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Urotensin-II (UT-II) and its receptor (UTR) are involved in the occurrence of different epithelial cancers. In particular, UTR was
found overexpressed on colon, bladder, and prostate cancer cells. (e conjugation of ligands, able to specifically bind receptors
that are overexpressed on cancer cells, to liposome surface represents an efficient active targeting strategy to enhance selectivity
and efficiency of drug delivery systems. (e aim of this study was to develop liposomes conjugated with UT-II (LipoUT) for
efficient targeting of cancer cells that overexpress UTR. (e liposomes had a mean diameter between 150 nm and 160 nm with a
narrow size distribution (PI≤ 0.1) and a doxo encapsulation efficiency of 96%. Moreover, the conjugation of UT-II to liposomes
weakly reduced the zeta potential. We evaluated UTR expression on prostate (DU145, PC3, and LNCaP) and colon (WIDR and
LoVo) cancer cells by FACS and western blotting analysis. UTR protein was expressed in all the tested cell lines; the level of
expression was higher in WIDR, PC3, and LNCaP cells compared with LoVo and DU145. MTT cell viability assay showed that
LipoUT-doxo was more active than Lipo-doxo on the growth inhibition of cells that overexpressed UTR (PC3, LNCaP, and
WIDR) while in LoVo and DU145 cell lines, the activity was similar to or lower than that one of Lipo-doxo, respectively.
Moreover, we found that cell uptake of Bodipy-labeled liposomes in PC3 and DU145 was higher for LipoUT than the not-armed
counterparts but at higher extent in UTR overexpressing PC3 cells (about 2-fold higher), as evaluated by both confocal and FACS.
In conclusion, the encapsulation of doxo in UT-II-targeted liposomes potentiated its delivery in UTR-overexpressing cells and
could represent a new tool for the targeting of prostate and colon cancer.

1. Introduction

Urotensin-II (UT-II) has been described as the most potent
vasoconstrictor, superior to other vasoactive molecules, such
as endothelin-1, noradrenalin, and serotonin [1, 2]. In ad-
dition to vascular effects, UT-II and its receptor UTR have
been found to be involved in the development of several
diseases, such as cardiorenal diseases, heart failure, carotid
atherosclerosis, and portal hypertension cirrhosis. Several
studies have investigated the involvement of UT-II and UTR
in human cancers [3]. In particular, UTR was overexpressed
in colon [4, 5], bladder [6], and prostate [7] cancer cells.

Recently, UTR has been proposed as a prognostic marker in
prostate carcinoma since UTR expression was correlated
with well-known pathological indicators of aggressive
cancers, such as Gleason score. Interestingly, UTR was al-
ways expressed at low intensity in hyperplastic tissues and at
high intensity in well-differentiated carcinomas (Gleason 2-
3). Similarly, UT-II/UTR axis plays a key role in colon
carcinogenesis [8]. UTR expression was low in normal colon
tissues and increased in adenomas and colon cancers;
moreover, our previous data suggest that UTR regulated
motility and invasion of colon and bladder cancer cells [4, 6].
All these works clearly demonstrated that UTR represents a
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potentially useful target for innovative therapy against colon
and prostate cancer, together with the revival of its pre-
viously reported modulators [9–11]. Liposomes are one of
the most common vehicles proposed for drug targeting. In
particular, liposomes with stealth properties allow the en-
capsulated drug to be addressed, such as doxorubicin (doxo),
towards tissues characterized by vessels with an enhanced
permeability of the endothelium, such as tumors. However,
PEGylated liposomes containing doxo (marketed as Doxil®
or Caelyx®) have demonstrated reduced toxicity although a
higher delivery into the tumor has not been reported
[12, 13]. To improve their target ability, liposomes have been
functionalized with specific ligands or molecules, such as
antibodies, peptides, and oligonucleotides, able to enhance
the selectivity of liposomes towards cancer cells [14–16].
Several strategies can be approached for coupling ligand to
the surface of stealth liposomes in order to achieve a high
interaction of ligand with the receptor expressed on tumor
cells. Among all commonly used approaches, PEG derivates
include maleimide groups that react with cysteine residues
or thiol groups on ligands to form stable thioether bonds
between liposomes and ligands [17]. (us, receptor ligands
such as transferrin [18, 19], folic acid [13, 20, 21], or different
monoclonal antibodies raised against tumor-associated
antigens (TAA), including receptors [22, 23], have been
largely investigated to target different cancer cells. Here,
stealth liposomes were proposed as systems to target cancer
cells overexpressing UTR and to promote drug delivery of an
anticancer agent, i.e., doxorubicin, into colon and prostate
cancer cells.

2. Materials and Methods

2.1.Materials. 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC) and [N-(carbonyl-methoxypolyethylenglycol-2000)-
1,2-distearoyl-snglycero-3-phosphoethanolamine, sodium salt]
(DSPE-PEG2000) were purchased from Lipoid GmbH (Cam,
Switzerland). 23-(Dipyrrometheneboron difluoride)-24-
norcholesterol (Bodipy-cholesterol) and 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-[maleimide-(polyethylene
glycol)-2000] (ammonium salt) (DSPE-PEG2000-maleimide)
were obtained from Avanti Polar Lipids (Alabaster, Alabama,
USA). Doxorubicin hydrochloride (doxo), cholesterol (chol),
sodium chloride, [4-(2-hydroxyethyl)piperazine-1-ethane-
sulfonic acid, N-(2-hydroxyethyl)piperazine-N′-(2-ethane-
sulfonic acid)] (Hepes), ethylenediaminetetraacetic acid
(EDTA), iron thiocyanate (FeSCN3), sodium citrate, potas-
sium chloride, citric acid, and Sepharose CL-4B were pur-
chased from Sigma Chemical Co. (St. Louis, Mo, USA). All
Fmoc-amino acids were purchased from GL Biochem
(Shanghai, China) with their corresponding side chain pro-
tections for the solid-phase peptide synthesis (SPPS). Ace-
tonitrile, methanol (HPLC degree), and chloroform (ACS
grade) were obtained from Carlo Erba (Milan, Italy). RPMI,
DMEM, and FBS were purchased from FlowLaboratories
(Milan, Italy). Tissue culture plasticware was acquired from
Becton Dickinson (Lincoln Park, NJ, USA). Rabbit antisera
raised against α-tubulin and UTR were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA, USA). UT-II peptide

was synthetized and purified by the research group of Prof.
Paolo Grieco (Department of Pharmacy, University of Naples
Federico II).

2.2. Peptide Synthesis. Peptide Cys-UT-II (H-Cys-Asp-c
[Cys-Phe-Trp-Lys-Tyr-Cys]-Val-OH) was synthesized by
adopting the solid-phase peptide synthesis (SPPS) using the
Fmoc/tBu orthogonal strategy, as reported elsewhere [24].
Upon cyclization procedure performed in solid phase [25],
an additional Cys residue was added in the N-terminal by
following standard procedures [26]. (e product was pu-
rified and characterized by reverse-phase HPLC (RP-
HPLC).

