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ABSTRACT: By enabling nanoparticle-based drug delivery system to 1y <0
actively target cancer cells with high selectivity, active targeted molecules ‘ ; \?‘fgf-“\\g
have attracted great attention in the application of nanoparticles for \ec.\""f,,s‘;“ Y/Rs
anticancer drug delivery. However, the clinical application of most active Voo
targeted molecules in breast cancer therapy is limited, due to the low PNBL-NPY-DOX-ANP
expression of their receptors in breast tumors or coexpression in the normal ™% & ~. YaRs

and tumor breast tissues. Here, a neuropeptide Y Y, receptors ligand PNBL- ~ *&. R N |

NPY, as a novel targeted molecule, is conjugated with anticancer drug 3?

doxorubicin encapsulating albumin nanoparticles to investigate the effect of
Y, receptors on the delivery of drug-loaded nanoparticles to breast cancer
cells and its potential for breast cancer therapy. The PNBL-NPY can actively recognize and bind to the Y, receptors that are
significantly overexpressed on the surface of the breast cancer cells, and the drug-loaded nanoparticles are delivered directly into
the cancer cells through internalization. This system is highly selective and able to distinguish the breast cancer cells from the
normal cells, due to normal breast cells that express Y, receptors only. It is anticipated that this study may provide a guidance in
the development of Y, receptor-based nanoparticulate drug delivery system for a safer and more efficient breast cancer therapy.
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breast cancer cell

normal breast cell

B INTRODUCTION overexpressed in 90% human breast tumors and in 100% of the
examined metastases, whereas normal human breast tissues

Proper targeting is one of the key issues in the development of
express Y, subtype receptors (Y,Rs) preferentially. Additionally,

anticancer drug delivery system, requiring that the anticaner

drug reaches the targeted area and efficiently induces its neoplastic - transformation can switch the neuropeptide Y
pharmacological action without damaging healthy tissues." receptors expression from Y, to Y, subtype.'’ Hence, we
Active targeted molecules, such as ligands or antibodies, have hypothesize that the selective ligand of Y,Rs might be used as a
been conjugated with nanoparticle systems to improve the potential targeted molecule, mediating the delivery of drug-
targetbility of anticancer drug, due to their receptors being encapsulated nanoparticles into breast cancer cells with high
overexpressed in tumors.””” However, the application of most selectivity and minimized damage to normal breast tissues.

targeted molecules in breast cancer therapy is limited, because
their receptors are either expressed in lower incidence in breast
tumors, such as folate receptors (~29%) and integrin receptors
(~26%),*° or concomitantly in the normal and tumor breast
tissues, such as vasoactive intestinal peptide receptors and
gastrin-releasing peptide receptors.'”'" Therefore, the applica-
tion of such targeted molecules might result in less therapeutic

Until now, some neuropeptide Y analogues have been labeled
or modified with different radiometal or chelating agent
combinations, to obtain stable compounds with selective Y,
binding for positron emission tomography (PET) diagnosis of

4—
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breast cancer. However, it is currently unclear whether

Y,Rs could meditate the targeted delivery of anticancer drug-

effect and some side effects in breast cancer therapy. loaded nanoparticles for breast cancer therapy.
Recently, it has been identified that neuropeptide Y receptors

are highly overexpressed in human breast tumors, but the Received: January 10, 2015

expressed subtype between tumor breast and normal breast Accepted: February 19, 2015

tissues are different.'"® Y, subtype receptors (Y;Rs) are Published: February 19, 2015
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Nanocarriers are widely used in the development of
anticancer drug delivery."®™>* Owing to their high surface
area-to-volume ratio, it is possible to achieve high ligand density
on the surface for targeting purposes. In this study, albumin
nanoparticles were adopted as a shuttle for anticancer drug
delivery, due to their good stability, solubility, biodegradability,
and the lack of toxicity and immunogenicity.”" Anticancer
drugs, such as doxorubicin or paclitaxel, have been encapsulated
to albumin nanoparticles and conjugated with galactosamine or
folic acid to improve their targetability.zs’26 To date, some
albumin-anticancer drug conjugates have been evaluated
clinically.””*® Especially, an albumin paclitaxel nanoparticle
(Abraxane) has been proved in 2005 by FDA for treating
metastatic breast cancer.”” In our lab, the prepared albumin
nanoparticles have the property of autofluorescence,*>>!
which facilitates the evaluation of cellular uptake by either laser
scanning confocal microscope (LSCM) or flow cytometry.
Additionally, the solvents that we use to prepare the albumin
nanoparticles are ethanol and phosphate buffer solution (PBS),
and the desolvation process is easy to scale up.

