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Self-Assembled Bifunctional Peptide as Effective Drug
Delivery Vector with Powerful Antitumor Activity

Rangrang Fan, Lan Mei, Xiang Gao, Yuelong Wang, Mingli Xiang, Yu Zheng,
Aiping Tong,* Xiaoning Zhang, Bo Han, Liangxue Zhou, Peng Mi, Chao You,

Zhiyong Qian, Yuquan Wei, and Gang Guo*

E-cadherin/catenin complex is crucial for cancer cell migration and invasion.
The histidine-alanine-valine (HAV) sequence has been shown to inhibit a
variety of cadherin-based functions. In this study, by fusing HAV and the clas-
sical tumor-targeting Arg-Gly-Asp (RGD) motif and Asn-Gly-Arg (NGR) motif
to the apoptosis-inducing peptide sequence-AVPIAQK, a bifunctional peptide
has been constructed with enhanced tumor targeting and apoptosis effects.
This peptide is further processed as a nanoscale vector to encapsulate the
hydrophobic drug docetaxel (DOC). Bioimaging analysis shows that peptide
nanoparticles can penetrate into xenograft tumor cells with a significantly
long retention in tumors and high tumor targeting specificity. In vivo, DOC/
peptide NPs are substantially more effective at inhibiting tumor growth and

it has surpassed breast cancer among
females. Advanced non-small-cell lung
cancer (NSCLC) is responsible for most
of the death. Docetaxel (DOC), erlotinib,
and pemetrexed are the clinically approved
second-line therapies for NSCLC.3*
DOC is a semisynthetic product derived
from the needles of the European yew,
Taxus baccata. The antineoplastic activi-
ties of DOC were played by promoting
assembly of tubulin into microtubules,
and rendering the microtubules resistant
to depolymerization.”® In response to the
increasing challenge of lung cancer world-

prolonging survival compared with DOC control. Together, the findings of
this study suggest that DOC/peptide NPs may have promising applications

in pulmonary carcinoma therapy.

1. Introduction

Lung cancer is the leading cause of cancer death among males
in many parts of the world, and in more developed countries,
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wide, polymeric nanoparticles (NPs), poly-
meric micelles, and liposomes have been
drawn significant attention to the delivery
of DOC to lung cancer cells via a passive
targeting mechanism.”# Although many
strategies have been adopted to treat lung cancer, the low target
specificity for cancer cells is the most common and serious
problem.

NPs have the capability of delivering high doses of thera-
peutic compounds to tumor cells and have attracted increasing
attention in drug delivery and cancer therapy.°-'!l Encapsula-
tion of hydrophobic drugs into NPs can make the drug dispers-
ible in aqueous solutions, which can be used for intravenous
applications. The nanoscale and hydrophilic interface of the
NPs can prolong their circulation time and enhance the cellular
uptake.'?l Recently, vaccines, peptides, proteins, small mole-
cules, and other biomimetic carriers have been reported for
various therapeutic payloads delivery.'>-1l Among these, small
molecules or peptides have been developed for active targeting
of cytotoxic agents to tumor cells,'®'7] with the advantage of
tissue-specific targeting, thus off-target effects could be mini-
mized.'82% These vectors with unique structures are able to
self-assemble into a variety of nanostructures including nano-
circles, nanotubes, and spherical NPs, which can enhance the
gene or drug loading (DL) capability for their high-aspect-ratio
structures.?122l Moreover, taking the peptides for example, it is
easy to endow it with targeting ability through simple modifi-
cations, such as conjugated with specific sequences and medi-
ated by avidin-biotin interaction.!®2] RGD (Arg-Gly-Asp),
a tripeptide motif, is an integrin-recognition motif found in
many ligands, allowing for homing of drugs to tumor blood
vessels.[2+2]
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RGD-containing peptides have been widely used in tumor-
targeting research.””] Peptides containing the Asn-Gly-Arg
(NGR) motif which can recognize aminopeptidase N (CD13),
a membrane-bound enzyme associated with angiogenic
tumor vessels, can be used for delivering various anti-tumor
agents to the tumor vasculature.l?’! Based on this, RGD- and
NGR-containing peptides can actively target to tumor blood
vessels by binding to integrin and CD13 receptors. Neuronal
(N)-cadherin, a cell adhesion molecule, can mediate cell-cell
adhesion via a calcium-dependent mechanism. Researchers
have shown that inappropriate expression of N-cadherin
by tumor cells may promote motility and invasion in carci-
noma cells.’”?8 Histidine-alanine-valine (HAV) motif, is a
highly conserved sequence at classical cadherin homophilic
binding site. It has been confirmed that linear or cyclic pep-
tides containing the HAV sequence of N-cadherin can dis-
rupt cadherin-mediated cell adhesion, and hence inhibit cell
aggregation, compaction, and neurite outgrowth.??3% In
addition, AVPIAQK, Smac/DIABLO (smacN7), is an inhibitor
of apoptosis protein antagonist and a promoter of caspase
activation.B3!

In this study, we have designed a bifunctional peptide
HAVRNGRRGDGGAVPIAQK (HRK-19), conjugated with

L

self-assembly
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tumor targeting peptide sequences HAV and NGRRGD, as
well as apoptosis-inducing peptide sequence AVPIAQK. We
further prepared self-assembled NPs using the bifunctional
peptide and DOC for potential application in drug delivery
systems. The DOC loaded peptide NPs (DOC/peptide NPs)
were prepared by directly dissolving in aqueous buffer with
DOC and the bifunctional peptide which was pretreated with
hexafluoro-2-propanol to achieve molecular level mixing. Anti-
tumor effects of the DOC/peptide NPs were investigated both
in vitro and in vivo. Molecular-modeling study was employed
to investigate the interactions of DOC and the bifunctional
peptide. The cellular uptake and cell apoptosis of the DOC/
peptide NPs were also examined. The potential mechanism
of the DOC/peptide NPs inhibiting tumor growth in mice
is illustrated in the Figure 1: 1) Targeting tumor-enriched-
cadherin by HAV sequence; 2) Targeting tumor-enriched-
integrin and -CD13 by NGRRGD sequence; 3) Transportation
of NPs into tumor cells through endocytosis; 4) Inducing
antitumor effects by apoptosis-inducing peptide AVPIAQK
and DOC. Our findings indicated that the DOC/peptide NPs
showed significant antitumor activity both in vitro and in vivo,
and may present a promising DOC formulation for cancer
chemotherapy.
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Figure 1. Schematic representation of mechanisms of the DOC/peptide NPs inhibiting tumor growth of mice.
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Figure 2. Self-assembly characterization of the DOC/peptide NPs. A) Schematic illustration of the self-assembly of DOC/peptide NPs. B) Amino
acid sequence and molecular model of the peptide investigated. The carbon atoms on the imidazole ring of histidine residue are colored with green.
C) Particle size distribution of DOC/peptide NPs. D) TEM image of DOC/peptide NPs in Dulbecco's phosphate-buffered saline (DPBS), the scale bar
represents 100 nm. E) Photograph of DPBS (a), and DOC/peptide NPs in DPBS (b). F) XRD patterns of docetaxel, peptide, and DOC/peptide NPs.