2.3. LiposomePreparation. Liposomes composed of DPPC/
chol/DSPE-PEG2000 or DPPC/chol/DSPE-PEG2000-mal-
eimide at a 65 : 30 : 5 molar ratio were prepared by hy-
dration of a thin lipid film followed by extrusion. Briefly,
lipids were dissolved in 1mL of a mixture chloroform/
methanol (2 : 1 v/v); the resulting solution was added to a
50mL round-bottom flask, and the solvent was removed
under reduced pressure by using a rotary evaporator
(Laborota 4010 digital, Heidolph, Schwabach, Germany).
(en, the resulting lipid film was hydrated with 1mL of
citrate buffer at pH 4 (150mM sodium citrate; 150mM
citric acid), and the resulting suspension was gently mixed
in the presence of glass beads until the lipid layer was
removed from the glass wall; after that, the flask was left at
50°C for 2 h. (e liposome suspension was then extruded
at 50°C using a thermobarrel extruder system (Northern
Lipids Inc., Vancouver, BC, Canada), passing repeatedly
the suspension under nitrogen through polycarbonate
membranes (5 times for each membrane) with decreasing
pore sizes from 400 to 100 nm (Nucleopore Track
Membrane 25mm, Whatman, Brentford, UK). (e ex-
ternal buffer was removed by ultracentrifugation (Optima
Max E, Beckman Coulter, USA; rotor TLA 120.2) at
80,000 rpm, at 4°C for 40min, and the liposomes were
resuspended with 1mL of phosphate buffer at pH 7.4
(140mM sodium chloride; 25mM of HEPES; 0.1 mM of
EDTA). After preparation, liposomes were stored at 4°C.
Each formulation was prepared in triplicate. For in-
tracellular penetration studies, fluorescent-labeled lipo-
somes containing 0.1% (w/w) of Bodipy-cholesterol
were prepared similarly by adding the fluorescent cho-
lesterol in the lipid mixture of DPPC/chol/DSPE-PEG2000

or DPPC/chol/DSPE-PEG2000-maleimide during the li-
posome preparation.

2.4. Preparation of Liposomes Conjugated with UT-II.
Cys-UT-II (H-Cys-Asp-c[Cys-Phe-Trp-Lys-Tyr-Cys]-Val-
OH) was conjugated with liposomes prepared with mal-
eimide-modified polyethylene glycol. Briefly, the UT-II
peptide (0.250mM) was conjugated to liposomes containing
DSPE-PEG2000-maleimide with gentle magnetic agitation at
room temperature, overnight. (e resulting liposomes, so-
called LipoUT, were then chromatographed on a Sepharose
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CL-4B column in phosphate buffer at pH 7.4. All liposome
preparations were stored at 4°C. (e formulations were
prepared in triplicate.

2.5. Preparation of Liposomes Encapsulating Doxorubicin.
Doxo was encapsulated into liposomes by remote loading
[27]. Briefly, the liposome suspension was combined with
the doxo in a drug/lipid ratio of 0.2 (w/w) and then in-
cubated at 50°C for 1 h. (e un-encapsulated doxo was
removed by ultracentrifugation at 80,000 rpm at 4°C for
40min. After purification, the formulation was conjugated
with UT-II, as described above, to obtain liposomes en-
capsulating doxo and conjugated with UT-II (LipoUT-
doxo).

2.6. Determination of Lipid Concentration. (e concentra-
tion of lipids present in the suspensions after preparation
was determined using the Stewart assay [28]. Briefly, an
aliquot of the suspension was added to a two-phase system
consisting of an aqueous ammonium iron thiocyanate
(FeSCN3) solution or iron thiocyanate solution (0.1N) and
CHCl3. (e concentration of DPPC was obtained by mea-
suring the absorbance at 485 nm into the organic layer with
an ultraviolet-visible spectrophotometer (UV VIS 1204;
Shimadzu Corporation, Kyoto, Japan). Quantification of
DPPC was carried out by means of a calibration curve with
standard DPPC samples.

2.7. Liposome Size and Zeta Potential. Dimensional analysis
was performed at 20°C by photon correlation spectroscopy
(PCS) (N5, Beckman Coulter, Miami, USA). Each sample
was diluted in deionizer/filtered water (0.22 μm pore size,
polycarbonate filters, MF-Millipore, Microglass Heim, Italy)
and analyzed with a detector at 90° angle. For measuring the
particle size distribution, polydispersity index (PI) was used.
For each formulation, the mean diameter and PI were
calculated as the mean of three different batches.(e average
diameter and the size distribution of each formulation were
determined. (e results were expressed as liposome mean
diameter (nm) and polydispersity index (PI). (e zeta po-
tential (ζ) of liposomes was performed by the Zetasizer Nano
Z (Malvern, UK). Briefly, an aliquot of each sample (10 μL)
was diluted in filtered water and analyzed. (e results were
calculated by the average of 20 measurements.

2.8. Determination of Doxo Concentration. (e amount of
un-encapsulated doxo was determined as follows: 1mL of
liposome dispersion was ultracentrifugated at 80,000 rpm at
4°C for 40min. Supernatants were carefully removed and
doxo concentration was determined by using a UV/visible
spectrophotometer at 480 nm. (e results were expressed as
encapsulation efficiency and were calculated as follows:

1 −
TSdoxo − ASdoxo( 􏼁

TSdoxo
× 100􏼢 􏼣, (1)

where TSdoxo is the theoretical doxo in the supernatant and
ASdoxo is the actual doxo concentration in the supernatant.

2.9. UT-II Binding to the Liposome. (e amount of UT-II
linked to the liposomes was carried out by a high-perfor-
mance liquid chromatography (HPLC) method. (e HPLC
system consisted of an isocratic pump (LC-10A VP, Shi-
madzu, Kyoto, Japan) equipped with a 7725i injection valve
(Rheodyne, Cotati, USA) and SPV-10A UV-Vis detector
(Shimadzu) set at the wavelength of 254 nm.(e system was
controlled by a SCL-10A VP System Controller (Shimadzu)
connected to a computer. Chromatograms were acquired
and analyzed by a Class VP Client/Server 7.2.1 program
(Shimadzu, Scientific Instruments, Columbia, MD, USA).
(e quantitative analysis of UT-II was performed by reverse-
phase chromatography (RP-HPLC) on a Luna 5 μm C18
column (250× 4.60mm, 110 Å, Phenomenex, Klwid, USA)
equipped with a security guard. (e mobile phase was a
mixture 40 : 60 (v/v) of acetonitrile and filtered water. (e
analyses were performed in isocratic condition, at a flow rate
of the mobile phase of 1mL/min and at room temperature.
(e amount of UT-II, present on the surface of nanocarriers,
was determined as follows. Briefly, 1mL of conjugated li-
posomes dispersion was ultracentrifugated (Optima Max E,
Beckman Coulter, USA) at 80,000 rpm, at 4°C for 40min.
Supernatants were carefully removed, and the amount of
UT-II unlinked to liposomes was determined by RP-HPLC.
(e amount of UT-II was calculated by means of a cali-
bration curve with UT-II samples. (e results have been
expressed as follows:

1 −
UT-IIactual − UT-IItheor( 􏼁

UT-IItheor
× 100􏼢 􏼣, (2)

where UT-IIactual is the UT-II found in the supernatant and
UT-IItheor is the theoretical UT-II added to the liposomes.

2.10. Cell Culture. Prostate (DU145, PC3, and LNCaP) and
colon (WIDR and LoVo) cancer cell lines were obtained
from American Type Culture Collection (ATCC; Rockville,
MD, http://www.atcc.org). PC3, DU145, and WIDR cell
lines were grown in DMEM, while LNCaP and LoVo were
grown in RPMI 1640. Both cell media were supplemented
with 10% heat-inactivated fetal bovine serum, 20mM
HEPES, 100U/mL penicillin, 100mg/mL streptomycin, 1%
L-glutamine, and 1% sodium pyruvate. All the cells were
cultured at a constant temperature of 37°C in a humidified
atmosphere of 5% carbon dioxide (CO2).