Herein, we conjugated a highly selective Y,Rg ligand [Pro®,
Nle*!, Bpa®’, Leu’*]NPY(28—36)** with anticancer drug
doxorubicin (DOX)-loaded albumin nanoparticles (ANP),
which is abbreviated hereafter as PNBL-NPY-DOX-ANP, to
investigate the effect of Y;Rs on the delivery of anticancer drug-
encapsulated nanoparticles to breast cancer cells and its
potential for breast cancer therapy. The DOX-ANP were
prepared in a single step by using a desolvation technique
coupled with chemical cross-linking by glutaraldehyde, and
then the PNBL-NPY was conjugated onto the surface of the
ANP in the presence of 1-ethyl-3-(3-(dimethylamino)propyl)
carbodiimide (EDAC). LSCM imaging and flow cytometry
analysis were performed to evaluate the cellular uptake of the
prepared nanoparticles in human breast cancer MCF-7 cell line
previously shown to highly express Y;Rs.'>*> Because YRs are
overexpressed on human breast tumors, while normal human
breast tissues express Y,Rs preferentially,** the cellular
uptake difference between human breast cancer cells MCE-7
and human normal breast cells MCF-10A was checked. To
address whether PNBL-NPY-modified DOX-ANP could
potentially be used for breast cancer therapy, the cytotoxicity
of the prepared nanoparticles was evaluated by MTT assays for
MCE-7 cells. In addition, previous studies have reported that
neuropeptide Y and its analogues could affect the cell
proliferation; for instance, neuropeptide Y could inhibit the
growth of human neuronal epithelioma cells SK-N-MC." In
this case, the effect of PNBL-NPY ligand on the cell viability of
MCE-7 cells was also tested in our study.

B EXPERIMENTAL SECTION

Materials. Bovine serum albumin (BSA), glutaraldehyde (50 wt
%), and DOX hydrochloride were purchased from Sigma-Aldrich
(Shanghai, China). EDAC, N-hydroxysuccinimide (NHS), L-lysine
(Lys), sodium chloride (NaCl), 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), sodium hydroxide (NaOH,
99.99%), ethanol, and dimethyl sulfoxide (DMSO) were purchased
from Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China).
[Pro*, Nle*, Bpa®, Leu**]NPY(28—36) (Ile-Asn-Pro-Nle-Bpa-Arg-
Leu-Arg-Try-NH,) was synthesized by the LifeTein LLC (Beijing,
China). Rhodamine phalloidin (RP) and Hoechst 33342 were
purchased from Invitrogen (Carlsbad, U.S.). Acetonitrile and trifluoro-
acetic acid (TFA) were purchased as HPLC grade from Aladdin
Industrial Inc. (Shanghai, China).
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Preparation of PNBL-NPY Modified DOX-ANP. DOX-encap-
sulating ANP was prepared according to reported methods.”® Ethanol
(6.0 mL) was dropwise added into 2.0 mL of BSA/DOX aqueous
solution (500 ug mL™' DOX and 20 mg mL™" BSA in 10 mM NaCl
solution at pH 10.8) and stirred at room temperature for ~2 min.
Immediately after ethanol addition, 80 uL of 8% glutaraldehyde
aqueous solution was rapidly charged to induce cross-linking. The
cross-linking process was continued overnight under stirring. Lys (1.0
mL ) aqueous solution (40 mg mL™") was then introduced to end-cap
the free aldehyde groups on the surface of nanoparticles. After 1.0 h of
reaction, the suspensions were centrifuged (11 500 g, 15 min) and
washed three times with Milli-Q_ water to obtain the purified DOX-
loaded ANP (DOX-ANP) without free aldehyde groups on surface.
The supernatant was ultrafiltered for DOX concentration test by using
UV detection at a wavelength of 480 nm, and the solid was lyophilized
for the yield calculation. In the end, the drug loading content (DLC)
and drug loading efficiency (DLE) were calculated by using the
following equations:

) weight of DOX in ANP
drug-loading content (DLC%) = X 100
weight of ANP
drug-loading efficiency (DLE%)
weight of DOX in ANP
= X 100