Q) In vitro release behavior of DOC from DOC/peptide NPs.

2. Results

2.1. Tumor-Targeting Peptide Design and Self-Assembly Peptide
Nanoparticles Preparation

The mass spectrum of the HRK-19 peptide was shown in
Figure S1 of the Supporting Information. And it can be seen
the mass of HRK-19 peptide was 1959.80 g mol~}, which was
consistent with the theoretical mass (1959.20 g mol™). The
HRK-19 peptide had 295% purity, as confirmed by analytical
reversed-phase (RP)-high performance liquid chromatography
(HPLC) (Figure S2, Supporting Information). As shown in
Figure S3 of the Supporting Information, the HRK-19 peptide
contains no apparent secondary structure such as helix and
Beta turn. As shown HRK-19 is an amphiphilic peptide with its
N-terminal hydrophilic and C-terminal hydrophobic (Figure S4,
Supporting Information). To prepare a tumor-targeting peptide,
in this study, Asn-Gly-Arg-Arg-Gly-Asp (NGRRGD) and three
amino acids (HAV) were conjugated with apoptosis-inducing
peptide sequence AVPIAQK, forming bifunctional peptide
(HRK-19 peptide, HAVRNGRRGDGGAVPIAQK). As shown
schematically in Figure 2A, self-assembly of the DOC/peptide
NPs was prepared by the film dispersion method. The amino
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acid sequence and molecular model of the peptide was shown
in Figure 2B. The DL, encapsulation efficiency (EE), particle size
and polydisperse index (PDI) of a series of DOC/peptide NPs
were showed in Table S1 of the Supporting Information. It can
be seen that the DL, and particle size increased with increase of
drug/copolymer ratio in feed, whereas, the EE decreased accord-
ingly. In consideration of DL and stability, the sample of S2 was
chose for further applications and was characterized in detail.
The DL and EE of DOC were 4.52 £ 0.18% and 90.50 * 3.68%.
According to the particle size distribution spectrum shown in
Figure 2C, the average particle size and PDI of the DOC/peptide
NPs were 62.41 + 0.83 nm, 0.125 + 0.021, and the zeta poten-
tial was 3.07 + 0.13 mV (Figure S5, Supporting Information).
In addition, the prepared NPs were monodisperse and had a
very narrow particle size distribution. Transmission electron
microscopy (TEM) imaging was carried out to identify the pos-
sible nanostructures self-assembled from the prepared bifunc-
tional peptide. And it can be seen that the peptide NPs observed
by TEM (Figure 2D) was in good agreement with the results of
particle size analysis. The nanostructure of DOC/peptide NPs
observed by particle size analysis, as well as TEM imaging, dem-
onstrated that the prepared DOC/peptide NPs were spherical
NPs, and could be well-dispersed in aqueous solution. Figure 2E
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Figure 3. Interaction modes between peptides and DOC revealed by molecular dynamics simulation in water environment. A) The initial conformation
of complex composed of two molecules of peptides and docetaxel; Conformations (B)—(D) are corresponding to snapshots of the complex collected
at 88.000, 104.250, and 200 ps, respectively. Peptides are represented with stick. The carbon atoms on the imidazole ring of peptides are colored with
green. Docetaxel is shown ball-and-stick style and the carbon atoms of its terminal methyl group are colored with green.

showed the appearance of Dulbecco's phosphate-buffered saline
(DPBS), and clear solution with Tyndall effect of DOC/peptide
NPs in DPBS (right) could be observed, which revealed that
DOC/peptide NPs are stable and could be well-dispersed in
DPBS. Figure 2F presented the X-ray diffraction (XRD) patterns
of DOC, pure peptide, and DOC/peptide NPs. Pure DOC is
crystalline, with characteristic peaks at 20 = 8.10°, 9.32°, 11.38°,
12.60°, 13.94°, 16.94°, and 20.42°. Pure peptide is noncrystal-
line. When comparing XRD diagrams of DOC, the absence of
specific diffraction peaks in the DOC/peptide NPs diagram indi-
cated that DOC was relatively completely encapsulated. In vitro
release profile of DOC from DOC/peptide NPs in PBS solution
at pH 7.4 was presented in Figure 2G. DOC was rapidly released
and reached its peak release of 85.37 + 1.83% of the total drug
within 24 h. In comparison, DOC was released from the DOC/
peptide NPs over an extended period.

2.2. Interaction between DOC and the HRK-19 Peptide

The interaction between two molecules of HRK-19 peptide
and DOC was investigated with the method of molecular
dynamics simulation. At first, DOC was merged randomly to
the simulated peptides in the workspace of Hyperchem so as
to get the initial structure of a complex. Then two stages of
molecular dynamics simulations were performed in the envi-
ronment of water and solvation effect was considered implic-
itly. In the heating stage, complex was heated from 0 to 300 K
within 100 ps. Subsequently, the complex was running at 300 K

wileyonlinelibrary.com
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for 100 ps. Results of molecular dynamics simulation were pre-
sented in Figure 3. It was noted that both the HRK-19 peptide
and DOC were trying to adjusting their conformations and the
position until a favorable interaction mode was reached. It can
be seen from the overall shape of the HRK-19 peptide and from
the relative positions of the carbon atoms on the imidazole
ring of peptides that the conformation of the peptide changed
a lot. After 200 ps molecular dynamics simulation, a binding
site between the peptide and the DOC can be formed on the
surface of the HRK-19 peptide due to continuous interaction
(Figure 3D). Interaction energy between two molecules of pep-
tide and DOC, which was calculated at molecular mechanic
level with CHARMM?27 force field,[*?! is —38.378 kcal mol~!. At
the initial state (Figure 3A), the interaction energy between two
molecules of peptide and DOC should be close to 0 kcal mol™,
and the interaction energy at final state (Figure 3D) was
—38.378 kcal mol™’. This showed strong interaction between
HRK-19 peptide and DOC.

