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ABSTRACT: Cisplatin-based chemotherapy is a widely used first-line strategy for numerous cancers. However, drug
resistances are often inevitable accompanied by the long-term use of cisplatin in vivo, significantly hampering its therapeutic
efficacy and clinical outcomes. Among others, autophagy induction is one of the most common causes of tumor resistance to
cisplatin. Herein, a self-assembled nanoprodrug platform was developed with the synergistic effect of cisplatin and RNAi to fight
against cisplatin-resistant lung cancer. The nanoprodrug platform consists of three molecular modules, including prodrug
complex of Pt(IV)-peptide-bis(pyrene), DSPE-PEG, and cRGD-modified DSPE-PEG. The Pt(IV) is immobilized with peptide
via amide bonds, allowing the Pt(IV) to be loaded with a loading efficiency of >95% and rapid-release active platinum ions
(Pt(II)) in the presence of glutathione (GSH). Meanwhile, the peptide of the prodrug complex could efficiently deliver Beclin1
siRNA (Beclin1 is an autophagy initiation factor) to the cytoplasm, thereby leading to autophagy inhibition. In addition,
incorporation of DSPE-PEG and cRGD-modified DSPE-PEG molecules improves the biocompatibility and cellular uptake of
the nanoprodrug platform. In vivo results also indicate that the nanoprodrug platform significantly inhibits the growth of a
cisplatin-resistant tumor on xenograft mice models with a remarkable inhibition rate, up to 84% after intravenous injection.
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Platinum is a commonly used chemotherapeutic agent for
the treatment of a variety of carcinoma that occur in the

lung, ovaries, breast, bladder, etc.1,2 However, long-term use of
platinum leads to the development of acquired drug resistance
on tumors and severe dose-dependent toxicities (peripheral
neurotoxicity, nephrotoxicity, and ototoxicity) in vivo, which
proposes significant challenges for its clinical applications.3−6

To solve these problems, a promising strategy is used via the
conjugation tetravalent platinum molecules onto some specific
molecules as pro-drug complexes.7 The pro-drug complexes can
be activated by intracellular enzyme,8 ROS,9 pH,10−12 etc.13−25

Compared to divalent platinum agents (Pt(II)), cisplatin-based
pro-drug complexes demonstrate negligible side effects in vivo,
because they only release active Pt(II) analogues specifically to
the tumor environment, therebyminimizing the interaction with
blood proteins or other biomolecules.17,26

Nowadays, nanotechnology-based delivery systems, especially
smart environment-triggered nanostructures, contribute con-
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siderably in the controlled release and delivery of cisplatin
drugs.27−36 As such, various polymeric nanoparticles are
meticulously designed and prepared as novel delivery systems,
which significantly decrease side reactions and prolong blood
circulation of cisplatin drugs.16,37,38 Despite their outstanding
performance of minimizing side effects in vivo, the therapeutic
efficacy of the delivered cisplatin drugs on cisplatin resistance
tumor is still concerning nowadays.39,40 It is considered that the
acquired drug resistance of a tumor mainly results from their
responsive or adaptive action to chemotherapeutics.41,42 Mean-
while, the autophagy induction43 and overexpression of the
reduction enzyme44−46 (e.g., thiol-containing species, GSH) are
the common causes of specific tumor cells resistant to cisplatin
exposure.
Autophagy is the most important cellular metabolic process

involved in the maintenance of homeostasis and protein
degradation. Moreover, it is suggested that autophagy acts as a
pro-survival contributor to chemotherapy resistance in some
tumor cells.47 Thus, the inhibition of autophagy may be a
prevailing approach to decrease cisplatin resistance.48−50 Given
this, the combined use of autophagy inhibitors and chemo-
therapeutic agents has drawn increased attention in the field of
cancer synergetic therapy.51−61 For example, an engineered
nanoparticle system was developed for codelivery of chemo-
therapy drugs (doxorubicin and docetaxel), together with
chloroquine (CQ, an autophagy inhibitor), demonstrated a
synergetic antiproliferative effect for breast cancer therapy.57

However, the low loading efficiency of multiple-drugs and
uncontrolled drug release in such nanoparticle-based platforms
has limited their efficacy in clinical use.

