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S
mall interfering RNA (siRNA) has rapidly
emerged as a promising candidate for
the treatment of numerous diseases,1�4

but its therapeutic efficacy is hampered by
difficulties in its systemic in vivo delivery to
targeted tissues and cells.5 To overcome the
obstacles, a few vehicles have been devel-
oped to deliver siRNA.6 They have shown
promising efficacy in specific gene silencing
and the treatment of various diseases. The
delivery systems can be mainly divided into
two categories: positively charged nanopar-
ticles with or without PEGylation. Positively
charged nanoparticles without PEGylation
can efficiently down-regulate gene expres-
sion in vitro.7,8 However, these nanoparticles
usually fail to achieve satisfactory efficacy
for systemic siRNAdelivery.9 One key reason
is due to the nonspecific interaction be-
tween positively charged polyplex particles
and serum components, leading to their
severe aggregation and rapid clearance
from the circulation by the reticuloendothe-
lial system following systemic administra-
tion.10�12 PEGylation sterically stabilizes
nanoparticles, whichminimizes the nonspe-
cific interaction in vivo,13,14 and thus pro-
longs the circulation time, facilitating tumoral
accumulation via enhanced permeation and
retention (EPR) effects.15,16 Unfortunately,
PEGylation markedly reduces their cellular
uptake in tumor tissues,17�20 significantly
limiting the gene silencing and antitumor
efficiency of siRNA in vivo. The ideal delivery
systems of siRNA should be capable of
simultaneously extending circulation time
in blood to enhance tumor accumulation
but becoming active at the tumor site to
promote cellular uptake.
The extracellular pH (pHe) of tumor tissue

(ca. pH 6.5) is significantly lower than that of
normal tissue and blood (ca. pH 7.4) due to
the hypoxia-induced production of excess
lactate and protons in tumor extracellular

microenvironments.21�23 The acidic envi-
ronment of tumors has been utilized to
trigger the disassembly of delivery systems
with subsequent drug release or to re-
expose cells targeting ligands that are
shielded during circulation.24�27 Recently,
Poon et al. have reported important results
that fluorescent nanoparticles with the
ability to remove the PEG stealth layer at
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ABSTRACT

Drug delivery systems for cancer therapy usually need to be sterically stabilized by a

poly(ethylene glycol) (PEG) layer during blood circulation to minimize nonspecific interactions

with serum components. However, PEGylation significantly reduces cellular uptake of the

delivery systems after they accumulate at the tumor site, which markedly impairs the in vivo

antitumor efficiency. Here, we develop a ternary small interfering RNA (siRNA) delivery system

with tumor acidity-activated sheddable PEG layer to overcome the challenge. The sheddable

nanoparticle is fabricated by introducing a tumor acidity-responsive PEGylated anionic

polymer to the surface of positively charged polycation/siRNA complexes via electrostatic

interaction. We show clear evidence that introducing the PEGylated anionic polymer to the

surface of a nanoparticle markedly reduces its nonspecific interactions with protein. We further

demonstrate that the nanoparticle is capable of deshielding the PEG layer at the slightly acidic

tumor extracellular microenvironment to facilitate the delivery of siRNA to the tumor cells after

accumulation at the tumor site. Accordingly, this promotes the RNA-interfering efficiencies and

enhances the inhibition of tumor growth. Such delivery system with the ability to deshield the PEG

layer at the target tissues has remarkable potential in cancer therapy.

KEYWORDS: sheddable nanoparticles . pH-responsive . tumor acidity . siRNA
delivery . nanotechnology
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pH values less than pH 8.0 and re-expose the positively
charged surface improve tumor cell uptake following
intravenous injection.28 The results suggest nanopar-
ticles with the charge conversional ability by deshield-
ing the PEG layer at tumor acidity may exhibit supe-
rior efficacy in delivering therapeutic agents in vivo.
Sethuraman et al. have demonstrated the enhanced
transfection efficiency of a tumor acidity-responsive
sulfonamide/poly(ethylenimine)/pDNA delivery in vitro,29

but the in vivo efficacy has not been verified. Herein,
we report a ternary sheddable nanoparticular system
(S-NP) for tumor acidity-targeted siRNA delivery by
introducing a tumor acidity-responsive PEGylated an-
ionic polymer (mPEG45-b-PAEP75-Cya-DMMA, PPC-DA,
where the subscript number represents degree of
polymerization of each block) layer to the surface
of positively charged ssPEI800/siRNA nanoparticles
through electrostatic interaction (Scheme 1A). The
amide bonds of PPC-DA are stable at a neutral pH
but promptly degrade under the slightly acidic envir-
onmental conditions of tumors to expose positively
charged amino groups.30 The ssPEI800/siRNA nanopar-
ticles are shielded by such a PEGylated polymer, which
markedly minimizes nonspecific interactions with
serum components during circulation and signifi-
cantly improves their accumulation in the tumor site
(Scheme 1B). However, the exposure of amino groups

of the PEGylated polymer, triggered by tumor acidity,
leads to its electrostatic repulsion to the highly and
positively charged ssPEI800/siRNA nanoparticles, de-
shielding the PEGylated polymer layer from the
sheddable nanoparticles. Accordingly, this promotes
its uptake by the tumor cell and further enhances
the RNA-interfering and tumor growth suppression
efficiencies.

