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ABSTRACT Tumor microenvironment, such as the lowered cPP

tumor extracellular pH (pHe) and matrix metalloproteinase 2
(MMP2), has been extensively explored, which promotes the
development of the microenvironment-responsive drug delivery sys-
tem. Utilizing these unique features, an activatable cell-penetrating
peptide (designated as dtACPP) that is dual-triggered by the lowered |
pHe and MMP2 has been constructed, and a smart nanoparticle
system decorating with dtACPP has been successfully developed, -
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which could dual-load gene drug and chemotherapeutics simultaneously. After systemic administration, dtACPP-modified nanoparticles possess passive

tumor targetability via the enhanced permeability and retention effect. Then dtACPP would be activated to expose cell-penetrating peptide to drive the

nanoparticles' internalization into the intratumoral cells. As angiogenesis and tumor cells might be mutually improved in tumor growth, so combining

antiangiogenesis and apoptosis is meaningful for oncotherapy. Vascular endothelial growth factor (VEGF) is significant in angiogenesis, and anti-VEGF

therapy could decrease blood vessel density and delay tumor growth obviously. Chemotherapy using doxorubicin (DOX) could kill off tumor cells efficiently.
Here, utilizing dtACPP-modified nanoparticles to co-deliver plasmid expressing interfering RNA targeting VEGF (shVEGF) and DOX (designated as dtACPPD/
shVEGF—DOX) results in effective shutdown of blood vessels and cell apoptosis within the tumor. On the premise of effective drug delivery, dtACPPD/

shVEGF—DOX has demonstrated good tumor targetability, little side effects after systemic administration, and ideal antitumor efficacy.
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tumor cells are the main features of

tumor tissues.'? To progress and sat-
isfy the proliferating tumor cells for nutrients
and oxygen, the tumors stimulate the forma-
tion of new blood vessels through processes
driven primarily by vascular endothelial
growth factor (VEGF).>"* Meanwhile, VEGF
is overexpressed and secreted mostly by
tumor cells, which could stimulate prolifera-
tion of endothelial cells, causing angiogen-
esis in tumor tissue.>® As angiogenesis and
tumor cells might be mutually improved, it
is necessary and practical to carry out the
dual therapy, meaning antiangiogenesis and
killing off tumor cells simultaneously.®

B oth angiogenesis and proliferation of
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Most patients with advanced tumor en-
counter cancer-associated systemic syndrome
(CASS), which is generally well correlated with
the level of circulating VEGF and significantly
impairs the quality of life and shortens
lifespan.” Regarding the significant role of
VEGF in angiogenesis and tumor progression,
many clinical trials targeting VEGF-signaling
pathways are under development,®® and the
first anti-VEGF agent, humanized monoclonal
antibody, Bevacizumab, has be approved for
use in patients with cancer.®

RNA interference (RNAI), a promising
technique in oncotherapy, can selectively
inhibit target gene expression and improve
the sensitivity of chemotherapeutics.'"'?
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RNAi-mediated silencing VEGF expression has been
proven to inhibit the expression of VEGF successfully,
resulting in decreased blood vessel density and
delayed tumor growth.”>~'> Anti-VEGF agent alone
might be not sufficient to cause complete inhibition
of tumor growth but could increase the penetration
of co-medication into tumors by reducing the intra-
tumoral pressure and normalizing abnormal and non-
functional capillary networks.'® In order to achieve
ideal antitumor efficacy, it is necessary to combine
chemotherapeutics with anti-VEGF agent,'® and
doxorubicin (DOX) is widely used and could efficiently
kill off tumor cells.

The anti-VEGF agent used in this study was shVEGF.
For the combination therapy of gene and chemother-
apeutics, co-delivery is necessary to avoid the multiple
dosing or respective constructions of the delivery
system.'” Inspiringly, DOX could intercalate into a
double helix of DNA to form a plasmid—DOX complex,
shVEGF—DOX, with the presence of the flat aromatic
ring, a process requiring no modification of shVEGF or
DOX."®'® Such intercalation can protect the plasmid
against nucleases and improve pharmacokinetics of
DOX by increasing blood circulation in return.'® Hence,
it would favor the expression of shVEGF to inhibit VEGF;
meanwhile, DOX could kill off tumor cells more effec-
tively. In light of these advantages, shVEGF—DOX
complex might make co-delivery and combination
therapy easier to implement.?>?!

It is noteworthy that angiogenesis is also a phy-
siological process in some organs and constitutes
a normal response to injury.?>?* Meanwhile, the non-
specific distribution of DOX throughout the whole
body introduces systemic toxicity and limits effective
treatment.?* So for systemic administration, it is sig-
nificant to selectively deliver shVEGF—DOX to the
tumor site, which is not only the premise of therapeutic
effect but also free of systemic antiangiogenesis and
toxicity to reduce side effects.