Herein, we design and develop a novel nanoparticle-based co-
delivery system (siBec1@PPN) centered on effective co-
delivery of Beclin1 siRNA (siBec1, which is an autophagy
initiation factor) and cisplatin. Briefly, the tetravalent cisplatin
(Pt(IV) was covalently conjugated onto the cationic peptide
(KTGRKKRRQRRRG) via amide bonds, and then function-
alized onto hydrophobic polymer backbone bis(pyrene) to form
a prodrug complex (Pt(IV)-peptide-bis(pyrene)). The Pt(IV)
would be decomposed and reduced into Pt(II) from prodrug
complex under treatment with a high concentration of
intracellular glutathione (e.g., GSH). Therefore, the Pt(IV)-
peptide-bis(pyrene) molecules not only have high loading
efficiency of Pt(IV) (>95%), but also acted as cationic carriers
for the delivery of siBec1 into the cytoplasm, thereby resulting in
inhibition of autophagy, and ultimately increasing of Pt(II)-
induced apoptosis. Meanwhile, the addition of DSPE-PEG
molecule stabilized structures of the carriers and improved the
biocompatibility (PEGylation), and a cRGD as a targeting unit
was immobilized onto the DSPE-PEG molecule to enhance the
recognition by cells. The resulting nanoplatform showed
an excellent inhibition of a cisplatin-resistant tumor in vivo by
a combination of RNAi and chemotherapy (Scheme 1).

Synthesis of Copolymer and Preparation of siBec1@
PPN. Pt(IV) was prepared as reported previously.30,62 In brief,
cisplatin (Pt(II), referenced hereafter as Pt) (400 mg, 1.33 mM)
was first oxidized by hydrogen peroxide (30%, 20 mL) at 60 °C
for 4 h. After cooling the bright yellow solution at 4 °C, yellow
crystals of c,c,t-[Pt(NH3)2Cl2(OH)2] was collected by
centrifugation (yield: 56.5%). The crystals (200 mg, 0.6 mM)
were then dissolved in DMSO (0.5 mL), followed by the
addition of succinic anhydride (60 mg, 0.6 mM) dropwise and

Scheme 1. Illustration of the Self-Assembled Nano-Prodrug System for Co-delivery of Gene and Cisplatin, and Thereby Reverse
Cisplatin Resistance through RNAi-Mediated Autophagy Inhibition
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stirring overnight. The final yellow product (Pt(IV)) was
collected after filtrating and washing (yield: 96.2%). The
molecular weight and structures of Pt(IV) were analyzed by
1HNMR andmatrix-assisted laser desorption/ionization time of
flight mass spectrometry (MALDI-TOF MS) (Figure S1 in the
Supporting Information), respectively. Next, Fmoc protected
solid-phase peptide synthesis method was used for the
preparation of functional peptides, i.e., the gene delivery peptide
(KTGRKKRRQRRRG). Bis(pyrene) and Pt(IV) molecules
were conjugated to carboxyl and amino terminal of the gene
delivery peptide, respectively (Figure S2 in the Supporting
Information). The formation of Pt(IV)-peptide-bis(pyrene) was
confirmed by 1HNMR. As shown in Figure S3 in the Supporting
Information, the characteristic peaks of bis(pyrene) were
presented at 8.3−7.9 ppm and the Pt(IV) peak was presented
at 2.3−2.5 ppm. Meanwhile, the sample for analysis by MALDI-
TOF MS suggested the successful preparation of peptide-
bis(pyrene) conjugates (Figure S4 in the Supporting Informa-
tion) and Pt(IV)-peptide-bis(pyrene) conjugates (see Figure
1B, as well as Figure S5 in the Supporting Information). The
resulting Pt(IV)-peptide-bis(pyrene) conjugates could be
decomposed and reduced into active platinum ions (Pt(II))
under incubation of intracellular glutathione (e.g., GSH) (see
Figures 1A and 1C). Meanwhile, the Pt(IV)-peptide-bis-
(pyrene) molecules could bind to the gene (e.g., RNAs,
DNA) to form unique complexes that effectively delivered the