2.3. Cellular Uptake

To investigate their ability to transport hydrophobic molecules
into cancer cells of the DOC/peptide NPs, cellular uptake
studies of drug loaded peptide NPs were performed on A549
cells. Coumarin-6 (C6) was chosen as the model dye loaded
into peptide NPs because of its strong fluorescence and low
solubility in water, using the same procedure as for DOC
loading.’3l Figure 4A showed the time-dependent cellular

Adv. Sci. 2017, 4, 1600285
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Figure 4. Cellular uptake of free coumarin, coumarin/peptide by A549 cells. A) Confocal images of cells treated with free coumarin and coumarin
loaded NPs at 100 ng for 0.5, 2, and 4 h. B) Mean fluorescence intensity of cells after treatment for 0.5, 2, and 4 h. Cells incubated in media only were

used as control.

uptake of free C6, and C6/peptide NPs into A549 cancer cells, can bind to B-tubulin in assembled tubulin, thereby reducing
evidenced by the stronger green fluorescence in the cells with  depolymerization and leading to cell death.’*! Therefore, we
longer incubation time. In free C6 group, a very dim fluores-  examined the effects of DOC on microtubule formation and
cence was observed in the cytosol of several cells after 2 h, and  cell apoptosis on A549 cells. Figure 5 showed the microtubule
fluorescence intensity was increased after incubation for 4 h.  formation examined by fluorescence microscopy. Microtubule

In contrast, stronger fluorescence intensity
can be found for C6/peptide NPs group than
free C6 after 0.5 h. C6/peptide NPs could
rapidly accumulate in the A549 cells in 2 h,
and a more bright green fluorescence was
observed after 4 h. These results were fur-
ther confirmed quantitatively by flow cytom-
etry (FCM) measurements (Figure 4B),
again revealing a consistent increase in fluo-
rescence intensity when the incubation time
changed from 0.5 to 4 h. And it also showed
that fluorescence intensity of cells treated
with C6/peptide NPs is much stronger than
that in free C6 group at the same incubation
time.

2.4. The Effects of DOC on Microtubule
Formation

Agents targeting microtubules are often used
in cancer therapy. The taxanes act to stabi-
lize microtubules and dampen microtubule
dynamics to prevent the normal formation of
mitotic spindles.?* Both paclitaxel and DOC

control 10 nM 50 nM 100 nM

o -tubulin

Merge

Figure 5. The effects of DOC on the microtubule formation on the A549 cell lines. A549 cells
were seeded on coverslip and treated with docetaxel of indicated concentrations for 4 h. The
microtubule was determined by fluorescence microscopy. The red indicates the o~tubulin and
the blue is the DAPI stain for DNA. Scale bar: 20 um.
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formation was assayed by the tubulin stain (red) and the
nuclear was revealed by DAPI (4’,6-diamidino-2-phenylindole)
stain (blue). As shown in Figure 5, in the absence of DOC, cells
go through the cell cycle with the formation of normal tubulin
spindle in (Figure 5, Control). However, at 10 x 10~ M, DOC
begins to arrest A549 cells by interfering with the assembling/
disassembling microtubule spindle.

2.5. Cell Apoptosis Assay

Given the effectiveness of transporting hydrophobic drug-DOC
into A549 cancer cells by the bifunctional peptide NPs, we car-
ried out the cytotoxicity experiments to further evaluate the anti-
cancer activity of DOC/peptide NPs on A549 by Flow cytometry
analysis. Flow cytometry analysis was performed to monitor
the percentage of cell apoptosis after the cells being stained
by Annexin V-Fluorescein isothiocyanate/propidium iodide
(Annexin V-FITC/PI) apoptosis detection kit, and A549 cells
incubated in media only were used as control (Figure 6A). The
percentage of apoptosis of A549 cells (early and late apoptosis)
incubated for 24 h with DOC/peptide containing DOC 5 x 107
and 10 x 10~ m were 11.56 + 0.91% and 20.66 £ 1.89%, respec-
tively. For free DOC, they were 8.87 £ 0.79% and 15.73 £ 0.56%,
respectively. Obviously, DOC-loaded bifunctional peptide NPs
induced significant cell apoptosis. In short, these results indi-
cated that the bifunctional peptide NPs could facilitate the
inhibition of tumor proliferation and induction of tumor cell

www.advancedsciencenews.com

apoptosis, as was consistent with the results concerning cellular
internalization described above, leading to stronger anti-tumor
efficacy.

2.6. In Vivo Therapeutic Efficacy

Subcutaneous A549 model and pulmonary metastatic A549
model were used to compare the antitumor activity of DOC/pep-
tide NPs with that of Taxotere, blank peptide, and normal saline
(NS). Figure 6B showed the strong membrane positivity of N-cad-
herin in the tumor cells. Cells treated with the free peptide can
induce partial loss of cadherin labeling. And treatment with DOC/
peptide NPs showed more loss of cadherin labeling than free
peptide. As shown in Figure 7A, fast tumor growth curves were
obtained in the control groups (NS and blank peptide), suggesting
that the A549 tumor growth was not inhibited by blank peptide.
Compared with the NS groups, DOC/peptide NPs was effective in
inhibiting tumor growth (Figure 7A-D). As shown in Figure 7B,
Taxotere treatment induced a decrease in the body weight of the
mice. According to Figure 7D, tumor weight in DOC/peptide
group (0.035 £ 0.005 g) is significantly lower than that in Taxo-
tere (0.3325 + 0.060g, P < 0.001), blank peptide (1.01 £ 0.159 g,
P < 0.001), or NS group (1.08 £ 0.17 g, P < 0.001). This further
confirmed that DOC/peptide exhibited better therapeutic efficacy
than Taxotere in A549 tumor-bearing mouse model (Figure 7D).
Angiogenesis is a process vital to the continued development
of a tumor mass. This process has been the subject of intense
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in vivo. A) Ratio of apoptotic and necrotic cells treated for 24 h with various

on graph obtained by Student’s t-test |nd|cate significant differences at P < 0.05 and P < 0.01, respectively.

adherin in the tumor cells: a) normal saline group, b) blank peptide group,
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1200 % as a measurement of tumor angiogenesis.

A s . I B 21 The DOC/peptide NPs treatment resulted in
o A il \;% dramatic inhibition of angiogenesis in the
tumors (Figure 7E). The MVD in the DOC/

1 peptide NPs group was 10.67 + 1.53, which

- o e was dramatically lower than that in the Taxo-

] —e— blank peptide tere group (47.33 £ 4.04, P < 0.01), blank pep-
—— - [t A tide group (88.00  8.54, P < 0.01), and NS
R T e I R . T (92.67 £ 7.23, P < 0.01) group. The results
Time (days) Hime (gaye) implied that antiangiogenesis may be another
14 mechanism of inhibiting cancer by the DOC/
13 peptide NPs in vivo. Moreover, the activities
of various drug formulations on proliferation
of tumor cells were analyzed by immune-his-
tochemical staining for Ki-67, a proliferation
marker (Figure 7F). Compared with NS group
(73.50 £ 4.11%, P < 0.01), blank peptide group
(72.00 + 9.24%, P < 0.01), and Taxotere group
(53.00 £ 7.42%, P < 0.01), the percentage of
Ki-67-positive cells in the DOC/peptide NPs-
of treated group (13.67 = 4.11%) was signifi-
cantly lower.