RESULTS AND DISCUSSION

Preparation and Characterization of S-NP. The ternary
S-NP for tumor acidity-targeted siRNA delivery was
prepared by introducing a tumor acidity-responsive
PEGylated anionic polymer PPC-DA to the surface of
positively charged ssPEI800/siRNA nanoparticles through
electrostatic interaction. In order to obtain the tumor
acidity-responsive PPC-DA, we first synthesized the
diblock polymer mPEG45-b-PAEP75. The average de-
gree of polymerization of PAEP was 75, which was
calculated based on its 1HNMRanalysis. ThemPEG45-b-
PAEP75-Cya (PPC) was then synthesized via the thiol�
ene “click” reaction of mPEG45-b-PAEP75 with cyste-
amine (Cya), and the extent of Cya conjugation was
about 100% according to the 1H NMR analysis.30 The
PPCwas further reacted with 2,3-dimethylmaleic anhy-
dride (DMMA) to obtained the tumor acidity-respon-
sive PPC-DA. As a control, mPEG45-b-PAEP75-Cya-SA
(PPC-SA), stable under the acidity of the tumor, was
synthesized by reacting PPC with succinic anhydride
(SA). The extent of DMMAor SA conjugation to PPCwas
approximately 75% according to the 1H NMR analyses.
Details of the synthesis and characterization proce-
dures are given in the Supporting Information.

The bioreducible polymer ssPEI800 was obtained by
the linking reaction of dithiobis(succinimidyl propionate)
with branched polyethylenimine (Mw = 800), which
showed high transfection efficiency with significantly
low cytotoxicity.31 ssPEI800 can efficiently bind siRNA to
form ssPEI800/siRNA nanoparticles at a molar ratio of
nitrogen in the ssPEI800 to phosphate in siRNA (N/P
ratio) of above 4:1, as shownby the agarose retardation
assay (Figure S1 in Supporting Information). The PPC-DA
was added to the positively charged ssPEI800/siRNA
nanoparticles to form S-NP, which contained a ternary
structure of PPC-DA/ssPEI800/siRNA. Although it was
possible that ssPEI800/siRNA nanoparticles could form
between ssPEI800 and PPC-DA, gel electrophoresis
analyses showed that the introduction of the anionic
PPC-DApolymer did not interferewith the formation of
S-NP. No significant release of siRNA from the ssPEI800/
siRNA nanoparticles was observed with the addition of
different amounts of PPC-DA (Figure S2).

The ssPEI800/siRNA nanoparticles and ternary S-NP
observed by the transmission electronic microscopic
image both showed compact and spherical morphol-
ogy (Figure 1A,B). On the other hand, the average size
of the ssPEI800/siRNA nanoparticles was 79.6( 12.7 nm

Scheme 1. (A) Shielding and deshielding of the positively
charged ssPEI800/siRNAnanoparticles by thePEG shell in the
acidic environment of the tumor. The ssPEI800/siRNA nano-
particles are coated with the PEGylated anionic polymer
PPC-DA to form the sheddable nanoparticles (NP). At the
extracellular pH (pHe) of tumor tissue, the sheddable NPs
deshield the degraded PEGylated polymer layer (PPC) and
re-expose the ssPEI800/siRNA nanoparticles (shedded NP).
(B) Schematic illustration of the stealth property and pro-
moted tumoral cell uptake of sheddable nanoparticles. The
sheddable NPs minimize nonspecific interactions with ser-
um components and deshield the PEG layer at the tumor
site to re-expose the positive charges, leading to promoted
cell internalization.
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(PDI = 0.164), which slightly increased to 91.0 (
16.4 nm (PDI = 0.194) after the coating of PPC-DA. As
expected, however, the zeta-potential of S-NP was
negative (�14.7 mV) from the positively charged sur-
face (24.0 mV) of the ssPEI800/siRNA nanoparticles
due to the electrostatic assembly of PPC-DA on the
ssPEI800/siRNA nanoparticles (Figure 1C,D). The un-
sheddable control nanoparticles PPC-SA/ssPEI800/siRNA
(unS-NP) showed similar size and zeta-potential transi-
tions (data not shown).

PEG Shielding of Positively Charged Nanoparticles Reduces
Nonspecific Interactions with Protein. PEGylation and the
negatively charged surfaces of nanoparticles minimize
its nonspecific interactions with serum components,
thus potentially extending the blood circulation of
nanoparticles and improving accumulation in the tu-
mor following systemic in vivo administration.13,32 In
order to demonstrate this, we incubated the ssPEI800/
siRNA nanoparticles, unS-NP, or S-NP with bovine
serum albumin (BSA, 0.25 mg/mL) in phosphate buf-
fered saline (PBS, pH 7.4, 0.01 M) and determined the
size of the nanoparticles at various incubation times.
The particle sizes of unS-NP and S-NPwere only slightly
increased with incubation, unlike the size of the
ssPEI800/siRNA nanoparticles, which exhibited signifi-
cantly large particles and severe aggregation in the
short term (Figure 2). This phenomenon showed that
the stability of the ssPEI800/siRNA nanoparticles with
serum protein can be enhanced by introducing a PEG
layer to the surface.

S-NPs Detach the PEG Layer at Tumor Acidity. It has been
demonstrated that DMMA-modified amines are stable
under neutral pH conditions, but that the resulting
amide bonds promptly degrade under slightly acidic

environmental conditions in tumors.33,34 To further
demonstrate the fact that S-NPs can deshield the PEG
shell at pHe, we monitored changes in the zeta-potential
of nanoparticles after incubation with PBS at pH 6.8

Figure 1. (A,B) Transmission electronic microscopic image of the ssPEI800/siRNA nanoparticles (A) and ternary S-NP (B) (scale
bar: 200 nm). (C,D) Intensity distribution of particle size (C) and zeta-potential (D) of S-NP and the ssPEI800/siRNA
nanoparticles.

