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ARTICLE INFO ABSTRACT
Keywords: The use of nanoformulations in drug delivery has a significant impact to increase the drug therapeutic efficacy
C-end rule (CendR) peptide and improve their safety in anticancer treatments. Non-ionic surfactant vesicles (NSVs), or niosomes, are a class

Neuropilin-1 (NRP-1)
Non-ionic surfactant vesicles
Doxorubicin hydrochloride
Prostate cancer
Peptide-nanocarriers

of nanocarriers that are low-cost, physiochemical stable, and represent a promising alternative to liposomes.
Tumor-penetrating C-end Rule (CendR) peptides, that target neuropilin-1 (NRP-1), a cell surface receptor
commonly overexpressed on solid tumor cells, are widely used for precise delivery of diagnostic and therapeutic
nanoparticles to malignant lesions. In this study, we investigated the impact of NSV functionalization with
prototypic CendR peptide RPARPAR (abbr. RPAR) on NRP-1-dependent targeting of prostate cancer cells.
Doxorubicin (DOX)-loaded NSVs, with or without RPAR conjugation, were prepared, physicochemical charac-
terized, and finally tested for NRP-1 binding in human primary prostate carcinoma-1 and prostate carcinoma
epithelial cell lines (PPC-1 and 22Rv1, respectively) that are NRP-1 positive, and melanoma (M21) cells that are
NRP-1 negative. We demonstrated that the cellular uptake of RPAR-NSVs was NRP-1-dependent and the uptake
rate of RPAR-NSVs was ca. ten times higher than un-targeted NSVs in PPC-1 cells; while no significant differ-
ences, between targeted and un-targeted nanocarriers, were obtained in M21 cell line. These data were further
confirmed by using NRP-1 CendR-binding pocket-blocking (mAb7E8) antibody, which significantly inhibited the
internalization of RPAR-NSVs in PPC-1 cells from ca. 80%-3%. The resulting data obtained of cytotoxic studies
agreed the uptake results, thus showing a significant increase of cytotoxic effect for RPAR-NSVs@DOX in PPC-1
and 22Rv1 cells compared to NSVs@DOX. These results provide a proof of concept that the conjugation of CendR
peptides on the surface of NSVs can increase the specific targeting of nanoparticles in NRP-1 positive cells, thus
improving the therapeutic efficacy of resulting targeted nanocarriers for cancer treatment. Our results have
important implications for the development of more efficient and selective cancer therapies and support further
in vivo studies by using more complex targeting peptides, such as iRGD or other CendR peptides, that are also
targeting primary recruitment receptors (i.e. integrins) and are then proteolytically activated into CendR pep-
tides in the tumor microenvironment.
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N. d’Avanzo et al.
1. Introduction

Prostate cancer has claimed more than 375,000 lives worldwide in
2020, and despite the improved therapy efficacy, it remains the fifth
major cause of male death worldwide, with approximately 1.4 million
new cases reported annually [1,2]. Age, family history, genetic muta-
tions, and lifestyle factors such as obesity, smoking, and diet are the
primary risk factors associated with prostate cancer incidence, pro-
gression, and recurrence [3-5]. Radical prostatectomy is often the
first-line treatment for this disease and is typically combined with hor-
monal therapies due to the strong correlation between androgenic
hormones and prostate cancer relapse. However, sometimes prostate
cancer becomes resistant to these therapies, necessitating adjuvant
chemotherapy [6]. Unfortunately, conventional chemotherapies have
several drawbacks, including the emergence of drug resistance, mis-
matched pharmacokinetic profiles between individual chemotherapy
regimens, and dose-limiting toxicities in normal organs. These disad-
vantages reduce the efficacy of chemotherapies and lead to side effects
that compromise patients’ compliance [7]. The use of nanocarriers as
drug delivery systems (DDSs) has emerged as one possible solution to
improve the efficacy and selectivity of anticancer therapeutics and
reduce drug-induced resistance [8-11].

Numerous nanocarriers, such as liposomes, polymeric nanoparticles,
and protein-based nanoparticles, have been studied for their potential
applications in prostate cancer therapy [12-16]. Non-ionic surfactant
vesicles (NSVs), also known as niosomes, have emerged as a promising
alternative to liposomes. Whereas the bilayer structure and supramo-
lecular architecture of NSVs is similar to liposomes, NSVs have higher
physicochemical stability and lower manufacturing costs [17,18]. Like
liposomes, the surface of NSVs can be readily modified with bio-
molecules and targeting ligands, such as peptides, proteins, and anti-
bodies, to selectively target specific cells in the tumor
microenvironment. This targeted approach can improve the effective-
ness of drug payloads and minimize off-target effects [19,20].