loaded gene to the cytoplasm (see Figure S6 in the Supporting
Information).
To further improve the structural stabilization and bio-

compatibility of the complex formed by Pt(IV)-peptide-
bis(pyrene) and loaded gene, DSPE-PEG (MW: 2000) was
used (PEGylation), and a cRGD (KFDGR) peptide as a
targeting unit was immobilized onto the DSPE-PEG to enhance
the cellular uptake of complex. The structures of cRGD-DSPE-
PEG conjugates were confirmed by 1H NMR (see Figure S7 in
the Supporting Information). The copolymers of Pt(IV)-
peptide-bis(pyrene), cRGD-PEG-DSPE, and PEG-DSPE,
(1:0.5:0.5, molar ratio) were mixed in DMSO, and then
dropwise added into the deionized water under stirring. The
reaction continued for 0.5 h and the bioconjugates were
obtained for the self-assembled nanoparticles (PPN). In
addition, Beclin1 siRNA (siBec1) was loaded into the aqueous
lumen of nanoparticles (siBec1@PPN), because of the presence
of the cationic peptide of Pt(IV)-peptide-bis(pyrene). As shown
in Figure 1E, the outer layer of siBec1@PPN was modified with
poly(ethylene glycol) (PEG), which would inhibit nonspecific
protein adsorption, provide excellent biocompatibility, and
circulate in a long-term timeframe. Meanwhile, the cRGD
peptide was covalently attached to the PEG backbone, and it
enabled an active targeting of tumor cells with overexpressed
integrin receptors.

The Characterization of siBec1@PPN. The morphology
and hydrodynamic diameter of siBec1@PPN was measured by

Figure 1. Characterization of the self-assembled nanoprodrug platform (siBec1@PPN). (A) Schematic illustration of Pt release from siBec1@PPN
under GSH incubation. (B) Pt(IV)-peptide-bis(pyrene) analysis by MALDI-TOF MS. (C) Pt release profiles of Pt(IV)-peptide-bis(pyrene) under
GSH incubation. (D) Schematic and TEM images of siBec1@PPN. (E) Size distribution of siBec1@PPN in pH 7.4 PBS buffer detected by DLS. (F)
Longtime determination of diameter distribution of siBec1@PPN in PBS or medium solution. (G) Pt release profiles of siBec1@PPN. (H) RNA gel
retardation assays of siBec1@PPN. Naked siRNA was used as a control, and the concentration of the polymer was 0.5 mg/mL. (I) Bis(pyrene)
fluorescence spectrum of PPN and siBec1@PPN in PBS solution.
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transmission electron microscopy (TEM) and dynamic light
scattering (DLS), respectively. As shown in Figure 1E, the
hydrodynamic size of siBec1@PPN in pH 7.4 PBS solution was
54.44 ± 11.13 nm. The spherical structure of siBec1@PPN was
further monitored by TEM (Figure 1D). As a control, the
morphology and hydrodynamic diameter of PPN (no siRNA
loading) showed the limited difference on siBec1@PPN, as
shown in Figure S8 in the Supporting Information. Besides,
according to the zeta potential results, all the surface charges of
nanoparticles were almost neutral in PBS (Figure S9 in the
Supporting Information), indicating that PEG groups were
presented in the outer surface while siRNA were loaded into the
aqueous lumen of nanoparticles. Furthermore, the hydro-
dynamic diameters of the siBec1@PPN nanoparticles were
further exploited in a cell culture medium (Figure 1F). The little
change that was observed in the diameter of the nanoparticles
indicated their stability in a physiological environment.