2.11.Cell ProliferationAssay. After trypsinization, all the cell
lines were plated in 100 μL of medium in 96-well plates at a
density of 2×103 cells/well. One day later, the cells were
treated with free doxo, plain Lipo, LipoUT, Lipo-doxo, and
LipoUT-doxo at concentrations ranging from 20 μM to
0.156 μM.

Cell proliferation was evaluated by MTT assay. Briefly,
cells were seeded in serum-containing media in 96-well
plates at the density of 2×103 cells/well. After 24 h
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incubation at 37°C, the medium was removed and replaced
with fresh medium containing all developed formulations at
different concentrations. Cells were incubated under these
conditions for 72 h. (en, cell viability was assessed by MTT
assay. (e MTT solution (5mg/mL in phosphate-buffered
saline) was added (20 μL/well), and the plates were incubated

for further 4 h at 37°C. (e MTT-formazan crystals were
dissolved in 1N isopropanol/hydrochloric acid 10% solution.
(e absorbance values of the solution in each well were
measured at 570 nm using a BioRad 550 microplate reader
(BioRad Laboratories, Milan, Italy). Percentage of cell via-
bility was calculated as

100%∗ (3) (absorbance of the treated wells − absorbance of the blank control wells)

(absorbance of the negative control wells − absorbance of the blank control wells)
. (3)

(en, the concentrations inhibiting 50% of cell growth
(IC50) were obtained, and these values were used for sub-
sequent experiments. MTTassay was carried out by triplicate
determination on at least three separate experiments. All
data are expressed as mean± SD.

2.12. Evaluation of UTR Expression by FACS Analysis and
Western Blot. Untreated cells were fixed for 20min with a
3% PFA solution and permeabilized for 10min with 0.1% (v/
v) Triton X-100 in phosphate buffered saline at room
temperature. To prevent nonspecific interactions of anti-
bodies, cells were treated for 2 h in 5% (w/v) BSA in
phosphate-buffered saline and then were incubated with a
specific rabbit Ab raised against UTR (1 : 50 in blocking
solution, 3% BSA in TBS-Tween 0.1%) for 2 h at 37°C. After
several washes, cells were incubated with a secondary goat
anti-rabbit IgG-FITC (Life Technologies, Carlsbad, CA)
diluted at 1 : 50 in blocking solution for 1 h at room tem-
perature. (e FITC fluorescence was measured with a
FACSCalibur flow cytometer (Becton Dickinson) on
10,000 cells for each sample using the CellQuest software
(Becton Dickinson). Mean fluorescence intensity (MFI) of
anti-rabbit-FITC sample was considered as 100%.

Equal amounts of cell proteins from untreated cells were
separated by SDS-PAGE electrophoresis (BioRad, Cal-
ifornia, USA). Proteins were electrotransferred to nitrocel-
lulose membrane by using Trans Blot Turbo (BioRad,
California, USA). Membrane were washed in TBST (10mM
Tris, pH 8.0, 150mM NaCl, 0,05% Tween 20) and were
incubated with specific MAbs and later with horseradish
peroxidase-conjugated secondary antibodies. (e rabbit
antibodies raised against UTR and the mouse antibody
raised against α-tubulin were purchased from Santa Cruz
Biotechnology. Blots were then developed using enhanced
chemiluminescence detection reagents ECL ((ermo Fisher
Scientific, Rockford, IL) and exposed to X-ray film. All films
were scanned by using Quantity One software (BioRad
Chemi Doc).

2.13.Analysis of Liposome IntracellularDistributionbyFACSand
ConfocalMicroscopy. BD FACSCalibur fluorescent-activated
flow cytometer and the BD CellQuest software (BD Bio-
sciences) were used to perform flow cytometry analysis of
liposome intracellular distribution. For these experiments,
Bodipy-labeled liposomes were used on DU145 and PC3

cells. Bodipy is a bright, green-fluorescent dye with similar
excitation and emission to fluorescein (FITC) or Alexa Fluor
488 dye. Green fluorescent-labeled liposomes were added to
the medium of DU145 or PC3 cells at a fixed concentration.
After 6, 24, 48, and 72 h of incubation at 37°C, removal of
unattached liposomes was accomplished by washing the cells
with phosphate-buffered saline at pH 7.4 for 1min. Cells
were then detached by trypsinization. (e samples were
subsequently washed twice, and for each sample, 10,000 cells
were measured by using FACSCalibur flow cytometer
(Becton Dickinson) using the CellQuest software (Becton
Dickinson). After 6 h of incubation with a fixed concen-
tration (10 μM) of Bodipy-labeled liposomes, DU145 and
PC3 cells were fixed for 20min with a 3% PFA solution and
permeabilized for 10min with 0.1% (v/v) Triton X-100in
phosphate-buffered saline at room temperature. To prevent
nonspecific interactions of antibodies, the cells were treated
for 2 h in 5% (w/v) BSA in phosphate-buffered saline and
then were incubated with a specific mouse Ab raised against
vimentin (1 : 50 in blocking solution, 3% BSA in TBS-Tween
0.1%) for 2 h at 37°C. After several washes, the cells were
incubated with a secondary IgG goat anti-mouse-Alexa
Fluor 633 (Life Technologies, Carlsbad, CA) diluted at 1 : 50
in blocking solution for 1 h at room temperature. (e slides
were mounted onmicroscope slides byMowiol.(e analyses
were performed with a Zeiss LSM 510 microscope equipped
with a plan-apochromat objective X 63 (NA 1.4) in oil
immersion. (e fluorescence of the Bodipy-labeled lipo-
somes and vimentin was collected in the multitrack mode
using BP550-625 and LP650 as emission filters, respectively.

3. Statistical Analysis

All data were expressed as mean values± SD of at least three
independent experiments. Statistical analysis was obtained
using ANOVA, and significant differences were determined
at p≤ 0.01. Graphs were obtained using SigmaPlot v.11.0
(Systat Software, San Jose, CA, USA).

4. Results

4.1. Liposome Characterization. Here, we used a short
peptide of eight amino acids (peptide 4-11) of the UT-II with
only one binding site. In particular, a cysteine was added to
the NH2-terminal of the peptide to provide a unique site for
the conjugation with the nanocarrier. (e conjugation has
been carried out at the extremity of PEG chain present on the
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liposome surface by using maleimide groups that react with
cysteine residues on ligands to form stable thioether bonds.
To this aim, liposomes with DSPE-PEG2000-maleimide were
used for the conjugation. For comparison purpose, lipo-
somes with DSPE-PEG2000 were also prepared. (e char-
acteristics of LipoUT, i.e., mean diameter, PI, and zeta
potential, are summarized in Table 1. (e mean diameter of
nonconjugated liposomes was 147.84 nm. (e conjugation
with the peptide significantly influenced liposome charac-
teristics, with a slight increase of the mean diameter
(168.4 nm) and a higher PI due to the presence of the peptide
on the surface (Table 1). Moreover, after conjugation of UT-
II, LipoUT compared with the unconjugated liposomes,
showed a significant zeta potential decrease, due to the
presence of peptide linked on the PEG extremity. In fact, the
percentage of UT-II, present on the surface of liposomes,
was about 61%. (en, the nanocarriers were loaded with a
cytotoxic agent, doxo, widely used in the clinical setting.
Liposomes with an internal aqueous phase containing a
citrate buffer at pH 4 were prepared. (e same liposomes
were then purified and resuspended in a phosphate buffer at
pH 7.4 to create a pH transmembrane gradient. PEGylated
liposomes encapsulating doxo (Lipo-doxo) and UT-II-
conjugated PEGylated liposomes encapsulating doxo (Lip-
oUT-doxo) were prepared. (e characteristics of these
formulations are reported in Table 2. (e encapsulation of
doxo into the liposomes did not affect their characteristics.
Indeed, Lipo-doxo had a mean diameter of about 150 nm
with a narrow size distribution (PI≤ 0.1). As expected, doxo
encapsulation efficiency was very high in both formulations.
Indeed, Lipo-doxo and LipoUT-doxo had a doxo encap-
sulation efficiency of 90 and 96%, respectively (Table 2). (e
encapsulation of doxo did not affect the ζ of liposomes,
suggesting that negligible amount of the drug was associated
with the liposome surface following purification. (e dif-
ferent surfaces of Lipo and LipoUT, due to the presence of
DSPE-PEG2000 and DSPE-PEG2000-maleimide, respectively,
had only a slight influence on the doxo encapsulation
process.