Figure 2. Changes in particle size of the ssPEI800/siRNA
nanoparticles, unS-NP, and S-NP following incubation with
bovine serum albumin (0.25 mg mL�1) at pH 7.4.

Figure 3. Zeta-potential changes in S-NP and unS-NP as a
function of incubation time at pH 6.8 and 7.4.
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and 37 �C. Figure 3 shows that the zeta-potential of
S-NP significantly increased at pH 6.8, reaching 0 mV
within 30min and gradually becoming positive. On the
contrary, the incubation of S-NP at pH 7.4 only led to a
slight and slow increase in the zeta-potential, and S-NP
retained the negative surface after 4 h of incubation.
Nevertheless, unS-NP was not affected by the pH of
PBS buffer, exhibiting an unchanged zeta-potential
following incubation at either pH 7.4 or pH 6.8. These
results demonstrated that the exposure of S-NP at pH
6.8 triggered the pHe-activated degradation of amide
bonds of PPC-DA, generating positively charged amino
groups,30 which further led to strong electrostatic
repulsion to positively charged ssPEI800/siRNA nano-
particles and the formation of shedded nanoparticles
(Scheme 1A).

Deshielding the PEG Layer of S-NP Facilitates Cell Internaliza-
tion. Previous studies showed that negatively charged
PEGylated nanoparticles inhibited cellular uptake in a
remarkable manner.18,28,35 Deshielding the PEG layer
from S-NP and re-exposing the positively charged
surface at pHe could thus enhance the cellular uptake
of nanoparticles. This hypothesis was verified by de-
termining the cellular internalization of S-NP in MDA-
MB-231 cells. The cells were cultured with fluorescent
FAM-siRNA-loaded S-NP at pH 7.4 or 6.8. As shown in
Figure 4A, after 2 h of incubation with S-NP at pH 6.8,
a much stronger cellular fluorescence was detected
compared to cells cultured with S-NP at pH 7.4.

In contrast, the internalization of unS-NP by MDA-
MB-231 cells was not significantly affected by pH,
where very similar mean fluorescence intensities to
the cells treated with S-NP at pH 7.4 (Figure 4B) were
shown.

The cellular uptake was further corroborated by
confocal laser scanning microscopic observations.
The cells were cultured with S-NP or unS-NP carrying
FAM-siRNA at pH 7.4 or 6.8. After 2 h of incubation, the
cytoskeleton F-actin and the cell nuclei were counter-
stained with Alexa Fluor 568 phalloidin and 6-diamidi-
no-2-phenylindole (DAPI), respectively. As shown in
Figure 4C, it was clearly demonstrated that cells cul-
tured with S-NP at pH 6.8 had much stronger intracel-
lular green fluorescent signals in the cytoplasm when
compared with cells treated at other conditions. These
results showed that deshielding of the PEG layer at pH
6.8 led to more FAM-siRNA being delivered to the
cultured cells by S-NP.

Deshielding the PEG Layer of S-NP Enhances Gene Silencing
Efficiency. The efficiency of the tumor acidity-targeted
siRNA delivery of S-NP was further evaluated in MDA-
MB-231 cells at pH 6.8. Polo-like kinase 1 (Plk1) was
selected as the oncogenic target since it is a well-
known key regulator of the mitotic progression of
mammalian cells and its activity is elevated in many
cancer cells.36 The S-NP or unS-NP was made with
siRNA targeting Plk1 (siPlk1) and was incubated with
MDA-MB-231 cells in complete Dulbecco's modified

Figure 4. (A,B) Flow cytometric analyses ofMDA-MB-231 cells after 2 h incubationwith FAM-siRNA loaded S-NP (A) or unS-NP
(B) at pH 6.8 or 7.4. Quantification of cell internalization is shownbymeanfluorescence intensity (MFI) in the inset. The dose of
FAM-siRNA was 200 nM in the cell culture. (C) Internalization of S-NP or unS-NP by MDA-MB-231 cells observed by confocal
laser scanning microscopy. Cells were cultured with nanoparticles carrying FAM-siRNA (green) at different pH for 2 h
incubation. Cell cytoskeleton F-actin and cell nucleiwere counterstainedwithAlexa Fluor 568phalloidin (red) andDAPI (blue),
respectively. The dose of FAM-siRNA was 200 nM.
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Eagle medium (DMEM) at either pH 7.4 or 6.8 for 2 h.
The medium was then replaced with fresh DMEM
medium at pH 7.4, and the cells were cultured for a
further 22 h. The level of Plk1 mRNA analyzed by
quantitative real-time polymerase chain reaction
(qRT-PCR) is shown in Figure 5A. The S-NP significantly
improved the silencing efficiency of Plk1 expression at
pH 6.8 (41.2% down-regulation, p < 0.01) compared to
that at pH 7.4 (18.3% down-regulation), indicating the
benefit of deshielding the PEG layer at pHe on cell
transfection. It is worth noting that S-NP carrying the
negative control siRNA (siN.C.) did not show a signifi-
cant gene silencing effect, implying that no nonspecific
gene silencing occurred. In contrast, the treatment of
MDA-MB-231 cells at pH 6.8 and 7.4 with unS-NP
carrying siPlk1 did not exhibit a significant gene silencing
efficiency (19.2% � 18.3% down-regulation) (Figure 5B),
which was due to the fact that unS-NP could not re-
expose the positively charged surface at either pH.