Tumor-penetrating peptides (TPPs) are a specialized class of affinity-
targeting peptides that home to tumor lesions, extravasate, and pene-
trate deep into the tumor parenchyma [21]. Upon initial accumulation
in tumor blood vessels, TPPs activate an endocytic transport pathway
related to macropinocytosis through a three-step process. This process
involves binding to a primary tumor-specific endothelially-expressed
receptor, proteolytic cleavage, and binding to a second receptor, NRP-1,
which activates the transport pathway [22]. The prototypic
tumor-penetrating peptide iRGD (clinically developed as Cend-1 and
LSTA-1) is currently undergoing phase II clinical testing in pancreatic
cancer patients [23,24]. The tissue-penetrating ability of iRGD and other
tumor-penetrating peptides depends critically on the engagement of
proteolytically activated C-end Rule (CendR) peptidic motif with NRP-1
receptors overexpressed in tumors on the surface of malignant and
stromal cells [25]. All tumor-penetrating peptides share a crucial
element, the cryptic R/ZKXXR/K motif, which can only interact with the
C-terminal exposed cell and tissue penetration receptor NRP-1 upon
proteolytic activation [25]. The CendR receptor NRP-1 plays a crucial
role in angiogenesis, as well as in the regulation of vascular and
blood-brain barrier permeability and CendR peptide-displaying ligands
are involved in interactions of viral particles with NRP-1-expressing cells
[26]. NRP-1 is overexpressed in malignant and malignancy-associated
cells in solid tumors such as malignant melanomas, lung cancer, pros-
tate cancer and in leukemia [27,28]. The targeting of NRP-1 with the
prototypic CendR peptide RPAR represents a simple and robust system
that can be used to optimize the delivery of homing peptide-guided
nanoparticles [29].

In this study, we developed CendR-guided NSVs and established their
ability to specifically engage with NRP-1 positive prostate cancer cells in
vitro. We also showed that RPAR-NSVs loaded with the commonly used
anthracycline drug doxorubicin (DOX) exhibit NRP-1-dependent
toxicity towards cultured prostate carcinoma cells. These proof-of-
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concept studies support the feasibility of CendR-targeted NSV-based
delivery platform.

2. Materials and methods
2.1. Materials

Cholesterol (Chol) and Tween 20 (Tw20) were obtained from Acros
Organics (Acros Organics BVBA, Geel, Belgium), while 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-[maleimide (polyethylene glycol)-
2000] (ammonium salt) (DSPE-PEG2000-mal) was purchased from
Avanti Polar (Suffolk, UK). Doxorubicin hydrochloride was provided by
Carbosynth Ltd (Compton Berkshire, United Kingdom). FAM-Cys-Ahx-
RPARPAR-OH (FAM-Cys-RPAR, FAM = c arboxyfluorescein, Ahx =
aminohexanoic acid) and FAM-Cys-(Ahx)-RRAAPRP-OH (scrambled
peptide or scrRPAR), were purchased from TAG Copenhagen, Denmark.
Amicon Ultra 0.5 mL centrifugal filters with a nominal cut-off of 100
kDa were purchased from Millipore, Sigma, US. Paraformaldehyde
(PFA) and human plasma were obtained from Sigma-Aldrich, Germany.
Dulbecco’s Modified Eagle Medium (DMEM) and phosphate-buffered
saline (PBS) pH 7.4 were purchased from Lonza, Belgium. Trypan Blue
was purchased from Gibco (Thermo Fischer Scientific, USA). Bovine
serum albumin (BSA) and fetal bovine serum (FBS) were purchased from
Capricorn Scientific, Germany. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide reagent (MTT) was purchased from Sigma
Aldrich, Germany. PPC-1 human primary prostate cancer cells and M21
human melanoma cells were kindly provided by Erkki Ruoslahti labo-
ratory at Research Center Sanford Burnham Prebys Medical Discovery
Institute and by prof. David Cheresh at University of California San
Diego (USA), respectively. All other reagents and chemicals used during
the study were of analytical grade and were used without further
purification.