4.2.ExpressionofUTRonCancerCellLines. In order to assess
the ability of UT-II-conjugated liposomes to efficiently
deliver doxo in cancer cells that express UTR, we evaluated

the expression of the receptor in different human prostate
(DU145, PC3, and LNCaP) and colon (WIDR and LoVo)
cancer cell lines.

(eUTR expression was investigated by western blotting
in colon cancer cells. In detail, both cell lines expressed the
receptor, but the level of expression was higher in WIDR
(about 4-fold) compared to LoVo (Figure 1(a)). FACS
analysis was used to detect UTR expression on cell mem-
brane of prostate cancer cells. Also, in this case, the receptor
was expressed in all prostate cancer cells but, at higher levels,
in PC3 (2,5-fold) and LNCaP (1,5-fold) cells compared to
DU145 (Figure 1(b)).

In conclusion, UTR protein was expressed in all the
assessed cell lines; the level of expression was higher in
WIDR, PC3, and LNCaP cells compared with LoVo and
DU145.

4.3. Liposome Uptake and Intracellular Distribution. To in-
vestigate if UT-II peptide conjugation to liposomes can
enhance uptake and improve intracellular distribution of the
formulations, FACS and confocal laser scanning microscopy
(CLSM) were performed on DU145 and PC3 cells treated
with fluorescent-labeled liposomes. (e fluorescence asso-
ciated to the cells was evaluated by FACS after 6, 24, 48, and
72 h of incubation with Bodipy-labeled liposomes, used at a
fixed concentration.

In particular, in both cell lines (DU145 and PC3), after
6 h of incubation with LipoUT or Lipo, FACS analysis de-
tected the % of mean fluorescence intensity (MFI) as
compared with the untreated controls (Figure 2). MFI of
control was considered as 100%. In both cell lines, we ob-
served a higher internalization of LipoUTcompared to Lipo
but at a major extent in PC3. In detail, in DU145, that has
lower UTR expression, LipoUT induced about 30% of MFI
increase (2000%) compared with Lipo (1700%) while in PC3,
that has higher UTR expression, LipoUT induced about 70%
of MFI increase (1700%) compared with Lipo (1000%)
(Figure 2). In both cases, MFIs gradually decreased in a time-
dependent manner after 24 h.

(e intracellular distribution of Bodipy-labeled lipo-
somes after 6 h of incubation was studied by confocal mi-
croscopy analysis. CLSM showed a higher widespread and
intense green fluorescence intensity, both in DU145 and PC3

Table 1: Mean diameter, PI, and zeta potential (ζ) of plain liposomes (Lipo) and liposomes conjugated with UT-II (LipoUT).

Formulation Diameter (nm± SD) PI± SD ζ (mV± SD) UT-II on the surface of liposomes (%)

Lipo 147.8± 6.90 0.098± 0.03 − 19.58± 5.90 —
LipoUT 168.4 + 9.55 0.203 + 0.07 − 26.10 + 4.34 61%

Table 2: Mean diameter, PI, and zeta potential (ζ) of liposomes encapsulating doxo conjugated (LipoUT-doxo) and unconjugated (Lipo-
doxo).

Formulation
Encapsulation efficiency doxo

(%)
Diameter
(nm± SD)

PI± SD ζ (mV± SD) UT-II on the surface of liposomes (%)

Lipo-doxo 90 148.9± 8.27 0.102± 0.06 − 18.76± 3.74 —
LipoUT-
doxo

96 190.9± 17.42 0.247± 0.11 − 28.89± 2.15 60%
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cells incubated with UT-II-conjugated liposomes (LipoUT)
compared to Lipo (Figures 3(a) and 3(b)). Moreover, when
comparing the fluorescence into DU145 and PC3 cells,
higher fluorescence was observed in PC3 cells (about 2-fold
higher). (is was likely due to the higher expression of UTR
in PC3 cell line.

4.4. Effects of Liposome Encapsulating Doxorubicin Conju-
gated or Not with UT-II on Cancer Cell Lines. (e effects of
free doxo, Lipo and liposome encapsulating doxo, and
conjugated (LipoUT-doxo) or not (Lipo-doxo) with UT-II
were evaluated on the proliferation of prostate (DU145, PC3,
and LNCaP) and colon (WIDR and LoVo) cancer cell lines
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Figure 1: (a) Evaluation of UTR expression on colon (WIDR and LoVo) cancer cells by western blotting analysis. (e expression of
α-tubulin was assessed as loading control (left panel).(e intensities of the bands were expressed as arbitrary units and detected by Quantity
One software (BioRad Chemi Doc) (right panel). Error bars showed standard deviation from the mean in at least three independent
experiments. Bars, SDs. ∗∗p≤ 0.01 (b) Evaluation of UTR expression on DU145, PC3, and LNCaP cell lines by FACS analysis (left panel and
top right panel). (e % MFIs of control were calculated, as described in Materials and Methods and represented as columns (bottom right
panel). (e experiments were performed at least three times, and the results were always similar. Bars, SDs. ∗∗p≤ 0.01.
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by MTT assay as reported in “Materials and Methods.”
Doxo, Lipo-doxo, and LipoUT-doxo induced a dose-de-
pendent growth inhibition in all the cell lines after 72 h,
while treatment with Lipo did not produce significant cy-
totoxic effects (Figures 4 and 5).

In Table 3, results are reported as concentrations
inhibiting 50% of cell growth (IC50) after 72 h of treatment.
After 72 h, IC50 of free doxo were equal to 0.6 μM, 4 μM,
1 μM, 0.6 μM, and 1.25 μM for DU145, PC3, LNCaP, WIDR,
and LoVo, respectively (see Table 3). �e doxo encapsulated
in liposomes (Lipo-doxo) induced a 50% growth inhibition
at a concentration of 2 μM, 5 μM, and >20 μM in DU145,
PC3, and LNCaP, respectively (Table 3) and 10 μM and
7 μM, in WIDR and LoVo, respectively (Table 3). On the
other hand, LipoUT-doxo inhibited the 50% of cell growth at
a concentration of 15, 18, and 10 μM, on DU145, PC3, and
LNCaP, respectively, and 2.5 μM and 5 μM, on WIDR and