To examine whether the reduction in Plk1 mRNA
was subsequently accompanied by the decreased Plk1
protein expression, the cells were transfected with
S-NP or unS-NP at each pH for 2 h, then further
incubated with fresh DMEM medium at pH 7.4 for
46 h. The Plk1 protein expression was detected by
Western blot analyses. As shown in Figure 5C,D, free siPlk1
and nanoparticles (both S-NP and unS-NP) carrying siN.
C. at pH 6.8 and 7.4 did not show any efficiency in the
down-regulation of Plk1 protein expression in MDA-
MB-231 cells. However, delivery of siPlk1 by S-NP and
unS-NP could knock down Plk1 protein expression to a

lower level at each pH. Similarly, S-NP carrying siPlk1
significantly improved the silencing efficiency of Plk1
protein expression at pH 6.8 compared to the other
formulations. The results demonstrated that the de-
taching of the PEG layer from nanoparticles carrying
siRNA could significantly improve target gene silencing
efficiency.

Deshielding the PEG Layer of S-NP Promotes Cell Apoptosis.
It is well-known that the inhibition of Plk1 expression is
associated with the induction of cell apoptosis.37 En-
hancement of Plk1 gene silencing efficiency by S-NP at
pH 6.8 led to an elevated induction of cell apoptosis.
After 2 h of transfection as described above, MDA-MB-
231 cells were further incubated with fresh DMEM
medium at pH 7.4 for 46 h, then stained with Annexin-
V-FITC and propidine iodide to determine the cell
apoptosis. The delivery of siPlk1 intoMDA-MB-231 cells
with S-NP at pH 6.8 led to 17.13% cell apoptosis, while
only 6.16% cell apoptosis was observed when the cells
were treated at pH 7.4 and under other identical
conditions (Figure 6). Nevertheless, unS-NP did not
induce a remarkably enhanced cell apoptosis at pH
7.4 or 6.8, showing a similar level to S-NP at pH 7.4.
Moreover, both S-NP and unS-NP at the same concen-
tration did not show significant cytotoxicity to MDA-
MB-231 cells (Figure S3), implying that the enhanced
induction of cell apoptosis was not due to the cyto-
toxicity of the nanoparticles.

Ability of S-NP To Deshield the PEG Layer at Tumor Acidity
Enhances Tumor Cell Uptake of siRNA in Vivo. In order to eval-
uate the potential of S-NP for tumor acidity-targeted

Figure 5. (A,B) Expression levels of Plk1 mRNA in MDA-MB-231 cells after transfection with the S-NP (A) or unS-NP (B). (C,D)
Plk1 protein expression inMDA-MB-231 cells after transfectionwith the S-NP (C) or unS-NP (D). The dose of siRNAwas 200 nM
when applied. Free siPlk1 shows that the cells were incubated with siPlk1. S-NP/siPlk1 (or unS-NP/siPlk1) and S-NP/siN.C. (or
unS-NP/siN.C.) represent that the cells were transfected with S-NP (or unS-NP) carrying siPlk1 and siN.C., respectively; pH 7.4
and pH 6.8 represent that the cells were transfected for 2 h inmedium at pH 7.4 and pH 6.8, respectively; *p< 0.01, **p < 0.005
(n = 3).
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siRNA delivery in vivo, we examined the accumula-
tion of siRNA in the tumor 24 h after the intravenous
injection of nanoparticles carrying cy5-labeled siRNA
(cy5-siRNA) in a mouse bearing an MDA-MB-231 xeno-
graft. As shown in Figure 7A, the strongest fluores-
cence of cy5-siRNA was detected in the tumor tissue
with the intravenous administration of S-NP, whereas
the ssPEI800/cy5-siRNA nanoparticles showed the
weakest fluorescence. With the PEG layer, S-NP and
unS-NP markedly minimized nonspecific interactions

with serum components during circulation, resulting in
a greater accumulation in tumor tissue. Moreover, by
deshielding the PEG layer and re-exposing the posi-
tively charged surface to the acidic environment of the
tumor, S-NP showed stronger fluorescence in the
tumor, which should be due to the promoted tumor
cellular uptake of siRNA. The quantitative data of
fluorescence in the tumor tissue represented by the
total counts were analyzed using Living Image 3.1
software, and the results are depicted in Figure 7B.

Figure 6. Induction of cell apoptosis following transfection with different formulations at a siRNA dose of 200 nM. Free siPlk1
shows that the cells were incubated with siPlk1. S-NP/siPlk1 (or unS-NP/siPlk1) and S-NP/siN.C. (or unS-NP/siN.C.) represent
that the cells were transfected with S-NP (or unS-NP) carrying siPlk1 and siN.C., respectively; pH 7.4 and pH 6.8 represent that
the cells were transfected for 2 h in medium at pH 7.4 and pH 6.8, respectively. Early apoptotic cells are shown in the lower
right quadrant, and late apoptotic cells are shown in the upper right quadrant.