weight of the feeding DOX

To conjugate PNBL-NPY ligand onto the surface of DOX-ANP, an
ice-cooled DOX-ANP (1 mg mL™" in PBS) was activated by a mixture
solution of EDAC (0.3 mg mL™") and NHS (0.2 mg mL™") solution
for 0.5 h. Then 1.0 mL of ice-cooled PNBL-NPY (1.0 mg mL™" in
PBS) solution was added into 9 mL of activated DOX-ANP (1 mg
mL™" in PBS) solution, and the mixture was stirred at room
temperature for 16 h. The resulting PNBL-NPY-DOX-ANP was
centrifuged (12 500 g, 1S min), and the supernatants were stored for
further analysis. Unreacted PNBL-NPY remaining in the supernatant
was lyophilized and concentrated with acetonitrile and water (1:1, v/
v). An HPLC-UV 2695/2998 system (Waters, U.S.) was used for the
quantification of PNBL-NPY. A C,¢ column (4.6 mm X 250 mm, §
um) was used to separate PNBL-NPY from other interference. Mobile
phase A was an aqueous solution containing 0.1% TFA, and mobile
phase B was acetonitrile containing 0.1% TFA. The analysis was
performed using a gradient profile with mobile phase B increased from
9.0% to 60% (0.0—20.0 min). The column was reconditioned using a
9.0% solution of mobile phase B for 10 min before further injection.
The flow rate was 1 mL min~’, and a sample of 20 L was injected in
the column each time. The peak area (wavelength = 220 nm) of the
supernatant was converted into a PNBL-NPY concentration by using a
calibration curve constructed with standard PNBL-NPY solutions
(Supporting Information, Figure S2). A simple mass balance was then
used to calculate the amount of PNBL-NPY conjugation on the surface
of DOX-ANP.

Size and Zeta Potential Analysis and Transmission Electron
Microscopy. Particle size and size distribution of the nanoparticle
dispersions were measured at room temperature by dynamic light
scattering (DLS) using a Zeta particle size analyzer (Nano-ZS,
Malvern, England). The data were collected on an autocorrelator with
a detection angle of scattered light of 173°.

To obtain detailed structural and morphological information, ~1 uL
of the diluted nanoparticle dispersion was dropped onto a copper grid
coated with a thin layer of carbon film and then dried at room
temperature. High-resolution transmission electron microscopy
(HRTEM) images were recorded from a JEOL-2100 (JEOL, Japan)
instrument, which was operated at 200 kV.

Cell Culture. Human breast cancer cell line (MCF-7) was cultured
in the Dulbecco’s modified Eagle’s medium (DMEM) medium
supplemented with 10 wt % fetal bovine serum (FBS), 100 units
mL™" of penicillin, and 100 mg mL™" of streptomycin. Human
mammary epithelial cell line/normal breast cell line (MCF-10A) was
cultured in the DMEM/F12 medium supplemented with 5 wt % horse
serum, 20 ug mL™' epidermal growth factor, 0.5 pg mL~'
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Figure 1. Schematic illustration of PNBL-NPY-DOX-ANP synthesis and characterization. (a) The scheme of PNBL-NPY-DOX-ANP synthesis.
(b)The PNBL-NPY ligand-modified DOX-ANP could selectively target Y,Rs-expressing human breast cancer cells and efficiently deliver the
anticancer drug DOX-loaded nanoparticles into the cells. Because the normal breast tissue only expresses Y,Rs, the PNBL-NPY modification could
also reduce the damage to normal breast cells. (c) Size distributions of PNBL-NPY-DOX-ANP in PBS at room temperature measured by DLS at a
scattering angle of 173° (backscatter detection). (d) HRTEM image of the synthesized PNBL-NPY-DOX-ANP.

hydrocortizone, 0.1 ug mL™' choleratoxin, and SO units mL™'
penicillin—streptomycin. The cells were incubated at 37 °C in a
humidified atmosphere containing 5% CO,.

Cellular Uptake of PNBL-NPY-DOX-ANP. For LSCM analysis,
the six-well plates coated with 0.01% poly(Lys) were used for the
experiment. MCF-7 (2.0 mL) or MCF-10A (2.0 mL) cells in complete
DMEM or DMEM/F12 medium were seeded into each well at $ X 10*
cells mL™" and allowed to adhere for 24 h at 37 °C in a humidified
atmosphere containing 5% CO,. The medium was then changed to a
fresh nanoparticle solution containing 5 g mL™' DOX. After further 4
h of incubation, the cells were washed three times with PBS to remove
any absorbed free nanoparticles. Afterward, the cells were fixed with
4% formaldehyde for 30 min, treated with 0.1% triton for 5 min, and
then treated with 1.0% BSA for 30 min at room temperature. The actin
of the cells and the nucleus of the cells were then stained with a
mixture of rhodamine phalloidin (RP) and Hoechst 33342 for 30 min
at room temperature. The samples were simultaneously excited at 350,
488, and 540 nm, and the fluorescent images at emission wavelengths
420—480, 500—540 and 600—660 nm were observed by an LSCM
(TCS SPs 11, Leica, Germany).