LoVo, respectively. Although PC3 expresses high levels of
UTR LipoUT-doxo resulted less cytotoxic than Lipo-doxo
based on the evaluation of IC50. However, it is worthy of note
that the activation of UT-II can induce cell proliferation; in
fact, we found that liposomes conjugated with UT-II (Lip-
oUT) increased cell proliferation, in particular, in PC3,
LNCaP, andWIDR that overexpress UTR. On these bases, we
tested all the formulations by using a very high concentration
of doxo, to antagonize the effect of UT-II on cell proliferation
(Figure 6). �erefore, comparing the effects of LipoUT
containing doxo with empty LipoUT (15.5-fold decrease of
cell growth), these effects were stronger than those induced by
Lipo containing doxo compared to empty Lipo (2.16-fold
decrease of cell growth) also in PC3 cells. Similarly, also on the
other cell lines overexpressing UTR, the difference in cell
growth inhibition was markedly increased considering the
proliferative effects caused by empty LipoUT.
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columns (right panel). �e experiments were performed at least three times, and the results were always similar. Bars, SDs. ∗∗p≤ 0.01.
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5. Discussion

Liposomal nanoparticles represent the most investigated
nanotechnology platform with a plethora of novel appli-
cations still to discover. (e success of liposomes as drug

delivery systems is due to different factors, such as bio-
compatibility and biodegradability (when using phos-
pholipids from natural source), versatility of the
formulation, possibility to encapsulate drugs with different
lipophilicity, design relatively easy, and possible scale-up
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Figure 3: (a) Confocal microscopy images of DU145 and PC3 after 6 h of incubation at 37°C with fluorescent-labeled liposomes. Representative
images of control, unconjugated liposomes (Lipo-Bodipy), and liposomes conjugated with UT-II (LipoUT-Bodipy). For each cell line, images on
the left panel report that the red fluorescence associated with the Ab against vimentin; images on the right panel report the green fluorescence
associatedwith Bodipy.(e cells were visualizedwith a confocal microscope atmagnification 100x. (b) Quantification of fluorescence intensity was
reported as arbitrary units. (e experiments were performed at least three times, and the results were always similar. Bars, SDs. ∗∗p≤ 0.01.
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for large production in GMP quality. Liposomes have been
extensively used in cancer therapy to change drug bio-
distribution. In particular, liposomes allow addressing the
encapsulated drug towards tissues characterized by vessels
with an enhanced permeability of the endothelium, such as
tumors [29, 30]. Stealth properties are obtained by mod-
ification of the liposome surface, e.g., by including poly-
ethylene glycol (PEG). PEG has a flexible chain that
occupies the space immediately adjacent to the liposome
surface (“periliposomal layer”), thus excluding other
macromolecules, e.g., blood plasma opsonins, from this
space. �erefore, the presence of PEG prevents liposome
interaction with the reticulo-endothelial system (RES) and
increases the accumulation in solid tumors, due to an
increased permeability of tumor vasculature [31] for the

presence of fenestrated endothelium in tumor blood vessels
(passive targeting) [32]. A longer circulation time results in
a higher probability of liposome extravasation in tissues
where capillaries are characterized by fenestrated endo-
thelium, i.e., liver and spleen, or in tumors in which the
high permeability of the vessels is associated to a reduced
lymphatic drainage (enhanced permeability retention or
EPR effect) [33].

Here, stealth liposomes were proposed as systems to
target cancer cells overexpressing UTR and to promote drug
delivery of anticancer agents, i.e., doxorubicin, into colon
and prostate cancer cells. UT-II is a vasoactive peptide able
to bind the UTR, a receptor involved in a number of
physiological processes in different organs. �is receptor has
been found to be involved in proliferation, motility, and
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Figure 4: Effect of all developed formulations on prostate cancer cell lines (DU145, PC3, and LNCaP) proliferation. Prostate cancer cells
were seeded in serum-containing media in 96-well plates at the density of 2×103 cells/well. After 24 h incubation at 37°C, cells were treated
with increasing concentrations of free doxo, Lipo, Lipo-doxo, LipoUT, and LipoUT-doxo (20-0,16 μM) for 72 h. Cell viability was assessed
by MTT assay as described in Materials and Methods. ∗∗p≤ 0.01.
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Table 3: IC50 values after 72 h treatment with free doxo, doxo encapsulated in liposomes (Lipo-doxo), and doxo encapsulated in liposomes
conjugated with UT-II (LipoUT-doxo).

Cell lines Doxo (IC50μm) Lipo-doxo (IC50μm) LipoUT-doxo (IC50μm) UTR expression

DU145 0.6± 0.016 2± 0.013 15± 0.076 Low
PC3 4± 0.031 5± 0.018 18± 0.089 High
LNCaP 1± 0.011 >20± 0.091 10± 0.045 High
WIDR 0.6± 0.018 10± 0.087 2.5± 0.018 High
LoVo 1.25± 0.013 7± 0.064 5± 0.013 Low
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Figure 6: Cell proliferation of all developed formulations in prostate (DU145, PC3, and LNCaP) and colon (WIDR and LoVo) cancer cell
lines. Cancer cells were seeded in serum-containing media in 96- well plates at the density of 2×103 cells/well. After 24 h incubation at 37°C,
cells were treated with 10 μM of free doxo. Lipo: plain liposomes; LipoUT: PEGylated liposomes conjugated with UT-II peptide; Lipo-doxo:
PEGylated liposomes-encapsulated doxo; LipoUT-doxo: PEGylated liposomes conjugated with UT-II peptide and encapsulated with doxo.
Lipo, Lipo-doxo, LipoUT, and LipoUT-doxo for 72 h. Cell viability was assessed by MTT assay, as described in Materials and Methods.
∗∗p≤ 0.01.
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invasion of several cancer cells; among them are the colon
[34] and human prostate [7] cancer cells. Moreover, UTR
was overexpressed in prostate and colon cancers and its
expression was correlated to the clinical outcome of neo-
plastic patients representing a negative prognostic factor.

(e conjugation of ligands able to specifically bind re-
ceptors that are overexpressed on cancer cells to liposome
surface represents an efficient active targeting strategy to
enhance selectivity and efficiency of drug delivery systems.
(is is especially important to reduce the toxic effect of the
antitumor therapies. (us, specific ligands (i.e., transferrin,
folic acid, monoclonal antibodies, and peptides) able to bind
receptors overexpressed on the surface of cancer cells have
been coupled on the liposome surface.

It is worthy of note that when considering proteins, such
as transferrin or monoclonal antibodies, different binding
sites are present on each molecules. (erefore, their con-
jugation with nanovectors can lead to a heterogeneous
conjugate with a quality of the final product difficult to
control. Based on these considerations, we used a short
peptide of eight amino acids (peptide 4-11) of the UT-II with
only one binding site. In particular, a cysteine was added to
the NH2-terminal of the peptide to provide a unique site for
the conjugation with the nanocarrier. (e introduction of
the cysteine residue was followed by purification and
characterization (by reverse-phase HPLC as reported in the
Materials andMethods section), thus excluding the presence
of by-products, i.e., products derived by the reduction of the
disulfide bridge. Moreover, the formulation proposed in this
study has been developed following an optimization study to
find the experimental conditions for the highest liposome/
UT-II conjugation degree. In our case, a conjugation degree
of about 61% was achieved (checked by HPLC). It is worthy
of note that a significant percentage of the maleimide res-
idues are not exposed on the external surface of the lipo-
somes, thus suggesting that the percentage of conjugation
obtained here is close to the highest possible. (en, the
obtained nanocarriers were loaded with a cytotoxic agent,
doxorubicin (doxo), widely used in the clinical setting.
Doxorubicin (doxo) is an anthracycline with significant
anticancer properties. Unfortunately, its use is limited by the
induction of severe cardiotoxicity that occurs through
poorly investigated mechanisms. Recently, it was found [35]
that doxorubicin induces senescence in human vascular
smooth muscle cells (VSMC) also at low calcium concen-
trations. On the other hand, UTR activated by UT-II pro-
duces second messengers, i.e., inositol triphosphate and
diacylglycerol, which induce calcium release (Ca2+) and
consequently activate Ca2+-dependent kinases (CaMKs)
leading to cell proliferation [36]. In this light, UT-II/UTR
complex formation in our experimental model (UT-II
armed liposomes) could counteract the doxo-mediated
detrimental effects on VSMC.(erefore, we selected doxo in
order to demonstrate the high efficiency of liposomes in
targeting UTR-expressing cancer cells but, on the basis of the
histotype of the selected tumors, other drugs with lower
cardiovascular side effects could be encapsulated. (e first
liposomal formulation encapsulating doxo, Doxil, was ap-
proved by FDA in 1995.(e encapsulation of doxorubicin in

stealth liposomes showed a significant decrease of the car-
diotoxicity and enhanced the efficacy of doxorubicin, due to
a higher accumulation in tumors, in drug-resistant tumors,
compared with free doxorubicin [12].