2.2. Methods

2.2.1. Synthesis of RPAR-NSVs

NSVs were synthesized by using thin layer evaporation method as
previously reported with some changes [30]. After hydration and
extrusion, RPAR or scrRPAR were conjugated to the surface of resulting
niosomes through the reaction between thiol group in the backbone of
peptide and maleimide residual on the nanovesicles surface [31]. When
required DOX was loaded into nanocarriers by remote loading proced-
ure [30]. Before further investigations, nanovesicles were purified in
order to remove no-entrapped DOX and unreacted peptides.

Details of the synthesis of RPAR-NSVs are reported in the Supple-
mentary data.

2.2.2. Physicochemical characterization of NSVs

The Average size, polydispersity index (PDI), and zeta-potential of
NSVs were measured with a Zetasizer Ultra (Malvern Instruments Ltd,
Malvern, UK). After dilution in Hepes buffer solution or water samples
were analyzed at 25 °C as previously reported [32]. The Nanoparticle
tracking analysis (NTA) was carried out using a ZetaView PMX 120 V4.1
instrument (Particle Metrix GmbH, Ammersee, Bavaria, Germany) as
previously reported [33] and compared to dynamic light scattering
(DLS) analysis. The average diameter and the shape of nanocarriers were
further studied by using the Transmission Electron Microscopy (TEM)
analysis, as previously described with some modification [34].

The amount of RPAR conjugated to NSVs was quantified by
measuring the fluorescence of 5-carboxyfluorescein (5-FAM) group
included in the peptide’s backbone structure [35].

The successful conjugation of RPAR peptide to DSPE-PEG2000-
maleimide was further studied by 'H NMR analysis [36].

The physical stability over time of RPAR-NSVs@DOX and
NSVs@DOX (control) were studied by using Turbiscan Lab analysis as
previously described [37] and by DLS analysis up to 4 weeks after
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Fig. 1. Physicochemical characterization of NSVs. Panel A depicts a schematic representation of the increased aqueous layer surrounding the surface of NSVs after
RPAR conjugation. Panel B shows the main physicochemical properties of the NSVs and RPAR-NSVs, including the average size, zeta potential (¢), and polydispersity
index (PDI), while features of DOX-loaded nanosystems are reported in the supplementary materials (Table S1). Panel C showed transmission electron microscopy
(TEM) photograms; scale bar (200 nm) is embedded in each photogram and was automatically acquired during analysis. The results presented are the average of
three independent experiments + standard deviation. Statistically significant differences are shown as: *p < 0.05 and **p < 0.01 (NSVs vs RPAR-NSVs).

suitable storage of nanocarriers at +4 °C.
Details of the physicochemical characterization of RPAR-NSVs are
reported in the Supplementary data.

2.2.3. Cell free binding studies

The cell-free binding study was carried out by coating Ni-NTA
magnetic agarose beads (Qiagen GmbH, Hilden, Germany) with
histidine-tagged recombinant b1b2 domain of NRP-1 or mutant NRP-1
blb2 (containing mutated CendR-binding pocket) as previously re-
ported [38].

Details of cell free binding studies are reported in the Supplementary
data.

2.2.4. DOX entrapment efficiency and kinetic release profiles
The amount of DOX entrapped inside NSVs and released from RPAR-
NSVs@DOX and NSVs@DOX was calculated according to Equations (1)

and (2), respectively.

Den
E.E.%:D x 100 (@]

tot

where, D, corresponds to the amount of encapsulated drug while Dy is
the total amount of drug added during the NSVs synthesis.

Drug released % — (dmg’el * d.f.) x 100 @
U, 00

where, drugy is the amount of drug released at a selected time point,
drugjeaq is the amount of drug loaded inside NSVs and d.f. is the dilution
factor used during the analysis.

Details are reported in the Supplementary data.
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Fig. 2. Physical stability analysis of NSVs@DOX and RPAR-NSVs@DOX. (A) Variation of backscattered (ABS%), (B) variation of transmitted (AT%) and (C) turbiscan
stability index (TSI) were obtained as a function of incubation time (0-60 min) and sample height. (D) Mean diameter evaluation by DLS analysis as a function of
storage time (0-28 days). All analysis has been performed at 25 °C and the resulting data is the average of three independent experiments.