Tumor-targeting nanoparticles tend to accumulate
in the tumors by the prolonged circulation and en-
hanced permeability and retention (EPR) effect.?>~%’
Then, nanoparticles require cellular internalization for
therapeutic outcome. Cell-penetrating peptide (CPP)
has been researched extensively for the efficient cell
internalization, while the in vivo application is a night-
mare as CPP lacks selectivity.*3° In order to overcome
this in vivo bottleneck, it is necessary and feasible
to quench the cell-penetrating property of CPP in the
circulation and recover its intrinsic characteristics with-
in the tumor.3'32 Here, an activatable CPP (dtACPP)
dual-triggered by the unique tumor microenviron-
ment, lowered pHe (pH 5.8—7.2), and upregulated
MMP2 was constructed.'—>* In dtACPP, the internali-
zation function of polycationic CPP was quenched by
a covalently attached pH-sensitive masking peptide,
linking by a MMP2 substrate. In the circulation,
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the masking peptide (electric point about 6.4) would
be negatively charged to shield CPP well, while this
shielding effect would be eliminated within the tumor.
Accompanying the cleavage of linker by MMP2,
dtACPP would be activated to CPP. Hence, CPP that
recovered to the state of freedom would internalize the
nanoparticles merely into the intratumoral cells.

Of the nonviral vector, dendrigraft poly-L-lysine
(DGL) is widely investigated for gene delivery to the
tumor because of its ability to effectively complex and
condense DNA to form nanoparticles.>>® As shown
in Scheme 1, dtACPP was conjugated to the surface of
DGL via a-malemidyl-w-N-hydroxysuccinimidyl poly-
ethyleneglycol (MAL-PEG-NHS) to construct the gene
nanocarrier, dtACPP-PEG-DGL (dtACPPD). Condensed
nanoparticles, dtACPPD/shVEGF—DOX, were formed
through electrostatic interactions between cationic
DGL and negatively charged plasmid shVEGF. The
tumor-targeting nanoparticles were endowed with
steric stabilization to perform the EPR effect well and
enhanced internalization to deliver shVEGF—DOX into
the intratumoral cells efficiently. In this case, anti-
angiogenesis and apoptosis of tumor cells occurred
simultaneously.

Glioma is the one of the most aggressive malignant
tumors and is nearly always fatal.>” Clinically, despite
therapy, 6 month progression-free survival for relapsed
or progressive glioma is 9—21%, and median overall
survival is 30 weeks or less.3® In this study, the glioma-
bearing mice were constructed to systematically eval-
uate the mechanism and corresponding therapeutic
efficacy of dtACPPD/shVEGF—DOX both in vitro and
in vivo.

RESULTS AND DISCUSSION

Incorporating stimulus-responsive moieties into the
targeting drug delivery systems could achieve precise
targetability and enhanced cellular internalization 3" —3*
Based on the unique tumor microenvironment, low-
ered pHe, and upregulated MMP2, an activatable CPP,
dtACPP, was designed for the tumor-targeting delivery
of nanoparticles. Here, the extracellular MMP2 and
lowered pHe were utilized as dual stimuli to trigger
the enhanced tumor targeting and cellular internaliza-
tion in our designed nanoparticle system, dtACPPD/
shVEGF—DOX.

As angiogenesis and tumor cells might be mutually
improved in tumor growth, antiangiogenesis and
killing off tumor cells simultaneously might be mean-
ingful for antitumor treatment.® In this study, combin-
ing anti-VEGF agent (shVEGF) with chemotherapeutics
(DOX) efficiently decreased blood vessels and killed off
cells within the tumor, which has achieved ideal anti-
tumor efficacy.

Development of Nanocarriers and Nanoparticles. Cationic
polymer nonviral vectors have gained increasing
attention because of flexibility in their synthesis and
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Scheme 1. (A) Construction of tumor-targeting nanoparticle system, dtACPPD/shVEGF—DOX. (B) Tumor-targeting, inter-
nalization, and combination therapy strategy of dtACPPD/shVEGF—DOX.

structural modifications for specific biomedical appli-
cation. dtACPPD was constructed according to
Scheme 1A and further verified by "H NMR (Figure 1A).
The solvent peak of D,O was found at 6 = 4.8 ppm.
The branching units of DGL had multiple peaks between
1.2 and 4.5 ppm. Comparing dtACPPD spectrum to
PEG-DGL, the characteristic 'H NMR peak of PEG's repeat
units (—O—CH,—CH,—0-) at 6 = 3.6 ppm still pre-
sented, while PEG's MAL at 0 = 6.8 ppm (peak I)
disappeared and dtACPP's methyl at 6 = 0.8 ppm
(peak 1) presented. All of the results verified that the
MAL group of PEG had reacted with the thiol group of
dtACPP and further indicated the successful construc-
tion of dtACPPD.

The shVEGF—DOX complex was monitored by fluo-
rescence scanning technology because DOX inter-
calated into shVEGF showed fluorescence quenching.
For free DOX, the spectra showed strong fluorescence
signal in the range of 520—680 nm (Figure 1B). With the
concentration of shVEGF increasing, the signal inten-
sity gradually decreased. DOX totally intercalated
into shVEGF at a molar ratio of 3:3000 (shVEGF/DOX),
meaning that 0.17 ug of DOX could intercalate com-
pletely into 1 ug of shVEGF. In this study, the
shVEGF—DOX complex adopted the ratio of 1:0.16
(shVEGF/DOX, w/w).