Doxo was also chosen because it can be easily encap-
sulated into liposomes by the well-known remote-loading
method [27]. (is technique allows the achievement of high
drug encapsulation efficiency by using a transmembrane pH
gradient. Moreover, doxo is a fluorescent molecule easily
assessable in cells. We preferred the use of indirect method
for a faster determination of doxorubicin and conjugated
peptide, due to the presence of the new lipid-peptide con-
jugate in the formulation. Indeed, the newly synthesized
PEGylated lipid conjugated with UT-II was considered a
source of bias due to the not well-known solubility in organic
solvents (cosolubilization of lipid mix with doxorubicin) and
to a difficult-to-predict interaction with surfactants such as
Triton X-100 (e.g., method described by A. Fritze et al.) [37].
(us, a rapid determination of the doxorubicin encapsu-
lation was achieved by an indirect method, as previously
reported by others [38]. Similarly, the dithiotreitol cleavage
should be validated for the newly-synthesized PEGylated
lipid conjugated with UT-II, while we used an indirect
determination by the HPLC method largely validated in
previous studies on the same peptide [10].(e encapsulation
of doxo into the liposomes did not affect their character-
istics. As expected, doxo encapsulation efficiency was very
high in both formulations. (e encapsulation of doxo did
not affect the ζ of liposomes, suggesting that negligible
amount of the drug was associated to the liposome surface
following purification. On the other hand, the conjugation of
UT-II to liposomes did not significantly affect the mean
diameter of the liposomes when compared to Lipo-doxo but
produced a PI increase and a significant zeta potential de-
crease. Despite this, liposomes with a mean diameter of
about 169 nm can still be considered suitable for intravenous
administration, especially when considering the PI of about
0.2. Moreover, after conjugation of UT-II with liposomes,
LipoUTcompared with the unconjugated liposomes showed
different ζ, due to the presence of peptide linked on the PEG
extremity. In fact, the percentage of UT-II, present on the
surface of liposomes, was about 61%.

In order to assess the ability of UT-II-conjugated lipo-
somes to efficiently deliver doxo in cancer cells that express
UTR, we evaluated the expression of the receptor in different
human prostate (DU145, PC3, and LNCaP) and colon
(WIDR and LoVo) cancer cell lines.

UTR protein was expressed in all the assessed cell lines;
the level of expression was higher in WIDR, PC3, and
LNCaP cells compared with LoVo and DU145. To in-
vestigate if the UT-II peptide conjugation to liposomes can
enhance uptake and improve intracellular distribution of the
formulations, FACS and confocal laser scanning microscopy
(CLSM) were performed on DU145 and PC3 cells treated
with fluorescent labeled liposomes. In particular, we found
that cell uptake of Bodipy-labeled liposomes in PC3 and
DU145 was higher for LipoUT than the not armed coun-
terparts but at major extent in PC3 cells that express higher
UTR levels.
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Many efforts have been made to increase selectivity and
the efficacy of the liposome delivery. (e strategy of active
targeting has been successfully used to specifically deliver
drugs to cancer cells. Moreover, it is possible to target re-
ceptors able to be internalized upon binding with the li-
gands, thus promoting the intracellular delivery of the drug
associated with the ligand, with consequent increase of the
cytotoxicity [14, 15]. UTR is expressed in several human
tissues, such as heart, brain, aorta, and kidney. It has been
reported [39] that UT-II dissociation from UTR is an ir-
reversible mechanism. In fact, when an excess of unlabeled
UT-II was added in human rhabdomyosarcoma cells, only
15% of [125I] UT-II was dissociated after 90min. In-
ternalization experiments performed with radioactive-la-
beled UT-II (125I-UT-II) showed that about 70% of
activated UTR receptors on the cell membrane of human
embryonic kidney 293 cells were internalized through en-
docytosis mechanisms within 30 minutes (half life [th]:
5.6± 0.2 minutes). (e internalization of UT-II/UTR
complex was dynamin-dependent and arrestin-in-
dependent. After UT-II dissociated from UTR, the receptor
quantitatively recycled back to the plasma membrane within
60 minutes (th 31.9± 2.6 minutes) [40]. (e low rate of
dissociation and the continuous externalization of UTR
determine the long-lasting UT-II-mediated effects. UTR, for
its specific internalization characteristics, is a suitable
molecule for targeting purposes because it is easily in-
ternalized, rapidly dissociates from the ligand, and is also
recycled on the cell membrane avoiding downregulation
effects due to the binding with its own ligand.

On these bases, the effects of free doxo, Lipo, LipoUT-
doxo, and Lipo-doxo were evaluated on the proliferation of
prostate (DU145, PC3, and LNCaP) and colon (WIDR and
LoVo) cancer cell lines. LipoUT-doxo was more active than
Lipo-doxo on the growth inhibition of cells that overex-
pressed UTR (LNCaP andWIDR), while in LoVo and DU145
cell lines, the activity was similar to or lower than that one of
Lipo-doxo, respectively. Although PC3 express high levels of
UTR, LipoUT-doxo resulted to be less cytotoxic than Lipo-
doxo based on the evaluation of IC50. (ese findings seem in
contrast with observation of confocal microscopy in which
higher liposome uptake was observed in UTR overexpressing
cells. However, it is worthy of note that the activation of UTR
by the agonist UT-II can induce cell proliferation as described
in our previous work [4]; in fact, we found that empty li-
posomes conjugated with UT-II (LipoUT) increased cell
proliferation, in particular, in PC3, LNCaP, and WIDR that
overexpress UTR. On these bases, we tested all the formu-
lations by using a very high concentration of doxo, to an-
tagonize the effect of UT-II on cell proliferation. Based upon
these considerations, the growth inhibitory effects obtained
with LipoUT-doxo was underestimated due to the counter-
acting proliferative effect caused by UT-II expressed on the
surface of the liposomes. (erefore, comparing the growth of
LipoUT containing doxo with empty LipoUT, the effects of
the former were much stronger than those induced by Lipo
containing doxo as compared to empty Lipo in PC3 cells.
Similarly, also on the other cell lines overexpressing UTR, the
difference in cell growth inhibition was markedly increased

considering the proliferative effects caused by empty LipoUT.
In these conditions, the effects of LipoUT containing doxo
were more potent also than those induced by free doxo in the
cells overexpressing UTR.