For flow cytometry analysis, the six-well plates coated with 0.01%
poly(Lys) were used for the experiment. 2.0 mL of MCF-7 or MCF-
10A cells in complete DMEM or DMEM/F12 medium were seeded
into each well at 5 X 10* cells mL™" and allowed to adhere for 24 h at
37 °C in a humidified atmosphere containing 5% CO,. The medium
was then changed to a fresh nanoparticle solution containing S ug
mL™! DOX. After further 4 h of incubation, the cells were washed
three times with PBS to remove any absorbed free nanoparticles.
Afterward, the cells were washed three times with PBS and then
harvested for further analysis. The mean fluorescence intensity (MFI)
of cells (2 X 10* counts) were analyzed by flow cytometry
(FACSCalibur, BD, USA), where the gate was arbitrarily set for the
detection of green fluorescence (515—545 nm) with forward and side
scattering dot plots used to discriminate cellular debris.

To investigate the selective cellular uptake of PNBL-NPY-DOX-
ANP via Y,Rs mediated endocytosis, MCF-7 cells were incubated with
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PNBL-NPY-DOX-ANP or DOX-ANP containing equivalent doxor-
ubicin concentration in the presence or absence of PNBL-NPY (1
mM), respectively. After 4 h of incubation, the cells were washed three
times with PBS and then harvested for further analysis. The MFI of
cells (1 x 10* counts) were analyzed by flow cytometry, where the gate
was arbitrarily set for the detection of green fluorescence (515—545
nm) with forward and side scattering dot plots used to discriminate
cellular debris.

Cell Viability Assays. MCF-7 cells (100 xL) in complete DMEM
medium were seeded into each well of a 96-well plate at a density of 1
X 10° cells mL™! and allowed to adhere for 24 h at 37 °C in a
humidified atmosphere containing 5% CO,. The growth medium was
replaced with 200 pL of fresh medium containing different DOX
formulations investigated in this study, namely, DOX, ANP, DOX-
ANP, and PNBL-NPY-DOX-ANP. Cells were washed with PBS after a
brief incubation of 8 h, then 200 uL of fresh growth medium was
added, and the cells were subsequently incubated for 64 h. Next, 10 uL
of MTT (5 mg mL™" in PBS) was added, and cells were incubated for
an additional 4 h at 37 °C. After that, the growth medium was
removed, and 100 uL of DMSO was added to each well to ensure
solubilization of formazan crystals. The absorbance was recorded at a
wavelength of S50 nm using an automated plate reader (iMark (168—
1130), Biorad, U.S.). The cell viability was expressed as percentage
calculated with the absorbance obtained from control well without
drug treatment by using the following equation.

viability(%) = (Abst/Absc) X 100%

where Abst is the absorbance of drug-treated well, and Absc is the
absorbance of control well without drug treatment.

B RESULTS AND DISCUSSION

Synthesis and Characterization of PNBL-NPY Modi-
fied DOX-ANP. The DOX-encapsulating ANP was prepared as
in the previous method by encapsulating the DOX into ANP
during the desolvation process of albumin.”**" Afterward, the
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Table 1. Effect of PNBL-NPY Ligand Amount on the Conjugation

sample PNBL- PNBL-NPY to DOX-ANP  conjugated PNBL-NPY amounts  reaction size po%:rtliial stability stability of
no. NPY (mg) feed ratio (ug mg™") on surface (ug mg™) ratio (%)  (nm) PDI (mV) of 7d*  one month
1 0.05 5.6 5.2 78.6 115.2 0.131 =323 - -
2 0.1 11.1 10.7 86.7 1134 0.106 —32.1 - -
3 0.5 55.6 55.1 96.7 111.6 0.133 —28.0 - -
4 1.0 111.1 110.6 96.1 1419 0.248 —28.5 - 146.0
S 2.0 2222 220.7 90.6 160.7 0.365 —28.9 +
6 S.0 555.6 4284 93.4 4474 0.687 —254 +
“— no aggregation and participation observed; + aggregation and participation observed.
PNBL-NPY ligands were conjugated to the surface of the ANP 100
(Figure 1a). To avoid affecting the biological activity of PNBL- » X X X
NPY, the carboxylic groups of ANP were activated by EDAC
and NHS and then reacted with amine groups of PNBL-NPY, = 8 X
because the biological active site of PNBL-NPY to Y, receptors S 70
is located on its C-terminus.’® As the conjugation amount of g - X
PNBL-NPY might affect the stability of the prepared =
nanoparticles, different amounts of PNBL-NPY were checked z 50 vl
X —> O X _ k] #PNBL-NPY-DOX-ANP
in our conjugation experiment (Tablel). After reaction, the 2 40 DOX-ANP+Trypsin
unreacted PNBL-NPY was determined by an HPLC-UV E 2l X PNBL-NPY-DOX-ANP+Trypsin
method at a wavelength of 220 nm (Supporting Information, 9 s &
Figure S2). We found that the water solubility and stability of 20 p< .
PNBL-NPY-DOX-ANP were strongly affected by the amount 10} & @
of PNBL-NPY. The mean particle size of the PNBL-NPY- 0&‘ ) ) )
DOX-ANP was increased from 115.2 to 447.4 nm, when the 0 50 100 150
Time (h)