The release behavior of active platinum ions (Pt) under GSH
catalysis was studied by inductively coupled plasma−mass
spectrometry (ICP-MS). siBec1@PPN were cultured with/
without 10 mM of glutathione (GSH) and then dialyzed against
PBS buffer in a dialysis bag (MWCO 1000) under stirring. The
dialysis buffer was collected at 1 min, 3 min, 5 min, 10 min, 20
min, 30 min, 60 min, 2 h, 3 h, 4 h, 8 h, 12 h, 24 h, and 48 h and
was finally measured by ICP-MS. As shown in Figure 1G, the
release of Pt was rapidly increased (291.4 μg/mL) at 1 h under
GSH incubation, while the released Pt with GSH free-treated
group was kept in a very low level. To confirm the loading
efficiency and integrity of siRNA in the nanoparticle, 2% agarose
gel retardation assays were performed. As shown in Figure 1H,
even at a high siRNA/Pt(IV)-peptide-bis(pyrene) ratio (60/
100: w/w), no leaching of siRNA was shown by electrophoresis,
in comparison to naked siRNA, suggesting that most Beclin1
siRNA was loaded into nanoparticles. As visible on the
fluorescence spectrum illustrated in Figure 1I, bis(pyrene)

Figure 2. siBec1@PPN enhanced apoptosis and reversed drug resistance. Cell viability results of (A) normal A549 tumor cells and (B) Pt-resistant
A549 tumor cells that treated with siBec1, PPN, and siBec1@PPN for 48 h. (C) siBec1@PPN showed a synergistic effect on Pt-resistant A549 tumor
cells. (D) Annexin V-FITC/PI assay for apoptosis detection in A549 tumor treated with PBS (Ctrl) and siBec1@PPN for 48 h. (E) Confocal imaging
of A549 cells that were labeled with ICT’s Poly-Caspases FLICA kit after treatment with siBec1@PPN for 48 h. The cells with fluorescent green and
red are apoptotic cells and have active polycaspases. (*** denotes p < 0.001).
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with aggregation-induced emission (AIE) characteristics ex-
hibited excellent fluorescence properties, which could be used to
track the nanoparticles.
siBec1@PPN Enhanced Chemotherapy and Reversed

Drug Resistance. During chemotherapy, the inhibition of
autophagy would promote tumor cell death.48−50 To confirm
the synergistic effect of cisplatin and RNAi-mediated autophagy
inhibition by siBec1@PPN, cell viability experiments were
performed using CCK-8 assay. A549 tumor cells and Pt
resistance A549 tumor cells were incubated with free Beclin1
naked siRNA, PPN, and siBec1@PPN for 48 h, respectively. Cell
viability results for each sample are presented in Figures 2A and
2B. In comparison to Ctrl, naked Beclin1 siRNA showed
negligible toxicity against A549 tumor cells, while PPN also
demonstrated limited toxicity (IC50, 16 μM). After treatment
with siBec1@PPN, more apoptosis was detectable and
accompanied by the IC50 value decreased to 6.5 μM.
Consistently, 16 μMof PPN showed a negligible toxicity against

Pt resistance A549 tumor cells (IC50, 25 μM), siBec1@PPNwith
the same dose (16 μM) could induce ∼50% cell death for Pt
resistance A549 tumor cells (Figure 2C), suggesting that siBec1
from siBec1@PPN-mediated autophagy inhibition had a
synergistic effect on enhancing cell death. Optical microscopy
imaging was initially used to study the morphological structure
of cells. It showed that images of cell shrinkage and the spherical
structure were obtained after siBec1@PPN treatment (Figure
S10 in the Supporting Information). In addition, the results of
Annexin V-FITC/PI assay (Figure 2D) and confocal imaging for
A549 cells (Figure 2E) that were labeled with a poly caspases
FLICA kit further confirmed that these cells die in an apoptotic
manner.

siRNA Tracking and Release in the Cell. Confocal laser
scanning microscopy (CLSM) images demonstrated that cRGD
peptide modification enhanced the cellular uptake of nano-
particles for integrin receptor highly expressed cell line (Figure
3A). To investigate cell uptake and intracellular release behavior