Different anticancer drugs have been incorporated in
nanocarriers to address several issues, such as the poor solu-
bility of drugs, the drug instability in biological fluids, and
serious side effects due to the drug accumulation into the
healthy tissues together with low concentration at the action
site [41]. More recently, nanomedicine has been proposed also
to overcome the multidrug resistance (MDR) of cancer cells to
chemotherapeutic agents that promote an overexpression or
suppression of certain molecular pathways with consequent
treatment failure [42–44]. Similarly, liposomes and, in general,
lipid nanovectors, modified with specific ligands, were used to
enhance drug delivery into tumors. In particular, the access of
drugs to the central nervous system (CNS) is hampered by the
blood-brain barrier (BBB) formed by brain endothelial cells
connected by tight junctions. However, in presence of brain
tumors, the increase of the intracranial pressure leads to partial
alternation of the BBB permeability. (us, colloidal particles
can access, in these conditions, the CNS. On the other hand,
modification of nanocarrier surface with specific endogenous
or exogenous ligands, e.g., transferrin, promoted enhanced
BBB crossing, also in case of unaltered endothelium [45, 46].
On these bases and according to the obtained data, targeting
tumor-related receptors could represent a successful drug
delivery strategy against tumors. Additional in vivo studies are
needed to better investigate the efficiency and specificity of
these new delivery systems, and we would have benefit of
transparent in vivo models, such as zebrafish embryos, to
evaluate fluorescent-labeled liposome biodistribution [47–51].

6. Conclusion

In conclusion, we have developed liposomes conjugated with
UT-II (LipoUT) for efficient targeting of cancer cells that
overexpress UTR and promoting drug delivery of an anti-
cancer agent, i.e., doxorubicin, into colon and prostate
cancer cells. We demonstrated that LipoUT-doxo was more
active than Lipo-doxo on the growth inhibition of cells that
overexpressed UTR (PC3, LNCaP, and WIDR). Moreover,
we found that cell uptake of Bodipy-labeled liposomes in
PC3 and DU145 was higher for LipoUT. Taken together, the
data obtained in this work suggest that the encapsulation of
doxo in UT-II-targeted liposomes potentiated its delivery in
UTR overexpressing cells and could represent a new tool for
the targeting of prostate and colon cancer.
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(pegyliertes) liposomales Doxorubicin,” Drugs, vol. 54, no. 4,
pp. 15–21, 1997.

[13] A. Gabizon, H. Shmeeda, and Y. Barenholz, “Pharmacoki-
netics of pegylated liposomal doxorubicin,” Clinical Phar-
macokinetics, vol. 42, no. 5, pp. 419–436, 2003.

[14] T. M. Allen, P. Sapra, and E. Moase, “Use of the post-insertion
method for the formation of ligand-coupled liposomes,”
Cellular &Molecular Biology Letters, vol. 7, no. 2, pp. 217–219,
2002.

[15] A. Wu, W. Cheng, Z. Li, J. Jiang, and E. Wang, “Electrostatic-
assembly metallized nanoparticles network by DNA tem-
plate,” Talanta, vol. 68, no. 3, pp. 693–699, 2006.

[16] S. Arpicco, C. Lerda, E. Dalla Pozza et al., “Hyaluronic acid-
coated liposomes for active targeting of gemcitabine,” Eu-
ropean Journal of Pharmaceutics and Biopharmaceutics,
vol. 85, no. 3, pp. 373–380, 2013.

[17] F. J. Martin and D. Papahadjopoulos, “Irreversible coupling of
immunoglobulin fragments to preformed vesicles. An im-
proved method for liposome targeting,” Journal of Biological
Chemistry, vol. 257, no. 1, pp. 286–288, 1982.

[18] T. Kobayashi, T. Ishida, Y. Okada, S. Ise, H. Harashima, and
H. Kiwada, “Effect of transferrin receptor-targeted liposomal
doxorubicin in P-glycoprotein-mediated drug resistant tumor
cells,” International Journal of Pharmaceutics, vol. 329, no. 1-
2, pp. 94–102, 2007.

[19] M. Yuan, Y. Qiu, L. Zhang, H. Gao, and Q. He, “Targeted
delivery of transferrin and TAT co-modified liposomes en-
capsulating both paclitaxel and doxorubicin for melanoma,”
Drug Delivery, vol. 23, no. 4, pp. 1171–1183, 2016.

[20] A. A. Lohade, R. R. Jain, K. Iyer et al., “A novel folate-targeted
nanoliposomal system of doxorubicin for cancer targeting,”
AAPS PharmSciTech, vol. 17, no. 6, pp. 1298–1311, 2016.

[21] A. Gabizon, H. Shmeeda, A. T. Horowitz, and S. Zalipsky,
“Tumor cell targeting of liposome-entrapped drugs with
phospholipid-anchored folic acid-PEG conjugates,”Advanced
Drug Delivery Reviews, vol. 56, no. 8, pp. 1177–1192, 2004.

[22] A. S. Manjappa, K. R. Chaudhari, M. P. Venkataraju et al.,
“Antibody derivatization and conjugation strategies: appli-
cation in preparation of stealth immunoliposome to target
chemotherapeutics to tumor,” Journal of Controlled Release,
vol. 150, no. 1, pp. 2–22, 2011.

[23] J. W. Park, D. B. Kirpotin, K. Hong et al., “Tumor targeting
using anti-her2 immunoliposomes,” Journal of Controlled
Release, vol. 74, no. 1-3, pp. 95–113, 2001.

[24] A. Carotenuto, L. Auriemma, F. Merlino et al., “Lead opti-
mization of P5U and urantide: discovery of novel potent li-
gands at the Urotensin-II receptor,” Journal of Medicinal
Chemistry, vol. 57, no. 14, pp. 5965–5974, 2014.

[25] S. Di Maro, R.-C. Pong, J.-T. Hsieh, and J.-M. Ahn, “Efficient
solid-phase synthesis of FK228 analogues as potent antitu-
moral agents,” Journal of Medicinal Chemistry, vol. 51, no. 21,
pp. 6639–6641, 2008.

[26] D. Brancaccio, F. Merlino, A. Limatola et al., “An in-
vestigation into the origin of the biased agonism associated
with the Urotensin II receptor activation,” Journal of Peptide
Science, vol. 21, no. 5, pp. 392–399, 2015.

[27] R. J. Lee, S. Wang, M. J. Turk, and P. S. Low, “(e effects of pH
and intraliposomal buffer strength on the rate of liposome
content release and intracellular drug delivery,” Bioscience
Reports, vol. 18, no. 2, pp. 69–78, 1998.

Journal of Oncology 13



[28] R. R. C. Stewart and J. D. Bewley, “Lipid peroxidation as-
sociated with accelerated aging of soybean axes,” Plant
Physiology, vol. 65, no. 2, pp. 245–248, 1980.

[29] D. B. Fenske and P. R. Cullis, “Liposomal nanomedicines,”
Expert Opinion on Drug Delivery, vol. 5, no. 1, pp. 25–44, 2008.

[30] L. Cattel, M. Ceruti, and F. Dosio, “From conventional to
stealth liposomes: a new Frontier in cancer chemotherapy,”
Journal of Chemotherapy, vol. 16, no. 4, pp. 94–97, 2004.

[31] D. Papahadjopoulos, T. M. Allen, A. Gabizon et al., “Sterically
stabilized liposomes: improvements in pharmacokinetics and
antitumor therapeutic efficacy,” Proceedings of the National
Academy of Sciences, vol. 88, no. 24, pp. 11460–11464, 1991.

[32] O. C. Farokhzad and R. Langer, “Impact of nanotechnology
on drug delivery,” ACS Nano, vol. 3, no. 1, pp. 16–20, 2009.