amount of PNBL-NPY varied from 0.05 to 5.0 mg The
aggregation and participation were observed when the feed
ratio of PNBL-NPY/DOX-ANP (w/w) was above 2222 ug
mg~". In the end, 111.1 yg mg™" of PNBL-NPY was used for
the preparation of PNBL-NPY-DOX-ANP, of which the PNBL-
NPY conjugation ratio to DOX-ANP was 110.4 ug mg™". A UV
method was used to determine the DOX amount encapsulated
inside the ANP at a wavelength of 480 nm (Supporting
Information, Figure S3). The drug loading content (DLC) and
drug loading efficiency (DLE) were calculated with equations
in the Experimental Section. In our study, the DLC and DLE
were 2.57% and 86.5%, respectively (Supporting Information,
Table S1). The study of DLS shows the mean hydrodynamic
sizes of 141.9 nm for PNBL-NPY-DOX-ANP, with a narrow
size-distribution (polydispersity index (PDI) < 0.241, Figure lc
and Table 1). This size range of our prepared nanoparticles is
in good agreement with the literature values for targeted
delivery of anticancer drugs to tumor sites, of which the
nanoparticle is in the size range of 50—200 nm.**~* The TEM
photograph indicates the prepared nanoparticles are spherical
in shape and uniform in size, of which the mean diameter was
~140 nm (Figure 1d). At pH 7.4, the prepared nanoparticles
(sample no. 4) have a negative zeta-potential of —28.5 mV,
which is due to the carboxyl groups on the hydrophilic shell of
the nanoparticles. They could be stable for one month storage
in PBS at 4 °C, of which the size changes are within 5 nm, and
there is no aggregation and participation observed during that
time (Table 1).

Release Profiles of DOX from PNBL-NPY-DOX-ANP.
The release of DOX from DOX-ANP or PNBL-NPY-DOX-
ANP with or without 2.0 mg mL™! trypsin was determined at
37 °C as previous method.”*" As shown in Figure 2, both
DOX-ANP and PNBL-NPY-DOX-ANP have a similar release
profiles of DOX in the absence of trypsin. About 7.2% of DOX
release from the DOX-ANP and PNBL-NPY-DOX-ANP within
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Figure 2. In vitro release profiles of DOX from the DOX-ANP or
PNBL-NPY-DOX-ANP in PBS with or without 2.0 mg mL™" trypsin
at 37 °C.

4 h. In the end of the test, there is only ~24.8% of DOX
released in 120 h. This might be because the DOX was
encapsulated inside the nanoparticles rather than physically
absorbed on the surface, and the diffusion of DOX from the
nanoparticles is slow.>> However, in the presence of trypsin, the
release of DOX from DOX-ANP and PNBL-NPY-DOX-ANP is
dramatically enhanced, which was ~95.8% in 120 h. This result
indicates that the release of DOX from the nanoparticles is
mainly caused by enzymatic degradation. In this case, the DOX
can also be released from DOX-ANP or PNBL-NPY-DOX-
ANP in cells due to the degradation of ANP by intracellular
enzymes.zs’31