2.2.5. Stability of NSVs in fetal bovine serum (FBS) and human plasma
The physical stability of RPAR-NSVs@DOX in FBS and human
plasma was evaluated as previously reported with some modifications
[301.
Details of the stability studies in FBS and Human plasma are reported
in the Supplementary data.

2.2.6. Uptake studies

The uptake studies of RPAR-NSVs in PPC-1 and M21 cells were
evaluated using fluorescence confocal microscopy and flow cytometry.
Before the uptake studies, the expression of NRP-1 in PPC-1 and M21
cells was evaluated by fluorescence confocal microscopy by staining the
cells with anti-NRP-1 antibody and DAPI. Cells stained with the only
secondary antibody was used as control.

Details are reported in the Supplementary data.

2.2.7. Cytotoxic studies

PPC-1, M21 and 22Rv1 cells were seeded in 96-well plate (5000
cells/well and 10,000 cells/well for PPC-1/M21 and 22Rvl, respec-
tively) and attached overnight. The cells were then treated with free
DOX, RPAR-NSVs@DOX and NSVs@DOX for 1 h at different drug con-
centrations (0.1, 0.5, 1, 5 and 10 pM), washed with PBS and fresh me-
dium was added. Treated cells were grown for an additional 24 h.

The cell viability percentage was calculated using the following
equation:

ST 100
Sc

3

Al
Cell viability (%) = AE

where the Absy is the absorbance of treated cells, while Abs, is the
absorbance of control cells (untreated).

Details of the cell viability percentages are reported in the Supple-
mentary data.

2.2.8. Statistical analysis
Significant differences between results were analyzed using one-way
analysis of variance (ANOVA) and then confirmed by Tukey’s multiple

comparison test. The analyses were carried out by using SigmaPlot v.12
and Excel (Office 2010, Microsoft, USA). The probabilities were set at
three different significance levels: *p < 0.05; **p < 0.01 and ***p <
0.001.

3. Results and discussion
3.1. Physicochemical characterization of NSVs

The physicochemical properties of colloidal nanocarriers play a
crucial role in their efficacy and features, requiring optimization during
the early development stages [39]. We used dynamic light scattering
(DLS) analysis to study the average size, size distribution (polydispersity
index or PDI), and zeta potential of the NSVs.

The average size of empty NSVs and RPAR-NSVs was 121 + 5 nm and
155 + 8 nm, respectively (Fig. 1). The larger size of RPAR-NSVs is likely
due to the surface conjugation of the RPAR peptide, which creates an
additional aqueous layer on the surface of NSVs [35]. The presence of
the RPAR peptide on the surface of NSVs also led to an increase in their
zeta potential, from —47.0 + 3.5 (NSVs) to —37.0 + 2 (RPAR-NSVs)
(Fig. 1). This increase in zeta potential is attributed to the presence of
arginine (R), resulting in an overall less negative surface charge.
Furthermore, both NSVs and RPAR-NSVs showed similar PDI values,
indicating a narrow size distribution of the nanocarriers [35].

These results provide the proof for the development of peptide and
NSV nanocarriers with suitable physicochemical properties to enable
effective delivery.

The average size of RPAR-NSVs@DOX (164 + 4 nm) was similar to
that of empty RPAR-NSVs (155 + 8 nm) with a slight but non-significant
increase of 9 nm, likely due to the presence of crystallized DOX in the
aqueous core [40] (Table S1). A similar trend was observed for
non-targeted DOX-loaded NSVs (NSVs@DOX) that showed a slight in-
crease of average size following the loading of DOX (121 + 5 nm for
NSVs, and 128 + 7 nm for NSVs@DOX). The zeta potentials of
RPAR-NSVs@DOX and NSVs@DOX were like those of RPAR-NSVs and
NSVs. The DOX loading did not change significantly the PDI (below 0.2)
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of RPAR-NSVs and NSVs nanocarriers, which remained stable and did
not aggregate during the drug loading (Table S1).

These results indicate that nanovesicles loaded with DOX, either with
or without RPAR functionalization, may be suitable for use in anticancer
therapy. The low PDI value indicated a narrow size distribution of NSVs,
which is necessary for uniform and reproducible release of payloads
over time [41]. Moreover, the net negative surface charge of NSVs
suggested their physical stability due to the electrostatic repulsion
among particles, which is crucial for their storage.