Figure 7. (A) Accumulation of cy5-siRNA in tumor tissue following tail-vein injections of different formulations. The tumor
was removed 24 h after the injection, and the fluorescence was recorded. (B) Quantification of cy5-siRNA fluorescence in the
tumor tissue as performed in (A) by the total counts. (C) Tumor section observed under confocal microscopy. The cell nuclei
were stained with DAPI (blue). The scale bar is 10 μm. ssPEI800/siRNA, S-NP, and unS-NP represent where mice were
intravenously injected with ssPEI800/siRNA, S-NP, and unS-NP carrying cy5-siRNA at a siRNA dose of 3.0 nmol per mouse.
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The strongest fluorescence of siRNA was detected in
the tumor tissue after intravenous injection of S-NP,
which was a surprise. We have speculated that the
treatment with S-NP or unS-NP should show similar
fluorescence in tumors because size and zeta-potential
of both nanoparticles were almost the same. However,
deshielding the PEG layer from S-NP and re-exposing
the positively charged surface by tumor acidity sig-
nificantly increased tumor cell internalization in animal
models, as demonstrated by the confocal microscopic
observations of tumor tissue sections (Figure 7C). This
observation is correlated well with that by Poon et al.28

Although both S-NP and unS-NP may be equally
accumulated within the tumor interstitials via the EPR

effect, the unS-NPs were less readily internalized but
more easily eliminated by the lymphatic system. On
the contrary, S-NPs can deshield the PEG layer, and
the cell internalization was promoted due to the expo-
sure of positively charged surface, which decreased the
elimination and led to strongest fluorescence in the
tumor site.

S-NPs Carrying siPlk1 Significantly Promote Antitumor Effect
Following Intravenous Injection. The advantages of S-NP in
tumor acidity-targeted siRNA delivery will potentially
enhance the efficiency of interfering RNA in cancer
therapy in vivo. To demonstrate this, we examined the
antitumor growth effect in mice with MDA-MB-231
xenografts by tail-vein injections of different formula-
tions carrying siPlk1. As illustrated in Figure 8A, treat-
ment with the ssPEI800/siPlk1 nanoparticles did not
show tumor growth inhibition in comparison to PBS.
Delivery of siPlk1 with unS-NP only slightly inhibited
tumor growth in the murine model. However, delivery
of siPlk1 with S-NP to tumor-bearing mice showed a
significant inhibition of tumor growth. It should be
noted that the injection of S-NP carrying siN.C. did not
inhibit tumor growth, indicating that the antitumor
effect was siRNA sequence-specific.

To further evaluate whether retarded tumor growth
by S-NPs carrying siPlk1 was related to Plk1 gene
silencing in tumor cells, the tumor mass was excised
24 h after the last injection. Plk1 expression at mRNA
and protein levels in the tumors was analyzed by qRT-
PCR and Western blot analyses. Mice treated by S-NP
carrying siPlk1 showed reduced Plk1 mRNA levels
(∼33% of the PBS control, p < 0.005, Figure 8B),
whereas that of the unS-NP/siPlk1 at the same siRNA
dose exhibited only slight down-regulated Plk1 (about
79% of the PBS control). Besides, the other controls did
not cause this effect. Analysis of Plk1 protein of each
tumor mass by Western blot analyses showed consis-
tent knockdown efficiency. As shown in Figure 8C, the
tumor of mice treated with unS-NP/siPlk1 at the same
siRNA dose exhibited only slight down-regulation of
Plk1 protein expression. However, significant down-
regulation of Plk1 protein expression occurred when
the S-NP carrying siPlk1 was used. In contrast, Plk1
protein levels remained unchanged in the tumor of
mice treated with free siPlk1 and S-NP carrying siN.C.
The results demonstrated that significant inhibition of
tumor growth was achieved by treatment with S-NP
carrying siPlk1 due to Plk1 gene silencing in tumor
cells.

Cell proliferation in the tumor tissue after treatment
was analyzed by immunohistochemical staining of the
proliferating cell nuclear antigen (PCNA). As shown in
Figure 9, a decrease in PCNA-positive tumoral cells
(brown) in tumor tissue is shown upon treatment with
unS-NP carrying siPlk1when compared with PBS treat-
ment. Moreover, S-NP carrying siPlk1 treatment was
more effective in preventing tumor cell proliferation

Figure 8. (A) Inhibition of tumor growth in the murine
model with the MDA-MB-231 xenograft after treatment
with different formulations every other day. (B,C) Expres-
sions of Plk1 mRNA (B) and protein (C) in tumor analyzed
24 h after the last injection. MDA-MB-231 xenograft tumor-
bearing mice received one i.v. injection every other day
from the 10th day postxenograft implantation in all of the
experiments. S-NP/siPlk1 (or S-NP/siN.C.) and unS-NP/siPlk1
represent where mice were intravenous injected with S-NP
carrying siPlk1 (or siN.C.), respectively. The dose of siRNA
was 3.0 nmol per mouse per injection; *p < 0.01, **p < 0.005
(n = 6).
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with an exhibition of less PCNA-positive tumoral cells
compared with unS-NP carrying siPlk1 treatment. Cell
apoptosis in the tumor tissue after treatments was
detected using the terminal deoxynucleotidyl transfer-
ase-mediated dUTP nick end-labeling (TUNEL) assay.
Correspondingwith the tumor growth inhibition, treat-
ment with S-NP carrying siPlk1 increased TUNEL-posi-
tive tumoral cells (brown). It is worth noting that
ssPEI800/siPlk1 and S-NP carrying siN.C. did not signifi-
cantly affect the percentages of the proliferating
PCNA-positive tumoral cells and TUNEL-positive tu-
moral cells.