Cellular Uptake of PNBL-NPY-DOX-ANP in MCF-7
Cells. Cellular uptake of the nanoparticles was assessed using
a human breast cancer MCF-7 cell line previously shown to
highly express Y,Rs."*** MCE-7 cells were incubated with
PNBL-NPY modified and unmodified DOX-ANP in parallel for
4 h. LSCM images are shown in Figure 3, and the samples were
simultaneously excited at 350, 488, and 540 nm. The
cytoskeletons with rhodamine phalloidin (RP) (EX 540 nm,
EM 600—660 nm) are red, and the nuclei stained with Hoechst
(EX 350 nm, EM 420—480 nm) are blue. The fluorescent
images of autofluorescent DOX-ANP and PNBL-NPY-DOX-
ANP are green (EM 500—540 nm) at an excitation of 488 nm,
and are red (EM 600—660 nm) at an excitation of 540 nm, so
the yellow-colored nanoparticles are associated with the
combination of green and red fluorescence emissions.
Fluorescence emission spectra of DOX-ANP and PNBL-
NPY-DOX-ANP at 488 and 540 nm are shown in Supporting
Information, Figure S4. As shown in Figure 3, more PNBL-
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Figure 3. Cellular uptake of PNBL-NPY modified DOX-ANP in human breast cancer cells MCF-7. LSCM images of MCF-7 cells incubated with
DOX-ANP and PNBL-NPY-DOX-ANP containing equivalent DOX concentration of 5 g mL™" for 4 h. The cytoskeletons with rhodamine
phalloidin are red, the nuclei stained with hoechst are blue, and the nanoparticles are green and red (merged are yellow).
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Figure 4. Flow cytometry analysis of MCF-7 cells incubated with DOX-ANP and PNBL-NPY-DOX-ANP. (a) MCF-7 cells incubate with DOX-ANP
and PNBL-NPY-DOX-ANP containing equivalent DOX concentration of 10 ug mL™" for 4 h. (b) MCE-7 cells were incubated with DOX-ANP and
PNBL-NPY-DOX-ANP absence (gray line) or presence (color line) of 1 mM PNBL-NPY for 4 h. (c) Significant analysis of MFI for MCF-7 cells
incubated with different nanoparticles. Data represent the mean + SEM (n = 3,*P < 0.0S, **P < 0.01). 1: DOX-ANP; 2: DOX-ANP with PNBL-
NPY; 3: PNBL-NPY-DOX-ANP; 4: PNBL-NPY-DOX-ANP with PNBL-NPY.

NPY-DOX-ANP are internalized into MCEF-7 cells than DOX-
ANP. Consistently, the flow cytometry analysis (EX 488 nm,
EM 515—545 nm, FL1-H) verified that PNBL-NPY-DOX-ANP
treated MCF-7 cells showed much stronger mean fluorescence
intensity (MFI) than DOX-ANP, which was 151.7 and 91.5,
respectively (Figure 4a,c). The MFI of PNBL-NPY-DOX-ANP
was significantly higher than that of the DOX-ANP, which was
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~65.8% (P < 0.05). These results indicate that the modification
of PNBL-NPY ligand could significantly improve the delivery of
DOX-ANP into the MCF-7 cells. We also calculated the
percentage of MCEF-7 cell population that was able to
internalize the PNBL-NPY modified or unmodified DOX-
ANP. It was found that ~97.2% of MCE-7 cells were able to
internalize the PNBL-NPY modified DOX-ANP, while only
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Figure S. Percentage of MCF-7 cell population that was able to internalize the PNBL-NPY modified or unmodified DOX-ANP. MCF-7 cells
incubated with DOX-ANP and PNBL-NPY-DOX-ANP containing equivalent DOX concentration of 10 g mL™" for 4 h. 10 000 MCF-7 cells were

counted for each sample in the flow cytometry analysis.
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Figure 6. Comparison of cellular uptake difference between MCF-7 and MCF-10A cells. (a) LSCM images of MCF-7 and MCF-10A cells incubated
with 0.25 mg mL~! PNBL-NPY-ANP for 4 h. The cytoskeletons with rhodamine phalloidin are red, the nuclei stained with Hoechst are blue, and the
nanoparticles are green and red (merged are yellow). (b) Flow cytometry analysis of MFI for MCF-7 and MCF-10A cells incubated with ANP or
PNBL-NPY-ANP. Data represent the mean + SEM (n = 3, * P < 0.05, ** P < 0.01).

79.2% of MCF-7 cells were able to uptake the DOX-ANP
(Figure S). In addition, MCF-7 cells was incubated with
different concentration of the PNBL-NPY-DOX-ANP for 4 h,
the MFI of MCEF-7 cells showed a concentration-dependent
increase, when PNBL-NPY-DOX-ANP concentration was
increased from 0.25 to 1.0 mg mL™" (Supporting Information,
Figure S5). Our findings agree well with the previous reports
that the NPY receptors internalization is only induced by
agonists, because the PNBL-NPY ligand used in our study is an
agonist of NPY receptors.>>*"**