Figure 3. Intracellular siRNA-Cy3 tracking and release. (A) cRGD peptide modification enhances the cellular uptake of nanocarriers. Green signals
were from bis(pyrene) of nanoparticles. (B) Intracellular release behavior of loaded siRNA in cells. Beclin1 siRNA was labeled with Cy3 as siRNA-
Cy3@PPN. (C) siBec1@PPN entered the cell via an endocytosis pathway. siRNA@PPN was labeled with Bis(pyrene) (λex = 405 nm), siRNA-Cy3
(λex = 514 nm), lysosome (λex = 633 nm) (63× objective).
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of loaded siRNA in cells, Beclin1 siRNA was labeled with Cy3 as
siRNA-Cy3@PPN. A549 lung tumor cells were incubated with
siRNA-Cy3@PPN for 2 h and then determined byCLSM. It was
clearly shown that most of the red signals from siRNA-Cy3 were
merged to green signals from bis(pyrene) (λex = 405 nm) of
nanoparticles (Figure 3B), indicating that nanocarrier efficiently
delivered Beclin1 siRNA to the cells. Meanwhile, the green
signals from bis(pyrene) (λex = 405 nm) of nanoparticles were
merged to the red signals from lysosomes (λex = 633 nm) (Figure
3C), indicating that siBec1@PPN entered the cell via an
endocytosis pathway. After another 2 h of incubation, the

increased red signals from siRNA-Cy3 (λex = 514 nm) were
accumulated in the cytoplasm of cells and notmerged with green
signals from bis(pyrene) (λex = 405 nm) (Figure 3B). When
incubated for 6 h, most of the red signals from siRNA-Cy3 (λex =
514 nm) were not merged with green signals from bis(pyrene)
(λex = 405 nm). All above results demonstrated siBec1@PPN
entered the cell via an endocytosis pathway and effectively
released loaded siRNA to the cytoplasm.

Inhibition of Autophagy by siBec1@PPN through
Beclin1 RNAi Mechanism. The Beclin1 silencing performance
of siBec1@PPN was investigated by Western blot study on

Figure 4. siBec1@PPN induced autophagy inhibition and intracellular GSH scavenge. (A)Western blot of Beclin1 and LC3-II in A549 tumor cells or
Pt-resistant A549 tumor cells treated with PBS (Ctrl), Pt(IV), PPN, and siBec1@PPN for 48 h, respectively. (B) The quantitative analysis results from
panel (A) display that autophagy is activated in Pt-resistant A549 tumor cells. (C and D) The quantitative analysis results of ratios of Beclin1 and LC3-
II from panel (A). (E) qPCR analysis for the effect of Beclin1 silence onmRNA levels of ULK1 and TFEB1, in comparison to GAPDH. A549 cells were
treated with PBS, PPN, and siBec1@PPN for 48 h. (F) Autophagic flux detection by confocal imaging for the GFP-LC3-mCherry transfected A549
cells that were treated with PBS, PPN, and siBec1@PPN for 48 h. (G) GSH level of A549 tumor cells and Pt-resistant A549 tumor cells. GSH level of
Pt-resistant A549 tumor cells (H) and normal A549 tumor cells (I) treated with PBS (Ctrl), Pt(IV), PPN, and siBec1@PPN for 48 h, respectively.
[*** indicates p < 0.001, comparison to Ctrl; ### indicates p < 0.001.]
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normal A549 tumor cells and Pt-resistant A549 tumor cells. We
here performed on the cells that were incubated with PBS (Ctrl),
PPN, or siBec1@PPN for 48 h. As shown in Figure 4A,
compared with Ctrl, both Pt(IV) and PPN significantly
increased the expression of Beclin1, but siBec1@PPN
substantially down-regulated the Beclin1 expression on A549
tumor cells. The quantitative results demonstrated that the
ratios of Beclin1 in Pt(IV) and PPN increased to 1.82 and 2.19
(Figure 4B), respectively. However, the ratio of Beclin1 in
siBec1@PPN was decreased (0.18, compared to 1.0 of Ctrl),
indicating that gene of Beclin1 was effectively silenced after