DLS data agreed TEM results. Indeed, the photograms collected from
TEM analysis showed that the nanoparticles have a spherical shape and
the conjugation of RPAR on the surface of NSVs increased the average
size of nanoparticles. This effect depends on the increase of hydrody-
namic diameter of the NSVs due to the presence of RPAR peptide on
their surface. Moreover, the average diameter of NSVs analyzed by using
TEM are in the range from 150 to 200 nm for the different tested samples
and these results are like those obtained after DLS analysis (Fig. 1). The
presence of darker spots in TEM images depended on the presence of
salts, in particular Cl, Na, S, accumulated in some areas of the samples
due to the buffer solution that has been used to hydrate the nano-
particles during the preparation procedure as reported in the relative
materials and methods section (2.2.1. Synthesis of RPAR-NSVs and DOX
encapsulation). All the analyzed nanocarriers had a round-like shape and
an homogeneous distribution.

The surface of NSVs was functionalized with RPAR peptide by
making a thioether bond between the thiol group of the cysteine in the
N-terminal sequence of RPAR peptide (Cys-RPAR) and the maleimide
group of DSPE-PEG2000-maleimide present on the external surface of
NSVs bilayer. The RPAR conjugation was evaluated by measuring the
fluorescence of the FAM-peptide using an external calibration curve. The
results showed a conjugation efficiency of ~83%. The RPAR conjugation
was selective and pH-dependent, which prevented potential in-
terferences and/or cross-reactions between the peptide and the mal-
eimide group of nanocarriers during synthesis, as previously reported
for the conjugation of targeting molecules to the surface of other
nanoparticles [42]. Qualitative evaluation of the conjugation of RPAR
with DSPE-PEG2000-maleimide was carried out using NMR. The 'H
NMR spectra showed that the characteristic maleimide peaks at 6.7 ppm
disappeared in the DSPE-PEG2000-mal-RPAR derivative (Fig. S1). This
result is consistent with previous studies and indicates the absence of
aromatic hydrogen groups in the lipid-peptide conjugate, confirming the
proper sulfhydryl-maleimide reaction and the synthesis of a stable thi-
oether bond [36].

The colloidal stability over time of resulting RPAR-NSVs@DOX was
studied by using Turbiscan analysis and DLS investigation. The resulting
data were further compared with NSVs@DOX (control) for each time
point. Fig. 2 panel A and B showed that there are not significant dif-
ferences between the RPAR-NSVs@DOX and NSVs@DOX; in fact, the
kinetic profiles of both nanocarriers are similar and overlapped for the
full scan of the analysis. RPAR-NSVs@DOX and NSVs@DOX had not any
variations of backscattered (ABS%) and transmitted (AT%) light above
+5%, thus demonstrating that nanocarriers are stable and any destabi-
lization phenomena, such as flocculation, sedimentation and/or
creaming, occurred during the analysis. Variations over the threshold of
+5% obtained at samples height below or over 2 and 10 mm, respec-
tively, are due to the presence of bubble air at the vial’s bottom and air-
liquid interfaces and are not related to destabilization processes [37].
This data was further confirmed by Turbiscan stability index (TSI) which
showed that the kinetic profiles were overlapped for both samples with a
similar trend obtained for other nanocarriers reported elsewhere (Fig. 2,
Panel C) [43]. The data obtained by DLS analysis agreed Turbiscan Lab
results and demonstrated that there was not significant modification of
RPAR-NSVs@DOX and NSVs@DOX average diameter up to 4 weeks of
storage at +4 °C. A slight and no significant increase (up to ~200 nm)
was obtained for RPAR-NSVs@DOX after 4 weeks. Indeed, this size in-
crease was always correlated to a proportional increase net of SD, thus
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Fig. 3. Cell-free binding assay. Fluorescence-based cell-free binding assay was
performed to evaluate the interaction between RPAR- or scrambled RPAR-
functionalized nanovesicles (NSVs) with NRP-1 or mutNRP-1-coated beads.
Following incubation, the released RPAR-NSVs or scrRPAR-NSVs were quanti-
fied using spectrofluorometer. The data represents the average of three inde-
pendent experiments with standard deviation error bars. Statistical analysis
showed significant differences between RPAR-NSVs and scrRPAR-NSVs incu-
bated with NRP-1 coated beads, as well as between RPAR-NSVs and scrRPAR-
NSVs incubated with mutNRP-1. *p < 0.05 and **p < 0.01 denote significant
differences.

making these variations no significant. For this trend, we can speculate
that the slight amount of DOX leaked by the lipid bilayer during the
storage of nanocarriers at + 4 °C, interact with the peptide conjugated
on the surface of RPAR-NSVs@DOX, thus resulting in an increased hy-
drophilicity of the surface with a consequent increase of water hydro-
dynamic layer surrounding the nanoparticle surface. However, the final
average diameter of ~200 nm is still suitable for a potential systemic
administration and does not affect the potential in vivo stability and
injection of nanocarriers [44].