To investigate whether cellular uptake of PNBL-NPY-DOX-
ANP occurred via Y;Rs-mediated endocytosis or not, MCE-7
cells were further incubated with PNBL-NPY-DOX-ANP and
DOX-ANP in the presence or absence of 1 mM PNBL-NPY
ligand for 4 h. Flow cytometry analysis showed that the
presence of PNBL-NPY ligand had almost no effect on MFI of
MCEF-7 cells incubated with DOX-ANP, but it did significantly
decrease the MFI of MCF-7 cells incubated with PNBL-NPY-
DOX-ANP, of which the MFI was decreased from 151.7 to 77.2
(Figure 4b,c). This is because free PNBL-NPY ligand could
competitively bind to Y;Rg on MCEF-7 cells and inhibit the
cellular uptake of PNBL-NPY-DOX-ANP into the cells. The
result indicates that the cellular uptake of PNBL-NPY-DOX-
ANP is selectively mediated by Y Rs expressed on MCEF-7 cells.
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Cellular Uptake Difference between MCF-7 and MCF-
10A Cells. Because Y,Rs are overexpressed on human breast
tumors, while normal human breast express Y,Rs preferen-
tially,">** it is interesting to know whether PNBL-NPY
modification could change the cellular uptake of nanoparticles
between human breast cancer cells and human normal breast
cells (human mammary epithelial cells). To check the cellular
uptake difference, PNBL-NPY-modified ANP without DOX
loading were used, because the normal breast cell MCF-10A is
too sensitive to anticancer drug DOX. As shown in the LSCM
images of MCF-7 and MCF-10A cells (Figure 6a), more PNBL-
NPY-ANP is internalized into the MCF-7 cells than into the
MCEF-10A cells. Further flow cytometry analysis verifies that
PNBL-NPY-ANP-treated MCF-7 cells have much stronger
MFI than MCF-10A cells, which is 107.3 and 63.0, respectively
(Figure 6b). The MFI of MCF-7 cells is significantly higher
than that of MCF-10A cells (by ~70.4% (P < 0.01)). Compare
to the unmodified ANP, the MFI of MCF-7 cells increased by
35.6% after the PNBL-NPY modification, but the MFI of MCF-
10A cells changed only 13.2%. This result is due to the higher
affinity of PNBL-NPY to Y,Rs, but the affinity of PNBL-NPY
to Y,Rs is much lower.”” This suggests that after the
modification of PNBL-NPY ligand, drug carrier ANP prefers
the breast cancer cell MCF-7 rather than the normal breast cell
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MCEF-10A, by which the delivery of anticancer drug to normal
breast cells could be reduced.

Cell Viability Testing for MCF-7 Cells. To address
whether PNBL-NPY-modified DOX-ANP could be used for
breast cancer therapy, the cytotoxicity of the prepared
nanoparticles was evaluated by MTT assays for human breast
cancer cells MCF-7. The MCF-7 cells were incubated with
ANP and different formulation of DOX (equivalent DOX
concentration 1 to 40 ug mL™") for 8 h, the growth medium
was exchanged for a fresh one, and the cells were subsequently
incubated for 64 h. As shown in Figure 7, there is no significant
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Figure 7. Cell viability test of human breast cancer cells MCF-7. MCEF-
7 cells incubated with different prepared nanoparticles containing
equivalent DOX for 8 h, the growth medium was exchanged for a fresh
one, and the cells were subsequently incubated for 64 h (n = S for each
group). The x-axis is shown as DOX concentration encapsulated in
nanoparticles. Bars correspond to mean + SEM.

difference of cell viability between ANP and control sample,
which means the material that we used for drug delivery has no
cytotoxicity to the MCF-7 cells during this incubation time.
However, the cell viability of MCF-7 cells incubated with
PNBL-NPY-DOX-ANP is decreased when DOX concentration
varies from 10 to 40 ug mL™", which is significantly lower than

the DOX-ANP (P < 0.05) and the control sample (P < 0.01).
This result indicates that the effective cytotoxicity of PNBL-
NPY-DOX-ANP is significantly higher than that of the DOX-
ANP. Therefore, the modification of PNBL-NPY not only
promotes the delivery of DOX-ANP into MCF-7 cells but also
efficiently inhibits the growth of MCF-7 cells in a
concentration-dependent manner. As we see in Figure 7, the
free DOX always induces a much lower cell viability compared
to that of PNBL-NPY-DOX-ANP and DOX-ANP. This is
mainly due to the fast diffusion of DOX to MCF-7 cells versus a
sustained release of DOX from DOX-ANP. Our results are
consistent with those reported in the literature, and the same
phenomenon was observed when HeLa cells and HepG2 cells
were incubated with DOX-encapsulating ANP and free
DOX.23! However, this situation might be improved, if dual
drug loading was performed in our nanoparticle system. For
example, two anticancer drugs, docetaxel and tamoxifen, have
been loaded into poly(lactide)-p-a-tocopheryl poly(ethylene
glycol succinate) (PLA-TPGS) nanoparticles, by which the
drug antagonism was reduced and the cytotoxicity to MCF-7
cells was dramatically improved, comparing to single free drug
or two free drugs in combination.*