siBec1@PPN treatment. Furthermore, it was displayed that the
expression of LC3-II (autophagy-induced marker protein) was
significantly increased in Pt(IV) and PPN groups as expected
from Western Blot results, while that of in siBec1@PPN group
was decreased (Figure 4A). The quantitative results collabo-
rated that the LC3-II ratio in siBec1@PPN was only 0.41,
compared to 1.0 of Ctrl group, suggesting siBec1@PPN had an
effectively autophagy inhibition performance on A549 tumor
cells through Beclin1 siRNA-mediated gene silence (Figure 4B).
Meanwhile, autophagy inhibition effect of siBec1@PPN on Pt
resistance A549 tumor cells was further investigated. Note that

Figure 5. siBec1@PPN effectively suppressed Pt-resistant tumor growth. (A) siBec1@PPN-Cy5 fluorescence images ofmajor organs of tumor-bearing
athymic nude mice after i.v. injection of siBec1@PPN-Cy5 for 6 h. (B) The quantitative results of siBec1@PPN-Cy5 accumulated in tumor organs. (n
= 3, *** indicates p < 0.001). Tumor volumes of (C) an A549 tumor and (D) Pt-resistant A549 tumor-bearing athymic nudemice during treatment. (*
indicates p < 0.05, ** indicates p < 0.01, and n.s. denotes no significance). (E) The immunofluorescence staining images of tumors after treatment with
PBS, PPN, and siBec1@PPN. Scale bar = 30 μm.

Nano Letters Letter

DOI: 10.1021/acs.nanolett.9b00083
Nano Lett. 2019, 19, 2968−2978

2974

http://dx.doi.org/10.1021/acs.nanolett.9b00083


the expressions of Beclin1 and LC3-II were increased in the Pt-
resistant A549 tumor cells, compared to the normal A549 tumor
cells (Figure 4D), suggesting that autophagy was induced and
might play an important role in drug resistance. After treatment
with siBec1@PPN, the expression of Beclin1 and LC3-II was
significantly decreased to 0.57 and 0.66, respectively (Figure
4C), confirming that siBec1@PPN had a high autophagy
inhibition efficiency on Pt resistance A549 tumor cells. In
addition, qPCR method was used to measure the effect of
Beclin1 silence on mRNA levels of ULK1 and TFEB1
comparison to GAPDH. The results as shown in Figure 4E
indicate that the relative mRNA levels of ULK1 and TFEB1 in
siBec1@PPN were decreased, compared to PPN. Meanwhile,
the results of autophagic flux (Figure 4F) by confocal imaging
for the GFP-LC3-mCherry transfected A549 cells that were
treated with PBS, PPN, and siBec1@PPN for 48 h suggested
that siBec1@PPN inhibited autophagy via a Beclin1-mediated
blockade of the initial process.
Intracellular GSH Exhaustion by siBec1@PPN. GSH is

