used to further confirm the anti-tumor efficacy 
of the different formulations (Figure 7c). It was apparently 
shown that the tumor size and intensity were decreased 
dramatically from left to right, verifying that the targeting 
codelivery system inhibited cancer progression effectively. 
No significant body weight loss was recorded in mice, indi-
cating the favorable toxicity nature and minimal side effect 
of the PSPGP/PTX/siTR3 NPs (Figure 7b). These results 
highlighted the significance of codelivery of siTR3 and PTX 
therapy for in vivo cancer treatment.

Cell proliferation and apoptosis in the tumors were 
analyzed by hematoxylin and eosin (H&E) staining, Ki67, 
and terminal deoxynucleotidyl transferase dUTP nick end 
labeling (TUNEL) assay after treatment (Figure 8a). The 
H&E stained sections of tumor tissues in PBS group appear 
most hypercellular and showed more obviously the nuclear 
polymorphism. Among the seven therapeutic groups, the 
tumor tissues from the treatment of PSPGP/PTX/siTR3 
NPs showed the fewest tumor cells and the highest level of 
tumor necrosis. The Ki67 assay indicated that co-delivery of 
PTX and siTR3 by the PSPGP NPs reduced the percentage 
of proliferating tumor cells and showed a particularly sig-
nificant decrease of Ki67-positive tumor cell. As expected, 
TUNEL assay confirmed that treatment with PSPGP/PTX/
siTR3 resulted in significantly reduced proliferation and 
increased apoptosis compared that of the other groups, in 
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Figure 6.  Fluorescence images of Panc-1 xenograft-bearing mice after intravenous injection of PBS, PSPGP/PTX/siRNA, PSPG/PTX/siRNA, and PTX/
siRNA. PTX was labeled with rhodamine and siRNA was labeled with FAM.
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agreement with the results obtained from H&E and Ki67 
analyses.

Immunohistochemical assays were further performed to 
detect the expression of five target proteins in tumor tissues 
of mice after different treatments. Analysis of tumor tissues, 
Nur77, Bcl-2, and Survivin proteins staining revealed a dis-
tinct decrease in the protein density of the tumor slice after 
the co-delivery of PTX and siTR3, when compared with 
the PSPGP/PTX & PSPGP /siTR3 and other formulations, 
however, the cleaved caspase-3 and cleaved PARP pro-
teins increased significantly as shown in Figure 8b. In vivo 
anti-tumor efficacy of co-delivery treatment suggested that 
co-delivery of PTX and TR3 siRNA exerted a synergistic 
effect against tumor growth in murine tumor models. The 
evidence also demonstrated that PSPGP played an impor-
tant role as an efficient co-delivery system for the cancer 
treatment in vivo. The outcomes of immunohistochemical 
assays were in accord with the in vitro immunofluorescence.

In conclusion, we successfully synthesized a new type 
of tumor-targeted, redox-responsive nanovehicle PSPGP 
for effective co-delivery of PTX and nuclear receptor 
siTR3 to treat pancreatic cancer. PSPGP were composed 
with G2 dendrimer modified 8-armed PEG and the sur-
face was functionalized with tumor targeting PTP peptide, 
which linked through redox-responsive disulfide bonds. The 
PSPGP/PTX/siTR3 NPs exhibited excellent loading capaci-
ties for both siRNA and PTX with flexible mass ratio. In 
vitro study demonstrated that siTR3 mediated knockdown 
of TR3 meanwhile decreased the expression of antiapop-
totic proteins including Bcl-2 and Survivin in pancreatic 
cancer cells. More importantly, the co-delivery system 
showed a synergistic effect both in vitro and in vivo. In 
vivo study also showed that the tumor-targeted co-delivery 
system could significantly inhibit tumor growth and induce 
cancer cell apoptosis. Therefore, simultaneous delivery of 
siTR3 and PTX by the tumor-targeted, redox-sensitive 

Figure 7.  Murine tumor models with Panc-1 xenografts treated with PBS, PSPGP, PSPGP/PTX, PSPGP/siTR3, PSPG/PTX/siTR3, PSPGP/PTX & 
PSPGP/siTR3, PSPGP/PTX/siTR3. a) Inhibition of tumor growth in murine tumor models 18 d after the first treatment and another 24 d (**P < 0.01).  
b) Average body weight of mice vaccinated with the different formulations in murine tumor model 18 d after the first treatment and another  
24 d. c) PET images of in vivo tumor growth and photo-images of dissected tumor tissues 18 d after the first treatment, the intensity is shown by 
the legend to the right.
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PSPGP could be a potential strategy for targeted pancre-
atic cancer therapy.

Supporting Information

Supporting Information is available from the Wiley Online Library 
or from the author.
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Figure 8.  a) H&E, Ki67, TUNEL and b) Nur77, Bcl-2, Survivin, c-Caspase, c-PARP immunohistochemistry analysis of tumor tissues of murine tumor 
models with Panc-1 xenografts after treatment with PBS, PSPGP, PSPGP/PTX, PSPGP/siTR3, PSPG/PTX/siTR3, PSPGP/PTX & PSPGP/siTR3, and 
PSPGP/PTX/siTR3. The scale bars represent 40 µm.
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