In pulmonary metastatic model (Figure 8),
the body weight of the Taxotere treated
animals was significantly lower than that
of other groups (Figure 8A). As shown in
Figure 8B, the median survival in DOC/
peptide group (52 days) is significantly
longer compared with Taxotere (45 d,
P < 0.05), blank peptide (35 d, P < 0.05),
and NS (30 d, P < 0.05) group. The weight
of lungs (Figure 8D) in DOC/peptide NPs
group (0.31 £ 0.05 g) was dramatically
decreased compared with that in blank pep-
tide (0.74 £ 0.13 g, P < 0.001), or NS group
(0.71£0.14 g, P < 0.001). However, the weight
€| of lungs in Taxotere group (0.23 £ 0.07) was
lower than that of DOC/peptide NPs group,
that was because of the toxic effect of Taxo-
tere on the mice. The H&E staining of lungs
showed the anticancer effect of Taxotere
group was worse than that of DOC/peptide
NPs group. There has obvious tumor in the
lungs of the Taxotere group (Figure 8E).
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2.7. Evaluation of Tumor Targeting and
Figure 7. DOC/peptide NPs inhibited growth in subcutaneous A549 model. A) Tumor develop- Penetrating Efficiencies of Drug/Peptide

ment curve. Balb/c nude mice were subcutaneously with 100 uL of A549 cells on day 0. On day NPs in Vivo

7, the mice were randomly assigned to four groups that received intravenous normal saline

(NS), blank peptide, Taxotere, or DOC/peptide NPs. B) The body weights of different groups. . ) o

C) Representative photos of tumors in each treatment group. D) The tumor weights of the mice ~ Figure 9A showed the real time distribution
measured on the indicated days. E) CD31 immunofluorescent staining of tumors. F) Ki67 immu- and tumor accumulation of physiological
nohistochemical staining of tumors. The asterisk “**” on graph obtained by Student’s t-test  saline (NS), free 1, 1'-dioctadecyl-3, 3, 3,
indicates significant differences at P < 0.01. In panels (D) and (E), the four groups were a) NS 3’-tetramethyl indotricarbocyanine (DiD),

group, b) blank peptide group, c) Taxotere group, and d) DOC/peptide NPs group, respectively. DiD-loaded bifunctional peptide NPs (DiD/

peptide NPs), in the presence of excess
research due to its role in cancer development.*®l Sections of  free bifunctional peptide (DiD/peptide NPs) at 1, 4, 8, and
tumors from mice in each group were stained for CD31 immu- 24 h after iv injection. After 1 h, high DiD fluorescence was
nofluorescence to determine the microvessel density (MVD)  observed in mice, especially in the tumor of mice treated with
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Figure 8. DOC/peptide NPs inhibited growth and metastasis in pulmonary metastatic A549 model. A) The body weights of the mice measured on the
indicated days. Balb/c nude mice were injected intravenously with 100 L of cell suspension containing 1 x 107 A549 cells on day 0. On day 5, tumor
bearing mice were assigned randomly into four groups that received intravenous normal saline (NS), blank peptide, Taxotere, or DOC/peptide NPs.
B) Kaplan—Meier survival curve of mice in each group. C) Representative photos of lungs in each treatment group. D) Weight of lungs in each group.
E) H&E staining of lungs in each treatment group: a) NS group, b) blank peptide group, c) Taxotere group, and d) DOC/peptide NPs group. The asterisk
“*” on graph obtained by Student’s t-test indicates significant differences at P < 0.05.

DiD/peptide NPs (Figure 9A). As time elapsed, the fluores-
cence accumulated in the tumors of DiD/peptide NPs mice,
while the average free DiD signal decreased significantly
(Figure 9A). This observation demonstrated that the active
targeting group exhibited slower clearance, that is, it showed
the long circulation effect of bifunctional peptide NPs sys-
tems, which was consistent with cellular uptake results.

To further investigate the accumulation and penetration
of DiD/peptide NPs, nude mice bearing tumors from A549
cells were injected with free DiD, DiD/peptide NPs, at a DiD
concentration of 100 pg kg™!. After treatment for 1 or 4 h,
tumors were excised for examination. As shown in Figure 9B,
the fluorescence of tumor cells treated with DiD/peptide NPs
was higher than free DiD at different time, which was con-
gruent with the in vivo imaging data.

wileyonlinelibrary.com
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3. Discussion

In this study, a type of amphiphilic peptide with tumor-targeting
NGRRGD sequence and HAV sequence and tumor apoptosis-
inducing AVPIAQK sequence were designed and synthesized.
The proof-of-principle experiments were conducted to test
the cancer targeting value of the bifunctional peptide and the
therapeutic value of the self-assembly of DOC/peptide NPs.
The results showed that the DOC/peptide NPs were effective in
suppressing growth of A549 NSCLC in vitro and in vivo. DOC,
a chemotherapeutic agent with a large spectrum of antitumor
activity, was approved for second-line treatment of advanced
NSCLC.?738 Due to the poor water solubility, nonionic sur-
factants—Cremophor EL and Tween 80—were often used for
their commercial formulations. The side effects with these
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free DiD

B free DiD 1h DiD/peptide NPs 1h free DiD 4h

DAPI

NPs were stained with DAPI to label nuclei.

nonionic surfactants include hypersensitivity reactions and
peripheral neuropathy in human.?’!

Many strategies have been used to improve its water solu-
bility, among these, nanotechnology shows promising appli-
cation in drug delivery system. The common NPs’ delivery of
cytotoxic cargoes to tumor tissues can be achieved by passive
targeting, which makes the use of the inherent size of NPs
and exploits the enhanced permeability and retention (EPR)
effect.[*0*2l However, the presence of the complex in vivo envi-
ronment limits the EPR effect, thereby resulting in the poor effi-
cacy in drug delivery. A feasible approach for overcoming this
issue is to modify these carriers with different targeting ligands
that facilitate the translocation across the endothelium of the
tumor vasculature.)l NGRRGD can mediate tumor-homing by
binding to 3 and CD13 receptors, which are tumor angio-
genesis biomarkers up-regulated on various cells in tumors.*4

HAV is a sequence resides in the first extracellular repeat
of the classical cadherins. Studies have shown that peptides
mimetic the HAV motif in N-cadherin are sufficient to inhibit
cellcell adhesion and neurite outgrowth.?®) The self-assem-
bled peptides have been widely investigated because of their

Adv. Sci. 2017, 4, 1600285
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Figure 9. Evaluation of tumor targeting and penetrating efficiencies of drug/peptide NPs in
vivo. Mice with forelimb tumors derived from A549 cells were given tail vein injections of NPs
loaded with the fluorescent dye DiD (100 ug kg™'). Normal saline was served as the control. A)
In vivo images of mice after treatment with free DiD or DiD/peptide NPs for 1, 4, 8, and 24 h.
B) Frozen sections of tumors removed 1 or 4 h after treatment with free DiD or DiD/peptide
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good biocompatibility and used for cancer
treatment, tissue engineering, and wound
healing.*~8] In this study, a bifunctional pep-
tide conjugated with tumor targeting peptide
sequences-NGRRGD and HAV, and apop-
tosis-inducing peptide sequence-AVPIAQK
was prepared. Then, we used this bifunc-
tional peptide and a film dispersion method
to obtain DOC nanoparticles (DOC/peptide
NPs) with a very narrow particle size distri-
bution, thus leading to remarkable improve-
ment in solubility of the DOC in DPBS solu-
tion. In addition, the results of particle size
distribution, combined with nanostructure
of the DOC/peptide NPs observed by TEM,
suggested that the prepared NPs were stable
and could be well-dispersed in aqueous solu-
tions. In comparison with free DOC, a much
slower release behavior of DOC/peptide NPs
can be seen. Cellular uptake of peptide NPs
was evaluated using confocal microscopy and
FCM, respectively. The results indicated that
the improved cytotoxicity of peptide NPs was
attributed to their enhanced uptake by cells.