A fundamental requirement for effective targeting
delivery is that the nanocarrier must be able to effi-
ciently complex with therapeutic drugs. The ability of
dtACPPD to condense shVEGF—DOX at varying weight
ratios (DGL/shVEGF, w/w) was evaluated (Figure 1C).
In this gel retardation assay, shVEGF—DOX bound to
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dtACPPD remained in the loading wells, while the
unbounded migrated. When the ratio was 6:1, DNA
was completely protected from ethidium bromide,
showing no staining in the loading well. Protecting
DNA from agents such as nucleases is critical to ensure
the transfection efficiency. Meanwhile, the electro-
phoretic mobility of shVEGF—DOX was slower than
shVEGF, verifing that DOX intercalated into shVEGF
well. In this study, dtACPPD/shVEGF—DOX adopted the
ratio of 6:1 (DGL/shVEGF, w/w).

dtACPPD/shVEGF—DOX had a unimodal distribu-
tion, and the hydrodynamic sizes was 144.9 4+ 2.5 nm
under pH 7.4 (Figure 1D, left) and 151.8 &= 2.9 nm under
pH 6.0 (Figure 1D, right). This size range was suitable for
the prolonged blood circulation to perform the EPR
effect well?®3*° The corresponding zeta-potential
values were 1.8 &+ 4.1 and 3.5 £ 2.9 mV, respectively.
The nanoparticles appeared to be a kind of analogous
spherical shape and compacted structure under pH 7.4
and 6.0 (Figure 1E).

Cytotoxicity, Cellular Uptake Studies, and /n Vivo Targetabil-
ity. The commonly studied grade IV glioma cell line,
U-87 malignant glioma (MG) cells, was chosen for this
study because this cell line expresses high levels
of VEGF mRNA and protein.3*° In addition, U-87 MG
cells are able to form tumors in mice, which favors
the construction of the clinically relevant intracranial
glioblastoma (GBM) xenograft model, glioma-bearing
mice.*®

Cytotoxicity is a primary concern in the develop-
ment of the drug delivery system. Under pH 7.4 or 6.0,
dtACPPD/DNA (pGL2) showed minimal toxic effect
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Figure 1. (A) "H NMR spectrum of DGL, PEG-DGL, and dtACPP-PEG-DGL (dtACPPD). (B) Fluorescence spectra of DOX solution
(3 «M) with increasing molar ratios of DNA (from top to bottom, 0:3000, 1:3000, 2:3000, 3:3000, 4:3000, 5:3000 pmol/pmol).
(C) Electrophoretic analysis of DNA—DOX binding by dtACPPD, in which lane numbers correspond to nanoparticles with
different weight ratios (DGL to DNA): (1) DNA marker, (2) naked DNA, (3) free DOX, (4) DNA—DOX, (5) 0.1:1, (6) 0.5:1, (7) 1:1, (8)
2:1,(9) 4:1,(10) 6:1, (11) 8:1. The particle size distribution of dtACPPD/DNA—DOX was analyzed by (D) dynamic light scattering
(DLS) zetasizer and (E) atomic force microscope (AFM) under pH 7.4 (left) or pH 6.0 (right).

(Figure 2A). Although the cytotoxicity under pH 6.0 was
slightly increased, the cell viability was still more than
90% at 50 ug of DGL/mL, the concentration that was
adopted in the following in vitro study, confirming that
dtACPPD was a secure platform for drug delivery.

The in vitro internalization efficiency was evaluated
by cellular uptake study (Figure 2B,C). CPP-modified
nanoparticles (CPPD/DNA) demonstrated the highest
cellular uptake efficiency, benefiting from the efficient
internalization of CPP.22732 Under pH 7.4, the uptake
efficiency of dtACPPD/DNA was not ideal (34.4% rela-
tive to CPPD/DNA) even pretreated with MMP2 to
cleave the linker. However, it would increase to
86.9% under pH 6.0, meaning that dtACPP was ade-
quately activated to CPP to perform its internaliza-
tion well in the mimetic tumor microenvironments.
The result from cellular uptake of nanocarriers was
similar to the nanoparticles (Supporting Information
Figure S1). All of the results indicated that both MMP2
and lowered pH were indispensable in activating
dtACPP, and this dual-triggering mechanism of dtACPP
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made it suitable for the in vivo tumor-targeting
application.

In vivo biodistribution and tumor-targeting charac-
teristics of dtACPPD/DNA were monitored using a real-
time fluorescence imaging technique. Figure 3A shows
that there was a corresponding accumulation of ethi-
dium monoazide bromide (EMA)-labeled DNA in the
tumor sites 24 h after injection of respective nanopar-
ticles, benefiting from the EPR effect.> 2" Meanwhile,
for the dtACPPD/DNA-treated group, the accumulation
was progressively increased and far more than both
PEG-DGL/DNA- and CPPD/DNA-treated groups at
24 h (Figure 3B). There was the same tendency in that
treated with the nanocarriers (Figure S2). The excised
brains were sectioned to further study the in vivo loca-
tion of nanoparticles. For the dtACPPD/DNA-treated
group (Figure 3C,D middle column), EMA-labeled DNA
accumulated highly at the boundary and interior of the
tumor. Within the tumor, the overwhelming majority
of the DNA accumulated in the cytoplasm and partly
localized within cell nuclei, similar results previously
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Figure 2. Toxicity and uptake efficiency of nanoparticle systems. (A) Viability of cells treated with different concentrations of
dtACPPD/DNA under pH 7.4 or 6.0. Uptake efficiency detected by (B) flow cytometer and (C) florescence image of cells treated
with different nanoparticles under pH 7.4 or 6.0, respectively. The geometric mean of the fluorescence for the cells treated
with CPPD/DNA under pH 6.0 was defined as 100% (n = 5). Asterisks (*) denote statistically significant differences (*p < 0.05,
**¥p < 0.001) calculated by one-way ANOVA test. DNA used here was prelabeled by YOYO-1, which could emit green

fluorescence. Original magnification: 100x.