In summary, we developed sheddable ternary nano-
particles for tumor acidity-targeted siRNA delivery
and showed that the shell shedding of nanoparticles
promotes gene silencing efficiency and tumor growth
inhibition. The nanoparticles can respond to the

extracellular pH of tumor tissue but not to the pH of
normal blood. With a specific response to tumor
acidity, the nanoparticles showed enhanced uptake
by tumor cells, promoting the efficiency of siRNA in
cancer therapy.We demonstrate proof of principle that
the efficiency of cationic polymers with siRNAs in
cancer therapy can be significantly improved by coat-
ing their surfaces with a tumor acidity-activated shed-
dable PEG layer. This idea could be extended to
nanoparticle delivery systems for a broad range of
drugs. In addition, a more comprehensive study of
such nanoparticle systems is planned for futurework to
gain a better understanding of the efficacy of such
systems in overcoming the barriers of systemic drug
delivery to tumors, including the extended blood
circulation, accumulation in tumor tissue, internaliza-
tion by tumoral cells, and intracellular drug release.

MATERIALS AND METHODS
Materials and Characterization. Dulbecco's modified Eagle's

medium (DMEM, Gibco, Grand Island) and L-glutamine were
purchased from Gibco BRL (Germany). The Lipofectamine 2000
transfection kit and DAPI from Invitrogen (Carlsbad, USA) were
used as suggested by the supplier. Fluorescently labeled FAM-
siRNA and cy5-siRNA, negative control siRNA (siN.C., antisense
strand, 50-ACGUGACACGUUCGGAGAAdTdT-30), and siRNA tar-
geting Plk1 mRNA (siPlk1, antisense strand, 50-UAAGGAGGGU-
GAUCUUCUUCAdTdT-30) were synthesized by Suzhou Ribo Life
Science Co. (Kunshan, China).

Zeta-potentials and particle size measurements were con-
ducted by using a zeta-potential analyzer with dynamic light
scattering (DLS) capability, with a Malvern Zetasizer Nano ZS90,
a He�Ne laser (633 nm), and 90� collecting optics. The average
values from the intensity statistics of a total of 20 runs of 30 s
each were used. Data were analyzed using Malvern Dispersion
Technology Software 4.20 and expressed as the average dia-
meter ( the width of the distribution.

Preparation of S-NP. The S-NP was prepared by adding PPC-
DA solution to positively charged ssPEI800/siRNA nanoparticles.
The PPC-DA (0.1 mL, 5 mg/mL in water) was added to an
aqueous solution of ssPEI800/siRNA (N/P = 16/1) nanoparticles
in 0.1mL of RNase free water. The final concentration of siRNA
in the solution was 5 μM. This PPC-DA/ssPEI800/siRNA nano-
particles at C/N/P = 32/16/1 were further denoted as S-NP.
Here, C/N/P was defined as the molar ratio of carboxyl in the
PPC-DA or PPC-SA, amine in the ssPEI800, and phosphate in
the siRNA. The S-NP was used after 15min incubation at room
temperature.

Preparation of unS-NP. The unS-NP was prepared by a similar
procedure to the S-NP, by replacing the PPC-DA with PPC-SA.
The final C/N/P ratio was 32/16/1. The average size and zeta-
potential of unS-NP were 93.2 ( 18.6 (PDI = 0.217) nm and
�14.0 mV, respectively, similar to that of S-NP.

Characterization of the Stability of Nanoparticles. The ssPEI800/
siRNA nanoparticles (N/P = 16/1), unS-NP, or S-NP were gently
mixed with BSA (Sigma-Aldrich) solution in phosphate buffered
saline (PBS, pH 7.4, 0.01 M). The final concentrations of siRNA
and BSA were 0.04 and 0.25 mg mL�1, respectively. The mean
diameters of nanoparticles after different periods of incubation
weremonitored by aMalvern Zetasizer Nano ZS90 apparatus as
described above. Transmission electronic microscopy was per-
formed on a JEOL-2010 microscope with an accelerating vol-
tage of 200 kV.

Zeta-Potential Measurements of S-NP and unS-NP at Different pH.
The unS-NP or S-NP was incubated in PBS (0.01 M) at pH 6.8 or
7.4 at 37 �C. The final concentration of siRNA was 1.0 μM in the
solution. At designated time intervals, aliquot of the nanopar-
ticle solution was withdrawn and the zeta-potential was mea-
sured with a Malvern Zetasizer Nano ZS90. Each measurement
was performed for 30 runs.

Cell Culture. The human breast cancer cell line MDA-MB-231
from the American Type Culture Collection (ATCC) was used to
evaluate the potency of the delivery system both in vitro and
in vivo. Cells were cultured in DMEM (Gibco, Carlsbad, CA) with
10% fetal bovine serum (Gibco) at 37 �Cwith 5%CO2 humidified
atmosphere.

Analyses of Cellular Uptake after Treatment with S-NP or unS-NP
at Different pH. For flow cytometric analysis, MDA-MB-231 cells

Figure 9. PCNA and TUNEL analyses of tumor tissues after treatments with various formulations. The tumor tissues were
collected 24 h after the last injection. S-NP/siPlk1 (or S-NP/siN.C.) and unS-NP/siPlk1 represent wheremice were intravenously
injected with S-NP carrying siPlk1 (or siN.C.), respectively.
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were seeded into 24-well plates at 1 � 105 cells per well in
0.5 mL complete DMEM medium and cultured at 37 �C in 5%
CO2 humidified atmosphere for 24 h. Themediumwas replaced
with complete DMEMmedium (pH 7.4 or 6.8) containing S-NP or
unS-NP. The final concentration of FAM-siRNA in the culture
medium was 200 nM in all of the experiments. The cells were
incubated at 37 �C for 2 h at either pH 7.4 or 6.8, then the cells
were rinsed twice with cold PBS (pH 7.4). The cells were
trypsinized, washed with cold PBS (pH 7.4), filtered through
35 μm nylon mesh, and subjected to flow cytometric analysis
using a BD FACSCalibur flow cytometer (BD Bioscience, Bedford,
MA). The results were analyzed using WinMDI 2.9 software.