Effect of PNBL-NPY Ligand on MCF-7 Cells Growth.
Previous studies have reported that neuropeptide Y and its
analogues could affect the cell proliferation; for instance,
neuropeptide Y could inhibit the growth of human neuronal
epithelioma cells SK-N-MC."® To check whether the PNBL-
NPY ligand has effect on the cell viability of human breast
cancer cells MCF-7, MCF-7 cells were incubated with different
concentration of PNBL-NPY ligand for 8 h, growth medium
was exchanged for a fresh one, and the cells were subsequently
incubated for 16 h. There was no significant effect observed
when the concentration of PNBL-NPY was varied from 10 nM
to 100 uM (Figure 8a). In our case, the concentration of
PNBL-NPY conjugated to DOX-ANP was ~32 uM, so there
was no significant effect of PNBL-NPY on MCE-7 cell viability
observed for 24 h of incubation. However, when the incubation
was prolonged to 72 h (Figure 8b), a significant inhibition of
PNBL-NPY on the growth of MCF-7 cells was observed for all
tested concentrations (P < 0.01). These results indicate that
PNBL-NPY ligand could affect the growth of MCEF-7 cells,
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Figure 8. Effect of PNBL-NPY ligand on MCF-7 and MCF-10A cells growth. MCF-7 and MCEF-10A cells were incubated with different
concentration of PNBL-NPY ligand for 8 h, the growth medium was exchanged for a fresh one, and the cells were subsequently incubated for 16 h
(a) and 64 h (b), respectively. Bars correspond to mean + SEM (n = §).

5580

DOI: 10.1021/acsami.5b00270
ACS Appl. Mater. Interfaces 2015, 7, 5574—5582


http://dx.doi.org/10.1021/acsami.5b00270

ACS Applied Materials & Interfaces

Research Article

which is highly dependant on the interaction time between
PNBL-NPY ligand and the cells. Additionally, the effect of
PNBL-NPY on the growth of MCF-10A cells was also tested in
our lab under the same conditions. However, there is no
significant effect observed for both 24 and 72 h of incubation
(Figure 8). Therefore, the inhibition of PNBL-NPY-DOX-ANP
on MCEF-7 cells growth is not only induced by the anticancer
drug DOX but also related to the synergistic effect of PNBL-
NPY ligand.

Until now, most of the commerially available or clinically
studied anticancer drugs loaded ANP are mainly based on the
mechanism of enhanced permeability and retention (EPR)
effect of tumors,””>*** but our Y;Rs-based nanoparticulate
drug delivery system is able to actively target the breast cancer
cells with high selectivity. Compared to traditional systemic
administration of anticancer drugs through veins, our
developed Y Rs-based nanoparticulate drug delivery system
could be administrated multiply. Once the Y|Rs ligand-induced
cellular uptake difference between breast cancer cells and
normal breast cells is as large as possible, the local application
might be the best way to treat breast cancer in the early stage,
without affecting the normal breast tissues or other organs. In
the case of metastases, a systemic injection might be needed,
due to the Y,Rs being overexpressed in 100% of the examined
metastases.® In the future, a multidisciplinary study should be
encouraged; for example, the computer-aided drug design
should be adopted to design a much better Y,Rs ligand with
extremely high Y,Rs affinity and the lowest affinity to the Y,Rs,
providing Y,Rs-based nanoparticulate drug delivery system the
best selectivity and minimized side effects to normal tissues or
organs.

B CONCLUSIONS

In summary, we have demonstrated the use of YRs ligand,
PNBL-NPY, as a targeted molecule to selectively deliver DOX-
encapsulated biocompatible ANP to breast cancer cells and its
potential for breast cancer therapy. Our findings reveal that
PNBL-NPY can actively recognize and bind to the Y Rs that
are significantly overexpressed on the surface of the breast
cancer cells and selectively deliver DOX-ANP to human breast
cancer cells MCF-7. This system is highly selective and able to
distinguish the breast cancer cells from the normal cells,
because normal breast cells express Y,Rs only. Additionally, the
enhanced targetability of PNBL-NPY-DOX-ANP might play an
important role in the improvement of breast cancer therapy
because of the following possible advantages: (i) improved
delivery of DOX-ANP could transfer more DOX into breast
cancer cells and induce a much stronger inhibition effect on the
cells growth; (ii) PNBL-NPY ligand could generate a
synergistic effect to inhibit the growth of breast cancer cells.
Therefore, PNBL-NPY ligand could be used as a novel active
targeted molecule to mediate the delivery of drug encapsulating
nanoparticles into breast cancer cells with high selectivity and
minimized damage to normal breast cells. This study may
provide a guidance to develop new Y Rs-based nanoparticulate
drug delivery system for a safer and more efficient breast cancer

therapy.

B ASSOCIATED CONTENT
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Mass spectrum of PNBL-NPY peptide; determination of
PNBL-NPY concentration by HPLC; determination of DOX
concentration; drug loading content and drug loading

5581

efficiency; fluorescence emission spectra of ANP, DOX-ANP,
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