reported for polycation-mediated transduction.*'
Inspiringly, the successful nuclear location is crucial
to improve the expression of exogenous DNA.*? These
results confirmed that the activation of dtACPP modi-
fying on the nanoparticles mostly occurred within the
tumor to internalize nanoparticles well, benefiting
from the dual stimuli, lowered pHe, and upregulated
MMP2.** As once dtACPP being activated prematurely
to expose CPP in the circulation, nanoparticles would
accumulate too acutely in the main metabolic organs
to perform the EPR effect well, just like the CPPD/DNA-
treated group.

Gene Transfection. Inspired by the satisfactory tumor
targetability, the in vivo gene transfection efficiency
was evaluated after 48 h of administration, the time
allowed for the uptake and expression of EGFP encod-
ing DNA. Figure 4 indicated that dtACPPD could effi-
ciently deliver intact DNA into the tumor cells for gene
expressing, as evidenced by the high EGFP signal in the
tumor site of the dtACPPD/pEGFP-treated group. The
EGFP signal from the CPPD/pEGFP-treated one was
obviously decreased, which might due to the non-
specific distribution of CPPD/pEGFP over the whole
body, especially the main metabolic organs, as shown
in Figure 3. There was little EGFP signal in the one
treated with PEG-DGL/pEGFP that lacked internali-
zation efficiency. All of the results indicated that
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dtACPPD/pEGFP possessed good tumor targetability
and internalization efficiency once more.

Inhibition of Endogenous VEGF and Shutdown of Blood
Vessels. Real-time polymerase chain reaction (RT-PCR)
was performed to evaluate the level of endogenous
VEGF mRNA (Figure 5). The VEGF mRNA of in vitro cells
was inhibited to 31.7% for dtACPPD/shVEGF, similar to
CPPD/shVEGF (28.3%). However, the VEGF mRNA of
in vivo glioma was inhibited to 75.5% for CPPD/shVEGF,
significantly weaker than dtACPPD/shVEGF (34.3%).
The result in the secretory VEGF protein of in vivo
glioma was consistent with that in the mRNA level
(Figure S3). The in vitro results indicated that the inter-
nalization and anti-VEGF efficiency of dtACPPD/shVEGF
was close to CPPD/shVEGF in the mimetic tumor micro-
environment. After systemic administration, the anti-
VEGF effect of dtACPPD/shVEGF was obviously stronger
than CPPD/shVEGF, owing to the ideal tumor target-
ability of the dtACPP-modified nanoparticles.

In addition to the investigation of endogenous
VEGF, gliomas were retrieved to determine the func-
tionality of tumor-associated blood vessels (Figure 6).
Compared to other groups, dtACPPD/shVEGF resulted
in fewer functional blood vessels and the tumor-asso-
ciated blood vessels.

In Vitro Apoptosis Assay and In Vivo Apoptosis Imaging. As
shown in Figure 7AB, under the selected dose, the
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Figure 3. Real-time fluorescence imaging showed the in vivo distribution and subcellular location of nanoparticles in the glioma-
bearing mice. (A) In vivo imaging of mice treated with EMA-labeled DNA that complexed with PEG-DGL (left in every image),
dtACPPD (middle in every image), or CPPD (right in every image). Images were taken at 1, 12, and 24 h after systemic
administration. The bottom image shows the corresponding exposed main organs that were excised at 24 h after administration.
(B) Imaging of the excised glioma-bearing brains. Intensity of the signal: dark red is the strongest, while dark blue is the weakest, as
shown by the bar. (C) Brain sections showed the accumulation of EMA-labeled DNA at the interior of the glioma and normal brain
surrounding glioma. N = normal brain; G = glioma; yellow dashed line = boundary of the glioma. Original magnification: 200x. (D)
Corresponding subcellular localization of the DNA within the glioma. Red: EMA-labeled DNA. Blue: DAPI-stained cell nuclei.

apoptosis rate induced by dtACPPD/shVEGF (7.4%) was
similar to that induced by dtACPPD/DNA (pGL2). This
phenomenon was due to anti-VEGF therapy inhibited
tumor growth via antiangiogenesis rather than killing
off tumor cells directly. However, the apoptosis rate
grew to 45.5% in the one treated with dtACPPD/
shVEGF—DOX, attributed to the direct and intrinsic
apoptosis pathway induced by DOX.** It is such a
delight that shVEGF might modulate the efficacy of
DOX in vivo by normalization of tumor blood vessels.*®

Annexin-Vivo 750 was utilized to further compare
the in vivo apoptosis efficiency induced by mono/
combination therapy, which was able to bind to the
apoptosis cells and reveal information about immedi-
ate cell death.*® This in vivo fluorescence imaging
provides convenient and rapid assessment of real-time
biological processes.”” Compared to other groups,
the apoptosis within the tumor was most evident
in the group treated with dtACPPD/shVEGF—DOX,
which might benefit from the combination efficacy of
anti-VEGF therapy and chemotherapy (Figure 7C,D).*®

HUANG ET AL.