For microscopic observation, MDA-MB-231 cells (1 � 105

cells/well) were seeded on coverslips in a 24-well plate and
incubated for 24 h. The medium was replaced with complete
DMEM medium (pH 7.4 or 6.8) containing S-NP or unS-NP. The
final concentration of FAM-siRNA in the culture medium was
200 nM in all of the experiments. The cells were incubated at
37 �C for 2 h at either pH 7.4 or 6.8, then washed twice with PBS,
and fixed with 4% formaldehyde for 15 min at room tempera-
ture. The cells were stained with Alexa Fluor 568 phalloidin
(Invitrogen, Carlsbad, USA) for the cytoskeleton and counter-
stained with DAPI for cell nuclei according to the standard
protocol provided by the suppliers. Coverslips were mounted
on glass microscope slides with a drop of antifade mounting
media (Sigma-Aldrich) to reduce fluorescence photobleaching.
The cellular uptake of nanoparticles was visualized by a con-
focal laser scanning microscope (LSM 710, Carl Zeiss Inc., Jena,
Germany).

In Vitro Transfection and Analysis of Gene Expression. MDA-MB-231
cells were seeded into 6-well plates at 4 � 105 cells per well in
2.0 mL of complete DMEMmedium and cultured at 37 �C in 5%
CO2 humidified atmosphere 24 h. The medium was replaced
with complete DMEMmedium (pH 7.4 or 6.8) containing S-NP or
unS-NP. The siPlk1 or siN.C.was used in the experiment, and the
final concentration of siRNA in the culture medium was 200 nM
in all of the experiments. The cells were incubated at 37 �C for
2 h at either pH 7.4 or 6.8, then the culturemediumwas replaced
with fresh complete DMEM medium at pH 7.4. After further
incubation for 22 h (for mRNA isolation) or 46 h (for protein
extraction) at 37 �C, the cellular levels of Plk1mRNA and protein
were assessed using qRT-PCR and Western blot, respectively.

In qRT-PCR analysis, the cells were collected and total RNA
from transfected cells was isolated using an RNeasy mini-kit
(Qiagen, Valencia, CA) according to the protocol of the manu-
facturer. Two micrograms of total RNA was transcribed into
cDNA using the PrimeScript 1st Strand cDNA Synthesis Kit
(Takara, Dalian, China). Thereafter, 2 μL of cDNA was subjected
to quantitative real-time PCR analysis targeting Plk1 and glycer-
aldehyde 3-phosphate dehydrogenase (GAPDH) using the SYBR
Premix Ex Taq (Perfect Real Time) (Takara, Dalian, China).
Analysis was performed using the Applied Biosystems StepOne
Real-Time PCR Systems. Relative gene expression values were
determined by theΔΔCT method using StepOne Software v2.1
(Applied Biosystems). Data are presented as the fold difference
in Plk1 expression normalized to the housekeeping gene
GAPDH as the endogenous reference and relative to the
untreated control cells. The primers used in the quantitative
real-time PCR for Plk1 and GAPDH were 50-AGCCTGAGGCCC-
GATACTACCTAC-30 (Plk1-forward), 50-ATTAGGAGTCCCACACA-
GGGTCTTC-30 (Plk1-reverse), and 50-TTCACCACCATGGAGAAGGC-30

(GAPDH-forward), 50-GGCATGGACTGTGGTCATGA-30 (GAPDH-
reverse). PCR parameters consisted of 30 s of Taq activation at
95 �C, followed by 40 cycles of PCR at 95 �C� 5 s, 60 �C� 30 s,
and 1 cycle of 95 �C� 15 s, 60 �C� 60 s, and 95 �C� 15 s. Stan-
dard curves were generated, and the relative amount of target
gene mRNA was normalized to GAPDH mRNA. Specificity was
verified by melt curve analysis.

In Western blot analysis, transfected cells were first washed
twice with cold PBS and then resuspended in 50 μL of lysis
buffer (50 mM HEPES, pH 7.5, 150 mM NaCl, 1% Triton X-100,
10% glycerol, 1.5 mMMgCl2, 1 mM EGTA) freshly supplemented
with Roche's Complete Protease Inhibitor Cocktail Tablets. The
cell lysates were incubated on ice for 1 h and vortexed every
5 min. The lysates were then clarified by centrifugation for

10 min at 12 000g. The protein concentration was determined
using the BCA protein assay kit (lot 23250, Thermo, USA). Total
protein (100 μg) was separated on 12% bis-Tris-polyacrylamide
gels and then transferred (at 300mA for 45min) to Immobilon-P
membranes (Millipore, Bedford,MA). After incubation in 5%BSA
in phosphate buffered saline with Tween-20 (PBST, pH 7.2) for
2 h, the membranes were incubated in 1% BSA in PBS with
monoclonal antibodies against Plk1 (1:1000) overnight. After
incubation in 1% BSA with goat anti-mouse IgG-HRP antibody
(1:10000) for 30 min, bands were visualized using ImageQuant
LAS 4000 mini (GE Healthcare).