Sugahara et al. showed that co-admin-
istration of iRGD with cancer drugs was
slightly more effective than the conjugated
drug at inhibiting tumor growth and accu-
mulation.*”) And Zhao et al. also showed
that combined application of o-helical pep-
tides and antitumor drug doxorubicin at
low concentrations was significantly more
effective than either drug alone against
Hela tumors.’% So in this study, we think
coadministration of the bifunctional pep-
tide loaded with DOC appears to have more
effective anticancer activity and great clinical
potential. The main mechanism of action of
DOC against cancer cells is to stabilize microtubules and pre-
vent depolymerization stabilized microtubules that could fur-
ther lead to cell apoptosis. In cytotoxicity tests, we found that
cells treated with free DOC or DOC/peptide NPs exhibited sim-
ilar concentration-dependent cell apoptosis and blank peptide
had a very low toxicity on tumor cells. These experiments sug-
gest a similar antitumor activity between DOC/peptide NPs and
free DOC. Furthermore, in vivo animal experiments showed
that the DOC/peptide NPs efficiently inhibited both growth
and metastasis of tumors, and prolonged the survival of tumor-
bearing mice in pulmonary metastatic A549 model, all results
further confirmed that DOC/peptide NPs exhibited better thera-
peutic efficacy than commercial formulation Taxotere under the
same experiment conditions.

Particles with a small size (<200 nm) can easily extrava-
sate to extravascular tumor site due to the EPR effect.!l On
the other hand, the bifunctional peptide used in this study
can improve its tumor tissue-specific targeting due to tumor-
targeting sequences—NGRRGD and HAV. Therefore, DOC/
peptide NPs may enhance drug accumulation in tumor tis-
sues, and decrease drug extravasation from normal vessels into
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normal tissues. To confirm above hypothesis, we examined in
vivo tumor targeting of peptide NPs with DiD as a fluorescent
probe, and we found that DiD/peptide NPs accumulated at
higher concentrations in the tumor than free DiD. Moreover,
the in vivo antitumor study further demonstrated the supe-
rior antitumor activity of DOC/peptide NPs. Results of CD31
staining of tumor tissues suggested improved antiangiogen-
esis effect of DOC/peptide NPs.

4, Conclusions

We report here the use of the bifunctional peptide as a molec-
ular building unit to construct a nanoscale vector to encapsulate
the hydrophobic drug DOC. After DOC was encapsulated into
peptide NPs, cellular uptake and in vitro cytotoxicity effect of
DOC were increased compared with free DOC. Besides, a sus-
tained in vitro release behavior was observed in DOC/peptide
NPs group. Bioimaging analysis showed that DOC/peptide NPs
could penetrate into xenograft tumor cells with a significantly
long retention in tumors and high tumor targeting specificity.
In vivo xenograft studies showed that DOC/peptide NPs were
more effective in inhibiting tumor growth and prolonged
survival. Thus, the DOC/peptide NPs prepared in this work
showed improved antitumor activity in vitro and in vivo, and
may have potential applications as an intravenous therapy in
lung cancer therapy.

5. Experimental Section

Materials:  The HRK-19 peptide (HAVRNGRRGDGGAVPIAQK,
theoretical mass = 1959.20 g mol™', 99.5% purified powder) was
synthesized commercially using solid phase synthesis methods by the
Shanghai Bootech BioScience & Technology Co., Ltd., Shanghai, China.
Peptide stock solutions were prepared by dissolving the peptide powders
in DPBS to a concentration of 5 mg mL™', mixing, sonicating for
40 s, filtering, and then storing at 4 °C. For the TEM measurement, the
peptide stock solution was diluted to a concentration of 0.25 mg mL™!
(100 x 107% m). DOC was purchased from Sichuan Xieli Pharmaceutical
Co., Ltd., (Chengdu, China). Taxotere was commercially available
from Sanofi (Paris, France). Annexin V-FITC Apoptosis Detection Kit
was obtained from KeyGen Biotech (Nanjing, China), Ki-67 Rabbit
Monoclonal Antibody was obtained from Abcam (Massachusetts, USA).
DAPI, C6, and 3-(4, 5-dimethyl-2-thiazolyl)-2, 5-diphenyl-2H-tetrazolium
bromide (methyl thiazolyl tetrazolium) were obtained from Sigma-
Aldrich (Saint Louis, USA). DiD was purchased from Biotium (Hayward,
CA). Dulbecco’s modified Eagle’s medium and fetal bovine serum (FBS)
were purchased from HyClone (Logan, USA). All the animals were
provided with standard laboratory chow and tap water ad libitum and
all the procedures were performed according to the protocol approved
by the Institutional Animal Care and Treatment Committee of Sichuan
University (Chengdu, People’s Republic of China). All mice were treated
humanely throughout the experimental period.

HRK-19 Peptide Analysis: RP-HPLC of the peptide was performed
on an Agilent 1100 liquid Chromatograph with a vydac C18 column
(4.6 x 250 mm?, 5 mm). Samples performed with 0.1% trifluoroacetic
acid (TFA) in aqueous solution/0.1% TFA in ACN (gradient elution from
80:20 to 10:90, v/v) over 20 min, and then run using gradient elution from
10:90 to 0:100 (v/v) for another 5 min, followed by a plateau to complete
30 min.

The mass spectrometric analysis was carried out using the LCQ
Deca XP mass spectrometer of Thermo Finnigan (San Jose, CA, USA)

© 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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in the ESI (+) (electrospray ionization) mode. The peptide solution was
introduced into the ESI source by direct injection using a Thermo syringe
pump at a flow rate of 0.5-1 uL min~'. Spray voltage was maintained
at =5.0 kV, the capillary voltage was about 15 V, and the capillary
temperature was set at 250 °C, N, was used as a nebulizing gas.

Secondary structure analysis was performed by using GOR IV online
tools (https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page = npsa_
gor4.html). And hydrophobicity/hydrophilicity analysis was performed
by using ProtScale online tools (http://web.expasy.org/protscale/) based
on Kyte & Doolittle.