Just as shown in the dtACPPD/shVEGF treated group,
shutdown of blood vessels induced by shVEGF could
starve the tumor from nutrients and oxygen, thereby
reducing tumor growth and inducing extensive necro-
sis of tumor cells (starvation hypothesis).**° Addition-
ally, the direct cytotoxic effects of DOX could cause cell
apoptosis and decrease proliferation rate. These results
renewed the hope that simultaneous targeting of
blood vessels and tumor cells can improve outcomes
for patients with tumors.*®

Antitumor Efficacy. Tumor histology according to
TUNEL assay demonstrated that dtACPPD could effec-
tively deliver shVEGF—DOX into the tumor cells to
induce tumor cell apoptosis most severely (Figure 8A).

The clinically therapeutic benefits are mainly deter-
mined based on the quality of life and prolonged
survival time of cancer patients.>® To further estimate
the antitumor efficacy, the body weight (BW) and
overall survival of the glioma-bearing mice were as-
sessed (Figure 8B,C). The control group (saline-treated
only) exhibited a rapid loss in BW and early death as a
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Figure 4. In vivo gene expression in the glioma-bearing mice. (A) Brain sections showed the gene expression at the interior of
glioma and normal brain surrounding glioma. N = normal brain; G = glioma; yellow dashed line = boundary of the glioma.
Scale bar: 50 um. (B) Gene expression within the glioma. Green: GFP. Blue: DAPI-stained cell nuclei.
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Figure 5. Inhibition of endogenous VEGF mRNA expression by transfection with shVEGF. (A,C) Representative VEGF mRNA
in vitro and (B,D) in vivo was analyzed by semiquantitative RT-PCR. Lane 1, control (untreated); lane 2, dtACPPD/pcontrol
(pGL2); lane 3, CPPD/shVEGF; lane 4, dtACPPD/shVEGF. GADPH was used as an internal control. (C,D) VEGF mRNA levels were
quantified by RT-PCR. Data were normalized with the house-keeping gene GADPH (n = 3). Asterisks (*) denote statistically
significant differences (*p < 0.05, **p < 0.01, ***p < 0.001) calculated by one-way ANOVA test.
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Figure 6. Blood vessels within the glioma. Functional blood vessels were detected by intravenously administrated lectin
(green) while tumor-associated blood vessels (red) were stained with antibody against CD34. The cell nuclei (blue) were
stained with DAPI. Original magnification: 200 x.
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Figure 7. (A) In vitro apoptosis of U-87 MG cells induced by shVEGF, shVEGF—DOX, and pcontrol—DOX that was delivered with
CPPD or dtACPPD (n = 5). (B) Comparison of apoptosis rate induced by dtACPPD/shVEGF and dtACPPD/shVEGF—DOX under
the selected dose (8.33 ug DNA (plus 1.33 ug DOX) per mL) adopted in the in vivo study. Asterisks (¥) denote statistically
significant differences (**p < 0.01) calculated by one-way ANOVA test. (C) Representative in vivo apoptosis images 24 h after
Annexin-Vivo 750 administration for different treatment groups as indicated. (D) Brain sections showed the cells' apoptosis at
the interior of the glioma and normal brain surrounding glioma. N = normal brain; G = glioma; blue = DAPI-stained cell nuclei;
yellow dashed line = boundary of the glioma. Scale bar: 50 um.
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Figure 8. Antitumor efficacy. (A) Histological images of the glioma tissues using the TUNEL assay. Green: apoptosis cells. Blue:
DAPI-stained cell nuclei. Yellow dashed line: boundary of the glioma. Original magnification: 200x. (B) Average change of
body weight and (C) overall survival of glioma-bearing mice (n = 12).

function of time, owing to the VEGF-induced CASS.
Compared with free DOX, dtACPPD/pcontrol—DOX
possessed prolonged survival time, and the loss in
BW was gentler, although their dose of DOX was self-
same. In addition, dtACPPD/shVEGF possessed better
antitumor efficacy than CPPD/shVEGF. The results once
again indicated that dtACPP-modified nanoparticles
possessed ideal tumor-targeting function and inter-
nalization efficiency within the tumor once more. As
expected, dtACPPD/shVEGF—DOX possessed the best
antitumor efficiency, gentlest loss in BW, and the
median survival time was up to 58.5 days, owing to
the effective combination efficacy on the premise of
effective drug delivery. The results showed that treat-
ment with anti-VEGF agents or chemotherapeutics
independently was not sufficient for oncotherapy.
So it is necessary to implement the combination of
antiangiogenesis and apoptosis simultaneously."®
Overall, both in vitro and in vivo results suggested
that dtACPP-modified nanoparticles explored in this
study were an ideal platform for tumor-targeting
delivery. Additionally, anti-VEGF agent, shVEGF, in

MATERIALS AND METHODS

Materials. DGL G3 dendrimer with 123 lysine groups was pur-
chased from Colcom, France. a-Malemidyl-w-N-hydroxysuccinimidyl

HUANG ET AL.

combination with DOX, exhibited an efficient antitumor
efficacy. So this tumor-targeting and microenvironment-
responsive nanoparticle system, dtACPPD/shVEGF—DOX,
was an ideal candidate for antitumor therapy.