[33] H. Maeda, “(e enhanced permeability and retention (EPR)
effect in tumor vasculature: the key role of tumor-selective
macromolecular drug targeting,” Advances in Enzyme Reg-
ulation, vol. 41, no. 1, pp. 189–207, 2001.

[34] F. Merlino, S. Di Maro, A. Munaim Yousif, M. Caraglia, and
P. Grieco, “Urotensin-II ligands: an overview from peptide to
nonpeptide structures,” Journal of Amino Acids, vol. 2013,
Article ID 979016, 2013.

[35] M. Hodjat, H. Haller, I. Dumler, and Y. Kiyan, “Urokinase
receptor mediates doxorubicin-induced vascular smooth
muscle cell senescence via proteasomal degradation of TRF2,”
Journal of Vascular Research, vol. 50, no. 2, pp. 109–123, 2013.

[36] M. Iglewski and S. R. Grant, “Urotensin II-induced signaling
involved in proliferation of vascular smooth muscle cells,”
Vascular Health and RiskManagement, vol. 6, pp. 723–734, 2010.

[37] A. Fritze, F. Hens, A. Kimpfler, R. Schubert, and R. Peschka-
Süss, “Remote loading of doxorubicin into liposomes driven
by a transmembrane phosphate gradient,” Biochimica et
Biophysica Acta (BBA)-Biomembranes, vol. 1758, no. 10,
pp. 1633–1640, 2006.

[38] B. Sabeti, M. I. Noordin, S. Mohd, R. Hashim, A. Dahlan, and
H. A. Javar, “Development and characterization of liposomal
doxorubicin hydrochloride with palm oil,” BioMed Research
International, vol. 2014, p. 765426, 2014.

[39] V. Camarda, M. Spagnol, W. Song et al., “In vitroandin
vivopharmacological characterization of the novel UT re-
ceptor ligand [Pen5,DTrp7,Dab8]urotensin II(4-11) (UFP-
803),” British Journal of Pharmacology, vol. 147, no. 1,
pp. 92–100, 2006.

[40] G. Giebing, M. Tölle, J. Jur̈gensen et al., “Arrestin-in-
dependent internalization and recycling of the urotensin
receptor contribute to long-lasting urotensin II-mediated
vasoconstriction,” Circulation Research, vol. 97, no. 7,
pp. 707–715, 2005.

[41] M. Caraglia, M. Marra, G. Misso et al., “Tumour-specific
uptake of anti-cancer drugs: the future is here,” Current Drug
Metabolism, vol. 13, no. 1, pp. 4–21, 2012.

[42] N. R. Jabir, S. Tabrez, G. M. Ashraf, S. Shakil,
G. A. Damanhouri, andM. A. Kamal, “Nanotechnology-based
approaches in anticancer research,” International Journal of
Nanomedicine, vol. 7, pp. 4391–4408, 2012.

[43] J. Kopecka, S. Porto, S. Lusa et al., “Self-assembling nano-
particles encapsulating zoledronic acid revert multidrug re-
sistance in cancer cells,” Oncotarget, vol. 6, no. 31,
pp. 31461–31478, 2015.

[44] J. Kopecka, S. Porto, S. Lusa et al., “Zoledronic acid-encap-
sulating self-assembling nanoparticles and doxorubicin: a
combinatorial approach to overcome simultaneously che-
moresistance and immunoresistance in breast tumors,”
Oncotarget, vol. 7, no. 15, pp. 20753–20772, 2016.

[45] G. De Rosa, G. Salzano, M. Caraglia, and A. Abbruzzese,
“Nanotechnologies: a strategy to overcome blood-brain
barrier,” Current Drug Metabolism, vol. 13, no. 1, pp. 61–69,
2012.

[46] M. Caraglia, G. De Rosa, G. Salzano et al., “Nanotech revo-
lution for the anti-cancer drug delivery through blood- brain-
barrier,” Current Cancer Drug Targets, vol. 12, no. 3,
pp. 186–196, 2012.

[47] G. Gaudenzi and G. Vitale, “Transplantable zebrafish models
of neuroendocrine tumors,”Annales d’Endocrinologie, vol. 80,
no. 3, pp. 149–152, 2019.

[48] G. Vitale, G. Gaudenzi, L. Circelli et al., “Animal models of
medullary thyroid cancer: state of the art and view to the
future,” Endocrine-Related Cancer, vol. 24, no. 1, pp. R1–R12,
2017.

[49] R. Würth, F. Barbieri, A. Pattarozzi et al., “Phenotypical and
pharmacological characterization of stem-like cells in human
pituitary adenomas,” Molecular Neurobiology, vol. 54, no. 7,
pp. 4879–4895, 2017.

[50] G. Gaudenzi, M. Albertelli, A. Dicitore et al., “Patient-derived
xenograft in zebrafish embryos: a new platform for trans-
lational research in neuroendocrine tumors,” Endocrine,
vol. 57, no. 2, pp. 214–219, 2017.

[51] G. Vitale, G. Gaudenzi, A. Dicitore, F. Cotelli, D. Ferone, and
L. Persani, “Zebrafish as an innovative model for neuroen-
docrine tumors,” Endocrine-Related Cancer, vol. 21, no. 1,
pp. R67–R83, 2014.

14 Journal of Oncology



Stem Cells 
International

Hindawi
www.hindawi.com Volume 2018

Hindawi

www.hindawi.com Volume 2018

MEDIATORS

INFLAMMATION

of

Endocrinology
International Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Disease Markers

Hindawi
www.hindawi.com Volume 2018

BioMed 
Research International

Oncology
Journal of

Hindawi
www.hindawi.com Volume 2013

Hindawi
www.hindawi.com Volume 2018

Oxidative Medicine and 
Cellular Longevity

Hindawi
www.hindawi.com Volume 2018

PPAR Research

Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2013
Hindawi
www.hindawi.com

The Scientific 
World Journal

Volume 2018

Immunology Research
Hindawi
www.hindawi.com Volume 2018

Journal of

Obesity
Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

 Computational and  
Mathematical Methods 
in Medicine

Hindawi
www.hindawi.com Volume 2018

Behavioural 
Neurology

Ophthalmology
Journal of

Hindawi
www.hindawi.com Volume 2018

Diabetes Research
Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Research and Treatment
AIDS

Hindawi
www.hindawi.com Volume 2018

Gastroenterology 
Research and Practice

Hindawi
www.hindawi.com Volume 2018

Parkinson’s 
Disease

Evidence-Based 
Complementary and
Alternative Medicine

Volume 2018
Hindawi
www.hindawi.com

Submit your manuscripts at

www.hindawi.com

https://www.hindawi.com/journals/sci/
https://www.hindawi.com/journals/mi/
https://www.hindawi.com/journals/ije/
https://www.hindawi.com/journals/dm/
https://www.hindawi.com/journals/bmri/
https://www.hindawi.com/journals/jo/
https://www.hindawi.com/journals/omcl/
https://www.hindawi.com/journals/ppar/
https://www.hindawi.com/journals/tswj/
https://www.hindawi.com/journals/jir/
https://www.hindawi.com/journals/jobe/
https://www.hindawi.com/journals/cmmm/
https://www.hindawi.com/journals/bn/
https://www.hindawi.com/journals/joph/
https://www.hindawi.com/journals/jdr/
https://www.hindawi.com/journals/art/
https://www.hindawi.com/journals/grp/
https://www.hindawi.com/journals/pd/
https://www.hindawi.com/journals/ecam/
https://www.hindawi.com/
https://www.hindawi.com/