Cell Apoptosis Assay. MDA-MB-231 cells were seeded into
6-well plates at 2 � 105 cells per well in 2.0 mL of complete
DMEM medium and cultured at 37 �C in 5% CO2 humidified
atmosphere for 24 h. The medium was replaced with complete
DMEM medium (pH 7.4 or 6.8) containing S-NP or unS-NP. The
siPlk1 or siN.C. was used in the experiment, and the final
concentration of siRNA in the culture medium was 200 nM in
all of the experiments. The cells were incubated at 37 �C for 2 h
at either pH 7.4 or 6.8, then the culture medium was replaced
with fresh complete DMEM medium at pH 7.4. After further
incubation for 46 h at 37 �C, the cells were collected and the
apoptotic cells were detected by flow cytometry after treatment
with the Annexin V-FITC apoptosis detection kit I (BD Biosciences)
according to the suggested procedure. The results were analyzed
using WinMDI 2.9 software.

Tumoral Cellalur Uptake of Nanoparticles in Vivo. BALB/c nude
mice (6 weeks old) were purchased from the Shanghai Experi-
mental Animal Centre of the Chinese Academy of Sciences
(Shanghai, China), and all animals received care in compliance
with the guidelines outlined in theGuide for the Care andUse of
Laboratory Animals. The procedures were approved by the
University of Science and Technology of China Animal Care
and Use Committee.

The xenograft tumor model was generated by subcuta-
neous injection of MDA-MB-231 cells (5 � 106 for each mouse)
in the mammary fat pad of the mouse. When the tumor volume
was about 100 mm3, the mice were intravenous injected with
200 μL of ssPEI800/cy5-siRNA nanoparticles, S-NP, or unS-NP,
containing 40 μg of cy5-siRNA (3.0 nmol) or PBS (pH 7.4). After
24 h, the mice were sacrificed and the solid tumor tissues were
harvested. Image acquisition was performed on a Xenogen IVIS
Lumina system (Caliper Life Sciences, USA). Results were ana-
lyzed using Living Image 3.1 software (Caliper Life Sciences).

To determine cy5-siRNA distribution in tumor tissue, the
tumor was fixed by 4% paraformaldehyde at 4 �C for 2 h and
then treated with 30% sucrose at 4 �C overnight. The tumor
tissues were frozenly sectioned into 5 μmslices and air-dried for
61 h. Then, the slices were stained with DAPI. Finally, the slices
were mounted and observed by Zeiss LSM-710 confocal laser
scanning microscope.

Tumor Suppression Study. The murine tumor model with MDA-
MB-231 xenograft was established as described above. When
the tumor volume was around 100 mm3 at 10 days after cell
implantation, the mice were randomly divided into five groups
(six mice per group) and treated with PBS, ssPEI800/siPlk1 nano-
particles, unS-NP or S-NP carrying siPlk1 or control siN.C. by
intravenous injection. The mouse received injection once every
other day. The dose of siRNA of each injection was 40 μg per
mouse (3.0 nmol). Tumor growth was monitored by measuring
the perpendicular diameter of the tumor using calipers. The
estimated volume was calculated according to the formula:
tumor volume (mm3) = 0.5 � length � width2.

Detection of Plk1 Expression in Tumor Tissues. For Plk1 mRNA
analysis, tumor tissues were collected 24 h after the last treat-
ment, lysed using an RNeasy mini-kit. The mRNA was collected
and analyzed by qRT-PCR as describe above.

To determine Plk1 protein expression in tumor tissue after
treatments, tumor tissues were collected and lysed in 100 μL
tissue lysis buffer (50 mM HEPES, pH 7.5, 150 mM NaCl, 1 mM
EGTA, 2.5 mM EDTA, 10% glycerol, 0.1% Tween 20, 1 mM
dithiothreitol, 10 mM glycerol 2-phosphate, 1 mM NaF, and
0.1 mM Na3VO4) freshly supplemented with Roche's Complete
Protease Inhibitor Cocktail Tablets. The lysates were incubated
on ice for a total of 30min and vortexed every 5min. The lysates
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were centrifuged for 10 min at 12 000g. Then the protein was
detected by Western blot analyses as describe above.

Immunohistochemical Analysis. Twenty four hours after the last
treatment, animals were sacrificed and tumor tissues were
excised. The tissues were fixed in 4% formaldehyde and em-
bedded in paraffin for analysis. The paraffin-embedded 5 μm
tumor sections were obtained for immunohistochemical analysis.

To analyze the PCNA, deparaffinized slides were boiled for
5 min in 0.01 M sodium citrate buffer (pH 6.0), in a pressure
cooker for antigen retrieval. Subsequently, slides were allowed
to cool for another 5 min in the same buffer. After several rinses
in PBS and pretreatment with blockingmedium for 5min, slides
were incubated with PCNA antibody (Maxim Biotech., Fuzhou,
China) diluted at 1:300 in antibody diluent solution for 20min at
room temperature and then at 4 �C overnight. After washing
slides in Tris-buffered saline, a streptavidin�biotin system was
used according to the manufacturer's instructions (BioGenex,
San Ramon, USA). The slides were counterstained using Aqua-
tex (Merck, Gernsheim, Germany).

The apoptosis of tumor cells following treatments was
determined using TUNEL method according to the manufac-
turer's instructions (Roche, Basel, Switzerland). All sections were
examined under a Nikon TE2000 microscope (Tokyo Prefecture,
Japan).

Statistical Analysis. The statistical significance of treatment
was assessed using the Student's t test; p < 0.05 was considered
statistically significant in all analyses (95% confidence level).
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