CONCLUSION

Angiogenesis, rapidly proliferating tumor cells, and
tumor microenvironment are the common character-
istics of most tumors, which make it practical to develop
a universally valid drug delivery system. In this study,
we have presented a smart and effective tumor-
targeting nanoparticle system, dtACPPD/shVEGF—DOX,
which demonstrated effective shutdown of blood
vessels and cell apoptosis within the tumor. dtACPPD/
shVEGF—DOX selectively accumulated in tumor sites
via the EPR effect and further internalized into the
intratumoral cells by the exposed CPP, which was
activated in the unique tumor microenvironment.
On the premise of effective drug delivery, the combina-
tion therapy of antiangiogenesis and apoptosis has
achieved ideal antitumor efficacy that obviously pro-
longed the survival time of glioma-bearing mice.

polyethyleneglycol (MAL-PEG-NHS, MW 3500) was purchased
from Jenkem Technology Co. Ltd. (Beijing, China). Peptides
e,k4-x-PLGLAG-rg-x-c (dtACPP, MMP2 cleavable peptide) and

AR

VOL.7 = NO.3 = 2860-2871 =

2013 ACS

JO

\J

WWW.acsnano.org

2868



rg-x-c (CPP, positive control) were synthesized by Chinese Pep-
tide Company (Hangzhou, China). Lowercase letters indicated
p-amino acids, and x is an aminohexanoic linker. Recombinant-
human MMP2 proenzyme was obtained from EMD. YOYO-1
iodide, ethidium monoazide bromide (EMA), and 4,6-diamidi-
no-2-phenylindole (DAPI) were purchased from Molecular
Probes (Eugene, OR, USA). The plasmid pGL2, pEGFP-N2, and
shVEGF (Clontech, Palo Alto, CA, USA) were purified using
QIAGEN Plasmid Mega kit (Qiagen GmbH, Hilden, Germany).

Nanocarrier Synthesis. DGL was reacted with PEG at the ratio
1:10 (mol/mol) in PBS (pH 8.0) for 2 h at room temperature. The
resulting conjugate, PEG-DGL, was purified by ultrafiltration
through a membrane (cutoff = 5 kDa) and dissolved in PBS
(pH 7.0). Then PEG-DGL was reacted with dtACPP at the ratio of
1:5 (DGL to peptide, mol/mol) in PBS (pH 7.0) for 24 h at room
temperature. The MAL groups of PEG were specifically reacted
with the thiol groups of dtACPP to form the corresponding
nanocarrier, dtACPPD.

"H NMR. The characteristic of dtACPPD was analyzed by
"H NMR spectroscopy. Basically, DGL, PEG-DGL, and dtACPPD
were purified by ultrafiltration through a membrane (cutoff =
5 kDa), then freeze-dried, solubilized in D,0, and analyzed on
a 400 MHz spectrometer (Varian, Palo Alto, CA, USA).

Monitoring of DNA—DOX Complex Formation by Fluorescence. A
physical complex between shVEGF and DOX was made as
described previously.'® Briefly, different concentrations of
plasmid in a fixed volume (500 ul) were added to a fixed
concentration of DOX (6 «M, 500 uL) in PBS buffer; the mixture
was vortexed for 1 min, and the fluorescence of DOX was
monitored at an excitation of 480 nm and emission recorded
in the interval of 520—680 nm (1.5 mm slit) on a Perkin-Elmer
LS-55 spectrofluorometer.

Preparation of Nanoparticles. The freshly prepared nanocarrier
was diluted to appropriate concentration, and then the DNA or
DNA—DOX solution (100 ug DNA/mL in 50 mM sodium sulfate
solution) was added to obtain specified weight ratio and
immediately vortexed for 30 s. Freshly prepared nanoparticles
were used in the following experiments. In the evaluation of
in vivo distribution, the DNA was labeled with EMA, the fluo-
rescent photoaffinity label. DNA solution (1 mg/mL in TE buffer,
pH 7.0) was diluted to 0.1 mg/mL with an aqueous solution of
EMA (1 mg/mL) and incubated for 30 min away from light at
room temperature. The complex was then exposed to UV light
(365 nm) for 1 h, and the resulting solution was precipitated
by adding ethanol to a final concentration of 30% (v/v). The
precipitate was collected by centrifugation and redissolved in
50 mM sodium sulfate solution.