Preparation  and  Characterization — of  Self-Assembly  Peptide
Nanoparticles: The drug encapsulation experiments were performed as
follows: DOC and the appropriate bifunctional peptide were dissolved
in 400 uL of hexafluoro-2-propanol (HFIP) in 5 mL glass vials and
sonicated for 1 min to mix, before the HFIP was removed by rotary
evaporation. The vials were then left to stand in the fume hood for
at least 8 h at room temperature with the cap removed to allow any
trace amount of HFIP to evaporate. Then 200 uL of 1 x DPBS was
added to each vial and vortexed for 30 s. The solutions were aged for
8 h and then centrifuged (2000 g, 5 min) to remove any precipitated
DOC, and the supernatant was carefully collected and analyzed using
HPLC with the following conditions: Varian ProStar model 325 HPLC
(Agilent Technologies, Santa Clara, CA, USA) equipped with an Agilent
Zorbax-C18 column (5 um, 4.6 x 150 mm); the flow rate was 1 mL min~,
with the mobile phase held at 35% A (MeCN with 0.1%TFA) and 65%
B (0.1%TFA aqueous solution) for 5 min and start to gradient to 70%
A at a period of 25 min, then gradient back to the initial conditions in
1 min and held for 4 min; the monitored wavelength was 237 nm. The
drug EE was calculated as the percentage of DOC recovered from the
supernatant to the DOC added. The DL capacity was calculated from
the percentage of recovered DOC to the sum of recovered DOC and
added bifunctional peptide.

The particle size distribution, PDI, and zeta potential of prepared
DOC/peptide NPs were determined by Malvern Nano-ZS 90 laser
particle size analyzer at 25 °C. All results were the mean of three test
runs, and all data were expressed as the mean + standard deviation (SD).
The morphological characteristics of the self-assembly peptide NPs
were examined by transmission electron microscope (TEM, H-60091V,
Hitachi, Japan). The NPs were diluted with distilled water and placed
on a copper grid covered with nitrocellulose. Samples were negatively
stained with phosphotungstic acid and dried at room temperature.

The 3D Structures of DOC/Peptide from Computer Simulations: At first,
the structure of the DOC molecule was built by using Marvin Sketch
(http://www.chemaxon.com) and optimized at a molecular mechanical
level using the MMFF94 method.P? Then, it was further optimized at
semi-empirical level using the AM1 method with the Fletcher-Reeves
algorithm by employing Hyperchem software (HyperChem Professional
8.0, Hypercube, Inc., Gainesville, FL, USA). In order to understand in
detail the interaction between the HRK-19 peptide and DOC, 200 ps
molecular dynamics simulation was performed on complex composed
DOC and two molecules of the peptide. In the process of simulation,
CHARMM27 was chosen as the force field and solvation effect was
considered implicitly.*

Cell Culture, Cellular Uptake, and Cell Apoptosis Assay: The human
NSCLC cell line A549 were purchased from American Type Culture
Collection and cultured with RPMI-1640 (GIBCO,US), supplemented
with 10% (V/V) FBS (GIBCO, US), 100 unit mL™" penicillin, and
100 pg mL~" streptomycin. Cellular uptake of C6 as a model drug loaded
in self-assembly peptide NPs was measured by confocal microscopy
and flow cytometry analysis. A549 cells at log phase were seeded onto
a 24-well plate at 1 x 10° cells per well and cultured in 1 mL of medium.
After 24 h, the media was removed, and cells were exposed to serum-free
medium containing free C6, or C6/peptide NPs at a final concentration
of 10 ug mL™". After incubation for 0.5, 2, and 4 h, the media were
removed and carefully washed with PBS. For observation by confocal
microscopy, cells were fixed with cold acetone, washed again with PBS,
stained with DAPI, and imaged using a fluorescence microscope (x400)
(Leica DM2500, Germany).
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For the expression and localization of o~tubulin, cells were incubated
with the antibodies against o~tubulin (Abcam, USA) followed by
incubation with TRITC-conjugated secondary antibodies. The images
were obtained using a confocal microscope (DM6000 CS, Leica,
Germany).

To investigate the apoptotic effect of the DOC/peptide NPs,
flow cytometry was performed using an ESP Elite flow cytometer
(BeckmaneCoulter, Miami, FL, USA) with FITC-conjugated Annexin
V/propidium iodide (PI, BD PharMingen) staining as per the
manufacturer’s instructions. A549 cells cultured in 6-well plates were
treated with DOC/peptide NPs, free DOC, and blank peptide. Medium
without treatment reagents was added as control. Both early apoptotic
(Annexin V-positive, Pl-negative) and late apoptotic (Annexin V-positive
and Pl-positive) cells were measured.

In Vivo Tumor Targeting and Penetrating Efficiencies: For the in vivo
animal experiments, tumor-bearing female nude BALB/c mice were
injected intravenously with free DiD or an equivalent amount of DiD
(100 ug kg loaded in the drug/peptide NPs. After i.v. injection of the
drug, optical fluorescence imaging was performed by positioning each
mouse on an animal plate in the vivo imaging system (Quick View
3000) with excitation and emission wavelengths of 645 and 715 nm,
respectively. The images were obtained 1, 4, 8, and 24 h after injection of
the test drugs. For the in vivo cellular uptake studies, BALB/c nude mice
bearing subcutaneous tumors from A549 cells were injected with free
DiD and DiD/peptide NPs. After 1 and 4 h, the tumors were isolated and
embedded in optimal cutting temperature compound, and then cut into
5 um slices. Sections were stained by DAPI and observed.

In Vivo Tumor Model and Treat Plant: Antitumor activity of DOC/
peptide NPs was investigated in pulmonary metastatic A549 model
and subcutaneous A549 model. Eight-week-old female BALB/c mice
nude were obtained from the Animal Center Laboratory of Beijing HFK
Bioscience Co., Ltd. In subcutaneous A549 model, the mice were injected
subcutaneously with 100 pL of an A549 cell suspension (1 x 107) into the
right flank. After the tumor mean diameter reached =6 mm, the tumor-
bearing mice were randomly assigned to four groups that received NS
(control), blank peptide, commercial formulation Taxotere (Sanofi, Paris,
France) (5 mg kg™ body weight), or DOC/peptide NPs (5 mg kg™ body
weight) by intravenous injection into the tail three times for 3 weeks.
When the mice in the control group began to die, all mice were sacrificed
by cervical vertebra dislocation, and the tumors were immediately
harvested and measured. To further investigate the antitumor activity of
DOC/peptide NPs in subcutaneous A549 model, survival times of the
mice were observed (10 mice per group).

In pulmonary metastatic A549 model, BALB/c nude mice were
injected intravenously with 100 mL of cell suspension containing
2 x 10° A549 cells on day 0. On day 5, tumor bearing mice were
assigned randomly into four groups (12 mice per group). Mice were
injected intravenously every 3 d for 2 weeks with 100 uL of NS (control),
blank peptide, commercial formulation Taxotere (Sanofi, Paris, France)
(5 mg kg™ body weight), or DOC/peptide NPs (5 mg kg™ body weight),
respectively. For tumor growth inhibition assay (6 mice per group), mice
were scarified by cervical verte bradislocation on day 25. On day 26,
mice in NS group began to die. Lungs in each group were weighted,
and tumor nodules in each lung were numbered. To further study the
antitumor activity of DOC/peptide in pulmonary metastatic A549 model,
survival times of the mice were observed (6 mice per group).