one of the most important intracellular proteins for maintaining
redox state, in which overexpression also lead to drug
resistance.36,46 Because of the sharp sensibility of siBec1@
PPN to GSH, the intracellular GSH should be determined after
treatment with siBec1@PPN. The A549 tumor cells and
cisplatin resistance (Pt resistance) A549 tumor cells were
cultured with PBS, Pt(IV), PPN, and siBec1@PPN for 48 h,
respectively. Notably, the increase of GSH (214.79%) was
greatly observed on Pt-resistant A549 tumor cells, compared to
normal A549 tumor cells (Figure 4G). However, the level of
GSH was remarkably decreased upon Pt(IV) treatment both on
Pt-resistant A549 tumor cells (Figure 4H) and normal A549
tumor cells (Figure 4I). The reason might be because that
Pt(IV) was reduced to Pt(II) by intracellular GSH and thereby
led to GSH exhaustion. As expected, PPN had the same effect
with Pt(IV) to decrease GSH level (64.29% for A549 cells and
66.45% for Pt-resistant A549 cells) (Figures 4H and 4I).
Interestingly, the GSH level further decreased to 34.28% for
A549 cells and 49.68% for Pt-resistant A549 cells after treated
with siBec1@PPN (Figures 4H and 4I). The further reduced
GSH exhaustion might result from loaded siRNA-mediated
autophagy inhibition, which impacted on the maintenance of
cellular redox homeostasis,63 as we assumed. In addition, the
experiments of ferroptosis detection by qPCR for Glutathione
peroxidase 4 (GPX4) (Figure S11) were performed. GPX4
functions as an antioxidant and plays a role in the regulation of
ferroptosis, but, it is usually accompanied by a loss of activity
during ferroptosis. It showed an increased expression of GPX4
upon treatment with PPN or siBec1@PPN, indicating that our
siBec1@PPNdid not induce ferroptosis. Our previous results, as
shown in Figure 2C, indicate that PPN showed negligible
toxicity against Pt resistance A549 tumor cells, siBec1@PPN
with the same dose (16 μM) could induce ∼50% cell death.
Thus, combined with the results above, siBec1@PPN in the
treatment of Pt resistant tumor may act by (1) Pt ions from
siBec1@PPN induce apoptosis; (2) siBecl from siBec1@PPN
lead to autophagy inhibition, which subsequently enhance
apoptosis and suppress drug resistance; (3) pro-drugs complex
consume intracellular thiol-containing species (e.g., GSH),
thereafter contributing to the improvement of therapy.
In Vivo Antitumor Measurement of siBec1@PPN. The

potential of siBec1@PPN in cancer therapy was further assessed
in vivo. First, we established an A549 tumor model in nude mice
and determined the biodistribution of siBec1@PPN labeled

with Cy5 (siBec1@PPN-Cy5). A549 tumor-bearing nude mice
were injected with PBS or siBec1@PPN-Cy5 through the tail
vein. After 6 h, a multispectral imaging system was used to
monitor the biodistribution of siBec1@PPN-Cy5. As shown in
Figure 5A, it was displayed that the mice treated with siBec1@
PPN-Cy5 showed a significantly stronger Cy5 fluorescence in a
tumor, compared to PBS using ex vivo imaging techniques. The
biodistribution of siBec1@PPN-Cy5 also quantitatively verified
that there was an∼4-fold increase by fluorometry measurements
(Figure 5B), indicating that siBec1@PPN highly accumulate
into a tumor.
Next, the antitumor efficacy of siBec1@PPN was evaluated in

normal A549 tumor-bearing nude mice that were intravenously
(i.v.) injected with PBS (Ctrl), PPN and siBec1@PPN every 2
days for 14 days. The tumor volumes and body weights of all
groups were measured every other day. The results showed that
the tumor volumes of control groups grew sharply as expected,
PPN group displayed slightly tumor inhibition in the first week
(Figures 5C). However, the tumor inhibition effect was
diminished with time. In contrast, the tumor growth on
siBec1@PPN-treated mice decelerated, reflecting that the
tumor inhibition rate (IR) was up to 86.04% (Figure 5C). We
further determined whether the siBec1@PPN had a similar
antitumor efficacy on Pt-resistant tumors. Pt-resistant A549
tumor-bearing nude mice were treated with PBS, PPN, and
siBec1@PPN via an i.v. injection every 2 days. The results
revealed that the PPN had a negligible effect on tumor
suppression (IR 6.06%) (Figure 5D). However, siBec1@PPN
slowed the tumor growth significantly, compared to the control
group (IR: 83.98%) (Figure 5D). The results indicated that
cisplatin treatment alone was hard to inhibit the growth of the
Pt-resistant tumor, but siBec1@PPN would generate cytotox-
icity on these Pt-resistant tumors effectively.