Gel Retardation Assays. Agarose gel retardation assay was
carried out to determine the DNA—DOX binding ability of
dtACPPD. dtACPPD/DNA—DOX was prepared at various weight
ratios (DGL to DNA; 0.1:1, 0.5:1, 1:1, 2:1, 4:1, 6:1, and 8:1). The
complexes were mixed with appropriate amounts of 6 x loading
buffer and then electrophoresed on a 0.9% (w/v) agarose gel
containing ethidium bromide (0.25 ug/mL of the gel). The
location of DNA in the gel was analyzed on a UV illuminator
and photographed using a Canon IXUS 950IS camera.

Characterization of dtACPPD/DNA—DOX. The mean diameter and
zeta-potential of dtACPPD/DNA—DOX with a DGL to DNA
weight ratio at 6:1 under pH 7.4 or 6.0 were determined by
a Zetasizer Nano (Marvin Instruments Ltd. UK). Also, their
morphology was examined under atomic force microscopy
(Veeco Instruments, USA).

Pretreatment of MMP2. It has been demonstrated that,
although the tumor cells secret MMP2, the enzyme becomes
notably diluted in in vitro experiment, resulting in slow cleav-
age and negligible activation. In addition, it has been found
that significant cleavage and uptake of ACPPs required pre-
cleavage with exogenous protease.>'*? Recombinant-human
MMP2 proenzyme (5 ug in 80 uL of 50 mM Tris-HCI buffer)
was activated with 2.5 mM 4-aminophenylmercuric acetate
at 37 °C for 2 h. Before cell incubation, dtACPPD was
activated with MMP2 (10 pmol) for 3 h in 50 mM Tris, 200 mM
NaCl, 10 mM CaCl,, and 10 uM ZnCl, under pH 7.5.
dtACPPD without pretreatment of MMP2 was designated as
(—MMP)dtACPPD.
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Evaluation of Cytotoxicity Induced by dtACPPD. The toxicity in-
duced by the nanocarrier, dtACPPD, was evaluated by dtACPPD/
DNA (pGL2, negative control plasmid) in U-87 MG cells, via
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay. U-87 MG cells were seeded in 96-well culture plates
(Corning-Coaster, Tokyo, Japan) at a density of 5000 cells/well.
When achieving 70—80% confluence, the cells were incubated
with dtACPPD/DNA solutions with various concentrations at
40 uL/well of the serum-free medium under pH 7.4 or 6.0. After
60 min incubation, MTT assay was performed. Cell viability of
each group was expressed as a percentage relative to that of
untreated control.

Cellular Uptake. U-87 MG cells were seeded in 24-well culture
plates (Corning-Coaster, Tokyo, Japan) at a density of 3 x 10*
cells/well. When achieving 70—80% confluence, the cells were
incubated with the DNA (pGL2) complexed with various nano-
carrier systems (PEG-DGL, (—MMP)dtACPPD, dtACPPD, or CPPD)
at the concentration of 10 ug DGL in 200 uL/well of the serum-
free medium under pH 7.4 or 6.0. After 30 min incubation, the
medium was removed, and the cells were washed with PBS
three times and then visualized and photographed under an
IX2-RFACA fluorescent microscope (Olympus, Osaka, Japan).
DNA used here was prelabeled by YOYO-1, which could inter-
calate into DNA and emit green fluorescence. For flow cytometry,
the cells were seeded in 6-well culture plates (Corning-Coaster,
Tokyo, Japan) at a density of 1 x 10° cells/well. The following
incubating operation was the same as the former. After that,
the cells were trypsinized and collected by centrifugation at
1200 rpm for 5 min. After washing with ice-cold PBS, the cell
pellet was resuspended in 100 uL of PBS and applied immedi-
ately on a FACS Calibur flow cytometer (Epics Altra, USA).

Tumor Implantation. All animal experiments were carried out
in accordance with guidelines evaluated and approved by the
ethics committee of Fudan University, Shanghai, China. Glioma-
bearing mice were prepared by intracranial injection (striatum,
1.8 mm right lateral to the bregma and 3 mm of depth) of
1 x 10° U-87 MG cells suspended in serum-free media into male
nude mice with body weight of 20—25 g (Sino-British Sippr/BK
Lab. Animal Ltd.).

In Vivo Distribution and Gene Transfection. At the 18th day after
implantation, glioma-bearing mice were injected intravenously
through the tail vein with 200 uL of PEG-DGL/DNA, dtACPPD/
DNA, or CPPD/DNA (6:1, DGL to DNA, w/w) at a dose of 50 ug
DNA, respectively. Then, 1, 12, and 24 h after administration,
the mice were anesthetized and visualized by a Cambridge
Research & Instrumentation in vivo imaging system (CRi, MA,
USA). After that, mice were sacrificed and the glioma-bearing
brains and other main organs (heart, liver, spleen, lung, and
kidneys) were excised carefully to compare the relative accu-
mulation. DNA used here was prelabeled by EMA which could
intercalate into DNA and emit red fluorescence. After dehydra-
tion, glioma-bearing brains were frozen in OCT embedding
medium (Sakura, Torrance, CA, USA). Frozen sections of 20 um
thickness were prepared with a cryotome Cryostat (Leica, CM
1900, Wetzlar, Germany) and stained with 300 nM DAPI for
10 min at room temperature. After washing twice with PBS,
the sections were immediately examined under the IX2-RFACA
fluorescent microscope (Olympus, Osaka, Japan) and confocal
laser scanning microscope (Olympus, Fluoview FV100, Japan).
For the in vivo gene expression, nanoparticles containing
PEGFP-N2 were injected into the tail vein of glioma-bearing
mice at a dose of 50 ug DNA/mouse. Forty-eight hours later,
mice were anesthetized and the subsequent section and
observation operation was the same as above.