Immunohistochemistry: Tumor tissue sections were prepared as
described above for Ki-67 staining using the labeled streptavidin-biotin
method.’®l The primary antibody and secondary antibody were rat
antimouse monoclonal antibody Ki-67 (Gene Tech) and biotinylated goat
antirat immunoglobulin (BD Biosciences Pharmingen), respectively.
To quantify Ki-67 expression, the Ki-67 labeling index (Ki-67 LI) was
calculated as number of Ki-67 positive cells/total number of cells
counted underx400 magnification in five randomly selected areas in each
tumor sample by two independent investigators in a blinded fashion.

For the CD31 assay, the tumors were stored at —80 °C to examine
microvessel expression, then frozen sections of tumors were cut at
8-10 um thickness using a cryostat (Leica Microsystems, CH), fixed
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in acetone, and washed with PBS. After permeabilization (Triton X-100
(Sigma-Aldrich, DE) 0.1% (v/v) in PBS) and blocking (5% (w/v) bovine
serum albumin (BSA) in PBS), the primary antibody (rat anti-CD-31
(1:50), BD Pharmingen, USA) was applied for 24 h at 4 °C, and followed
by incubation with an FITC-conjugated second antibody (Abcam, USA).
Finally, sections were incubated with DAPI (Invitrogen, BE) (50 ng mL™)
for 5 min to visualize the cell nuclei. MVD was calculated as the average
number of small CD31-positive vessels in a high-power (x400) field
using a fluorescence microscope (x400) (Leica DM2500, Germany).
The immunofluorescent analysis of N-cadherin was evaluated as above.
Briefly, the primary antibody (monoclonal antihuman N-cadherin (1:200),
Abcam, USA) was applied for 1 h at 37 °C, and followed by incubation
with Alexa Fluor 647-conjugated second antibody (Abcam, USA). Finally,
sections were incubated with DAPI (Invitrogen, BE) (50 ng mL™") for
5 min to visualize the cell nuclei.

Statistical Analysis: Statistical analyses were performed using SPSS
for Windows version 15.0 (IBM Corporation, Armonk, NY, USA). Data
were presented as means + SD/SEM. Statistical analysis was performed
using two-tailed Student’s t-test, and P-value <0.05 was considered as
significant difference.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.

Acknowledgements

R.F. and L.M. contributed equally to this work. This work was
financially supported by National Natural Sciences Foundation of China
(81372446), National S&T Major Project (2011ZX09102-001-10 and
2015ZX09102010).

Received: August 3, 2016
Revised: October 22, 2016
Published online: January 11, 2017

[1] L. A. Torre, F. Bray, R. L. Siegel, ). Ferlay, ). Lortet-Tieulent, A. Jemal,
Ca-Cancer J. Clin. 2015, 65, 87.

[2] Y. Zhu, R. Zhu, M. Wang, B. Wu, X. He, Y. Qian, S. Wang, Adv. Sci.
2016, 2, 1600229.

[3] E. B. Garon, T. E. Ciuleanu, O. Arrieta, K. Prabhash, K. N. Syrigos,
T. Goksel, K. Park, V. Gorbunova, R. D. Kowalyszyn, |. Pikiel,
G. Czyzewicz, S. V. Orloy, C. R. Lewanski, M. Thomas, P. Bidoli,
S. Dakhil, S. Gans, ). H. Kim, A. Grigorescu, N. Karaseva, M. Reck,
F. Cappuzzo, E. Alexandris, A. Sashegyi, S. Yurasov, M. Pérol,
Lancet 2014, 384, 665.

[4] N. B. Leighl, Curr. Oncol. 2012, 19, S52.

[5] L. Ostacolo, M. Marra, F. Ungaro, S. Zappavigna, G. Maglio,

F. Quaglia, A. Abbruzzese, M. Caraglia, J. Controlled Release 2010,

148, 255.

F. Ungaro, C. Conte, L. Ostacolo, G. Maglio, A. Barbieri, C. Arra,

G. Misso, A. Abbruzzese, M. Caraglia, F. Quaglia, Nanomedicine

2012, 8, 637.

Y. Mi, X. Liu, J. Zhao, ). Ding, S. S. Feng, Biomaterials 2012, 33,

7519.

B. Liu, M. Yang, R. Li, Y. Ding, X. Qian, L. Yu, X. Jiang, Eur. J. Pharm.

Biopharm. 2008, 69, 527.

[9] E. B. Ehlerding, F. Chen, W. Cai, Adv. Sci. 2016, 3, 1500223.

[10] P. Mi, N. Dewi, H. Yanagie, D. Kokuryo, M. Suzuki, Y. Sakurai, Y. Li,

I. Aoki, K. Ono, H. Takahashi, H. Cabral, N. Nishiyama, K. Kataoka,

ACS Nano. 2015, 9, 5913.

[6

[7

8

wileyonlinelibrary.com (11 of 12) 1600285

b |
G
[
-
>
n )
m
~




-
™}
o
g
-l
md
=
4

1600285 (12 of 12) wileyonlinelibrary.com

ADVANCED
SCIENCE

Open Access,

ADVANCED
SCIENCE NEWS

www.advancedscience.com

[11] P. Li, Y. Li, Z. K. Zhou, S. Tang, X. F. Yu, S. Xiao, Z. Wu, Q. Xiao,
Y. Zhao, H. Wang, P. K. Chu, Adv. Mater. 2016, 28, 2511.

[12] M. Kanapathipillai, A. Brock, D. E. Ingber, Adv. Drug Delivery Rev.
2014, 79-80, 107.

[13] J. W. Yoo, D. J. Irvine, D. E. Discher, S. Mitragotri, Nat. Rev. Drug
Discovery 2011, 10, 521.

[14] C. H. Ren, ). W. Zhang, M. S. Chen, Z. M. Yang, Chem. Soc. Rev.
2014, 43, 7257.

[15] Y. Cai, ). Zhan, H. Shen, D. Mao, S. Ji, R. Liu, B. Yang, D. Kong,
L. Wang, Z. Yang, Anal. Chem. 2016, 88, 740.

[16] R. Fan, A. Tong, X. Li, X. Gao, L. Mei, L. Zhou, X. Zhang, C. You,
G. Guo, Int. J. Nanomed. 2015, 10, 7291.

[17] P. Zhang, A. G. Cheetham, Y. A. Lin, H. Cui, ACS Nano. 2013, 7,
5965.

[18] L. Liu, K. Xu, H. Wang, P. K. Tan, W. Fan, S. S. Venkatraman, L. Li,
Y. Y. Yang, Nat. Nanotechnol. 2009, 4, 457.

[19] M. S. Malnati, M. Peruzzi, K. C. Parker, W. E. Biddison, E. Ciccone,
A. Moretta, E. O. Long, Science 1995, 267, 1016.

[20] E. Ruoslahti, Annu. Rev. Cell Dev. Biol. 1996, 12, 697.

[21] ). B. Matson, C. ). Newcomb, R. Bitton, S. I. Stupp, Soft Matter.
2012, 8, 3586.