In Vivo Inhibition of Autophagy Investigation. We
further investigated whether siBec1@PPN treatment induced
autophagy inhibition in vivo using animmunofluorescence assay.
At the end of animal studies, the tumor tissues were collected
and stained with Beclin1 or the LC3-II antibody, respectively.
After being stained with a Cy5-labeled second antibody, the
samples were measured by CLSM. In comparison to the control,
the immunofluorescence signals of Beclin1 protein in the PPN
treatment group were increased (Figure 5E). However, a
decreased Beclin1 immunofluorescence signal was observed in
the siBec1@PPN treated group. Similarly, immunofluorescence
signal of LC3-II in siBec1@PPN treated group was decreased
(Figure 5E). These results suggested that siBec1@PPN indeed
effectively induced autophagy inhibition in vivo via a RNAi-
mediated pathway. In addition, for Pt-resistant tumors, strong
immunofluorescence signals of Beclin1 and LC3-II were
detectable both in the control and PPN groups. However,
after treatment with siBec1@PPN, the detectable immuno-
fluorescence signals of Beclin1 and LC3-II were significantly
decreased (Figure 5E), further confirming that the siBec1@PPN
could effectively inhibit autophagy in vivo. These results also
verified that siBec1@PPN enhanced chemotherapy and
reversed Pt resistance through RNAi-mediated autophagy
inhibition in vivo.
Besides, we investigated the pathological morphology of

tissues by H&E staining. For the H&E staining images on A549
tumor groups, many spherical or spindle cells with more
chromatin and karyosomes were observed in the control group,
representing tumor cells where ongoing proliferation occurred
(see Figure S12 in the Supporting Information). However, many
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shrunken or fragmented cells with concentrated chromatin and
pyknotic nuclei were detectable in the PPN group, indicating
tumor cells were ongoing apoptosis. The more apoptosis cells in
siBec1@PPN were observed, reminding a better therapeutic
effect of siBec1@PPN. For Pt resistance A549 tumor groups,
few cell apoptoses were detectable both in control and PPN
groups. However, tumor apoptosis was significantly increased
after treatment with siBec1@PPN (see Figure S12). Meanwhile,
there are no lesions in the H&E staining images of liver, kidney,
spleen, heart, and lung, indicating that siBec1@PPN had no
obvious toxicity on these tissues. In addition, weight loss is a
common side effect of cisplatin therapy. However, after PPN
and siBec1@PPN treatment, the body weight of mice had
slightly increased over the duration of treatment (see Figure S13
in the Supporting Information), indicating our self-assembled
nano pro-drug system showed good biocompatibility and no
obvious system toxicity in vivo.
In summary, we successfully designed and synthesized a self-

assembled nano pro-drug system that consisted of Pt(IV)-
peptide-bis(pyrene) conjugates, PEG-DSPE, and cRGD-
modified PEG-DSPE molecules for the effective co-delivery of
Pt(IV) and siRNA. It was reported that free cisplatin was easily
discarded by intracellular thiol-containing species (e.g., GSH),
which therefore reduced the sensitivity of the cells to cisplatin-
mediated cell death signals. In our case, Pt(IV)-conjugated
siBec1@PPN exhibited high-efficiency loading of cisplatin
(Pt(IV)) (>95%) and rapidly released active Pt ions under
GSH incubation and thereafter resulted in intracellular GSH
exhaustion. Meanwhile, the siBec1@PPN presented high
loading capacity (70%) toward Beclin1 siRNA, which promoted
sequence-specific gene silencing or knockdown of the
autophagy-initial gene in A549 tumor cells. It, therefore, led to
effective inhibition of autophagy that contributed to the
suppression of tumor growth. Furthermore, the nanoparticles
were functioned with RGD peptides and PEG motif, which
made them stable in blood circulation and highly accumulated in
the tumor site via an active targeting. Moreover, siBec1@PPN
displayed excellent inhibition of Pt-resistant tumor growth in
vivo. We envision that siBec1@PPN reported herein provide a
simple, multifunctional, and potent platform for chemical-,
RNAi-, and autophagy-mediated combo-therapy in the future.
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