Vascular Detection. To detect the vascular function and
density within the glioma, 100 uL of biotinylated tomato lectin
(10 ug/mL in PBS, from Vector Laboratories, Burlingame, CA)
was injected intravenously 1 h prior to the animal sacrifice.*
The excised glioma-bearing brains were sectioned for antibody
and DAPI staining. Tumor-associated blood vessels were de-
tected with rhodemine-labeled anti-CD34 antibody (Vector
Laboratories) labeled by Alexa Fluor 555, while the functional
vessels that had been stained with the biotinylated lectin
were detected with a streptavidin-conjugated Alexa Fluor 488
(Invitrogen).
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RT-PCR for Evaluating VEGF mRNA. U-87 MG cells were seeded
in 6-well culture plates at a density of 2 x 10° cells/well. Forty-
eight hours later, the cells were incubated with dtACPPD/
pcontrol (pGL2), CPPD/shVEGF, and dtACPPD/shVEGF (6:1,
DGL to DNA, w/w) at the concentration of 8.33 ug DNA/mL
(500 uL/well) with serum-free medium under pH 6.0. The cells
that were only treated with serum-free medium under pH 6.0
were designed as control. After 30 min incubation, the medium
was removed, and the cells were washed with PBS three times.
After that, the cells were further incubated in the fresh medium.
After continuous culture for 48 h, the cells were collected
for total RNA extraction. At the 12th, 15th, and 18th day after
implantation, dtACPPD/pcontrol (pGL2), CPPD/shVEGF, and
dtACPPD/shVEGF (6:1, DGL to DNA, w/w) at the dose of 50 ug
DNA/mouse were injected into the tail vein of glioma-bearing
mice, respectively. At day 21, the glioma tissues were excised for
extraction of total RNA and protein. In vitro and in vivo expres-
sion of VRGF mRNA was detected by semiquantitative RT-PCR.
Total RNA was extracted by using TRIzol reagent, and possible
DNA contamination was removed by digesting the extracted
RNA with DNase I (Invitrogen). The RNA was purified again using
TRIzol reagent and subjected to the synthesis of first-strand
cDNA using a reverse transcription kit (Invitrogen). GADPH was
amplified as an internal control. The sequence of the VEGF
forward primer was 5'-GGCAGAATCATCACGAAGTGGTG-3/, and
reverse primer was 5-GGGTCTCGATTGGATGGCAGTAG-3'. All
primers were synthesized by GenePharma Co., Ltd. (Shanghai,
China).

Cell Apoptosis Assay. U-87 MG cells were seeded in 96-well
culture plates at a density of 5000 cells/well. When achieving
70—80% confluence, the cells were incubated with various doses
of CPPD/shVEGF, dtCPPD/shVEGF, dtCPPD/pcontrol (pGL2),
CPPD/shVEGF—DOX, dtCPPD/shVEGF—DOX, or dtCPPD/pcon-
trol-DOX at 37 °C in the serum-free medium under pH 6.0.
After 30 min incubation, the medium was removed and the cells
were washed with PBS three times. After that, the cells were
further incubated in the fresh medium. Forty-eight hours later,
MTT assay was performed.

In Vivo Pharmacodynamic Evaluation and Survival Monitoring. The
glioma-bearing mice were randomized to six groups (15 mice/
group). At the 12th, 15th, and 18th day after the implantation,
each group of mice was treated with intravenously administration
of CPPD/shVEGF, dtACPPD/shVEGF, dtACPPD/shVEGF—DOX, and
dtACPPD/pcontrol—DOX (pGL2) at a dose of 50 g DNA (plus 8 ug
DOX) per mouse. For free DOX, mice were intravenously injected
with 8 g DOX/mouse. The saline-treated group was used as
control. There were 12 mice/group monitored for body weight
change and overall survival, and others were used for the
following experiment at day 21. For in vivo apoptotic imaging,
the mice that had been treated with saline, dtACPPD/shVEGF,
or dtACPPD/shVEGF—DOX received 100 uL/mouse of apoptotic
agent Annexin-Vivo (excited at 740 nm; emission collected at
780 nm). Imaging was conducted at 24 h post-annexin adminis-
tration by a CRi in vivo imaging system. Enhancement in signal
intensity can be attributed to an increase in annexin binding at
the tumor site. After that, mice were sacrificed and the glioma-
bearing brains were sectioned, stained with DAPI, and examined
under the IX2-RFACA fluorescent microscope (Olympus, Osaka,
Japan). For the broken nuclear DNA fragment detection, the
glioma-bearing brains from all groups were frozen sectioned,
subjected to terminal deoxynucleotidyl transferase-mediated
nick end labeling (TUNEL) to detect the broken nuclear DNA
fragments, stained with DAPI, and examined under the IX2-
RFACA fluorescent microscope (Olympus, Osaka, Japan).
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