[22] Y. Sun, W. Li, X. Wu, N. Zhang, Y. Zhang, S. Ouyang, X. Song,
X. Fang, R. Seeram, W. Xue, L. He, W. Wu, ACS Appl. Mater.
Interfaces 2016, 8, 2348.

[23] W. Qu, W. H. Chen, Y. Kuang, X. Zeng, S. X. Cheng, X. Zhou,
R. X. Zhuo, X. Z. Zhang, Mol. Pharm. 2013, 10, 261.

[24] C. D. Buckley, D. Pilling, N. V. Henriquez, G. Parsonage, K. Threlfall,
D. Scheel-Toellner, D. L. Simmons, A. N. Akbar, ). M. Lord,
M. Salmon, Nature 1999, 397, 534.

[25] F. Danhier, A. Le Breton, V. Préat, Mol. Pharm. 2012, 9, 2961.

[26] A. H. Negussie, ). L. Miller, G. Reddy, S. K. Drake, B. J. Wood,
M. R. Dreher, J. Controlled Release 2010, 143, 265.

[27] J. B. Kim, S. Islam, Y. J. Kim, R. S. Prudoff, K. M. Sass,
M. J. Wheelock, K. R. Johnson, J. Cell Biol. 2000, 157, 1193.

[28] S. M. Burden-Gulley, T. ). Gates, S. E. Craig, M. Gupta,
S. M. Brady-Kalnay, Peptides 2010, 31, 842.

[29] S. M. Burden-Gulley, T. ). Gates, S. E. Craig, S. F. Lou,
S. A. Oblander, S. Howell, M. Gupta, S. M. Brady-Kalnay, Peptides
2009, 30, 2380.

[30] K. Kamiya, K. Tsumoto, T. Yoshimura, K. Akiyoshi, Biomaterials
2011, 32, 9899.

[37] S. Fulda, W. Wick, M. Weller, K. M. Debatin, Nat. Med. 2002, 8, 808.

[32] B. R. Brooks, C. L. Brooks, A. D. Mackerell Jr, L. Nilsson,
R. ). Petrella, B. Roux, Y. Won, G. Archontis, C. Bartels, S. Boresch,
A. Caflisch, L. Caves, Q. Cui, A. R. Dinner, M. Feig, S. Fischer, ]. Gao,
M. Hodoscek, W. Im, K. Kuczera, T. Lazaridis, J. Ma, V. Ovchinnikov,
E. Paci, R. W. Pastor, C. B. Post, J. Z. Pu, M. Schaefer, B. Tidor,
R. M. Venable, H. L. Woodcock, X. Wu, W. Yang, D. M. York,
M. Karplus, J. Comput. Chem. 2009, 30, 1545.

www.advancedsciencenews.com

[33] I. Rivolta, A. Panariti, B. Lettiero, S. Sesana, P. Gasco, M. R. Gasco,
M. Masserini, G. Miserocchi, J. Physiol. Pharmacol. 2011, 62, 45.

[34] C. P. Reynolds, M. H. Kang, J. M. Maris, E. A. Kolb, R. Gorlick,
J. Wu, R. T. Kurmasheva, P. . Houghton, M. A. Smith, Pediatr. Blood
Cancer 2015, 62, 1897.

[35] M. A. Jordan, L. Wilson, Nat. Rev. Cancer 2004, 4, 253.

[36] L. Brannon-Peppas, ). O. Blanchette, Adv. Drug Delivery Rev. 2004,
56, 1649.

[37] E. S. Kim, V. Hirsh, T. Mok, M. A. Socinski, R. Gervais, Y. L. Wu,
L. Y. Li, C. L. Watkins, M. V. Sellers, E. S. Lowe, Y. Sun, M. L. Liao,
K. Osterlind, M. Reck, A. A. Armour, F. A. Shepherd, S. M. Lippman,
J. Y. Douillard, Lancet 2008, 372, 1809.

[38] J. Brahmer, K. L. Reckamp, P. Baas, L. Crind, W. E. Eberhardt,
E. Poddubskaya, S. Antonia, A. Pluzanski, E. E. Vokes, E. Holgado,
D. Waterhouse, N. Ready, J. Gainor, O. Arén Frontera, L. Havel,
M. Steins, M. C. Garassino, J. G. Aerts, M. Domine, L. Paz-Ares,
M. Reck, C. Baudelet, C. T. Harbison, B. Lestini, D. R. Spigel,
N. Engl. J. Med. 2015, 373, 123.

[39] S. W. Lee, M. H. Yun, S. W. Jeong, C. H. In, J. Y. Kim, M. H. Seo,
C. M. Pai, S. O. Kim, J. Controlled Release 2011, 155, 262.

[40] S. Acharya, S. K. Sahoo, Adv. Drug Delivery Rev. 2011, 63, 170.

[41] D. Luo, K. A. Carter, D. Miranda, J. F. Lovell, Adv. Sci. 2016,
1600106.

[42] P. Mi, D. Kokuryo, H. Cabral, H. Wu, Y. Terada, T. Saga, |. Aoki,
N. Nishiyama, K. Kataoka, Nat. Nanotechnol. 2016, 11, 724.

[43] Y. Peng, C. M. Croce, Signal Transduction Targeted Ther. 2016, 1,
15004.

[44] S. Kunjachan, R. Pola, F. Gremse, B. Theek, ). Ehling, D. Moeckel,
B. Hermanns-Sachweh, M. Pechar, K. Ulbrich, W. E. Hennink,
G. Storm, W. Lederle, F. Kiessling, T. Lammers, Nano Lett. 2014, 14,
972.

[45] J. Guo, H. Su, Y. Zeng, Y. X. Liang, W. M. Wong, R. G. Ellis-Behnke,
K. F. So, W. Wu, Nanomedicine 2007, 3, 311.

[46] M. S. Kim, ). H. Yeon, ). K. Park, Biomed. Microdevices 2007,
9, 25.

[47] E. Um, D. S. Lee, H. B. Pyo, |. K. Park, Microfluid. Nanofluid. 2008,
5, 541.

[48] S. Komatsu, Y. Nagai, K. Naruse, Y. Kimata, PLoS One 2014, 9,
e102778.

[49] K. N. Sugahara, T. Teesalu, P. P. Karmali, V. R. Kotamraju, L. Agemy,
D. R. Greenwald, E. Ruoslahti, Science 2010, 328, 1031.

[50] J. Zhao, Y. Huang, D. Liu, Y. Chen, Oncotarget 2015, 6, 1769.

[57] G. Lin, P. Mi, C. Chu, ). Zhang, G. Liu, Adv. Sci. 2016,
1600134,

[52] X. Gao, S. Wang, B. Wang, S. Deng, X. Liu, X. Zhang, L. Luo, R. Fan,
M. Xiang, C. You, Y. Wei, Z. Qian, G. Guo, Biomaterials 2015, 53,
646.

[53] A. Kawabata, A. Baoum, N. Ohta, S. Jacquez, G. M. Seo,
C. Berkland, M. Tamura, Cancer Res. 2012, 72, 2057.

© 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Adv. Sci. 2017, 4, 1600285