3.2. Cell-free binding study

We next tested the ability of RPAR-functionalized NSVs to interact
with recombinant NRP-1 under cell-free conditions [38]. In control ex-
periments, the mutant NRP-1 blb2 domain with an inactive CendR
binding pocket (mutNRP-1) and scrRPAR-NSVs were used. After incu-
bation, RPAR-NSVs and scrRPAR-NSVs were released from the immo-
bilized NRP-1 (or mutNRP-1) and quantified using FAM fluorimetry.

Our findings indicated that RPAR-NSVs exhibited a significantly
higher binding to NRP-1 coated beads when compared to scrRPAR-NSVs
(Fig. 3). Conversely, we observed negligible fluorescent signals after
incubating RPAR-NSVs with mutNRP-1-coated beads. These results
suggest that RPAR on the surface of NSVs is biologically active and
capable of interacting with the CendR-binding pocket on the bl domain
of NRP-1 [45]. In addition, scrRPAR-NSVs displayed a modest binding
affinity to mutNRP-1 (Fig. 3), which is likely attributable to non-specific
interactions between scrRPAR-NSVs and mutNRP-1 under the tested
conditions. The interaction between RPAR and NRP-1 is primarily based
on a key-to-lock interaction between the peptidic ligand and the binding
pocket of the receptor. Prototypical NRP-1 ligands VEGFA165,
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Semaphorin-3A and synthetic CendR peptides, use their C-terminal
arginine residues to interact with the interloop cleft formed by the L3
loop (also termed “C-wall”) and the L5 loop in the bl domain of NRP-1
[45-47]. This interaction is highly dependent on the spatial orientation
of amino acids involved in the binding interaction, and in the case of
scrambled RPAR, the critical element for the activity of CendR peptides,
the C-terminal arginine, is absent.

3.3. Entrapment efficiency and in vitro kinetic release of DOX

The entrapment efficiency (E.E.%) of DOX within RPAR-NSVs was
40.5 + 2.6%, which falls within the range of previously reported values
for similar NSV formulations [30]. Similar loading was observed for
non-targeted NSVs@DOX, with a drug entrapment efficiency of 44.2 +
1.7% (Table S1).

The high E.E.% was attributed to the crystallization of DOX in the
aqueous core of NSVs. The crystallized drug was formed using the
remote loading and pH gradient method, which is similar to the DOX
encapsulation method used for the synthesis of Doxil®/Caelyx® lipo-
somes [48]. Ammonium sulfate in the aqueous core of NSVs creates a
transmembrane pH gradient, which allows the accumulation of DOX
inside NSVs followed by precipitation of DOX-sulfate complex [49,50].
The E.E.% of DOX loaded inside NSVs (~40%) was lower than that
achievable inside liposomes (>90%) [51,52]. This difference is
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attributed to the chemical structure and properties of the surfactants
that are used for the synthesis of NSVs compared to lipids that are used
for liposomes. In fact, surfactants in NSV bilayer have a single acyl chain
compared to phospholipids which have double acyl chains and are more
stable with a less permeable bilayer than NSVs. These results are
consistent with data we have previously reported for similar NSVs [30].

The release kinetics of DOX from RPAR-NSVs was evaluated in Hepes
buffer (pH 7.4). The release profile demonstrated a biphasic pattern,
with an initial burst release observed during the first 2 h of incubation
followed by a pseudo-steady state release with a cumulative release of
36 + 2.7% after 72 h of incubation (Fig. 4). This release profile is
consistent with previous reports for other nanocarriers that employ a
combination of pH gradient and remote loading methods for entrapping
DOX within the aqueous core [35]. The initial burst release may be
attributed to the drug desorption from the surface of the NSVs or the
leakage of DOX through the NSV bilayer, as previously reported [30].
DOX encapsulation in NSVs could potentially reduce its side effects,
particularly cardiotoxicity, in healthy tissues, and thus increase the
anticancer efficacy in tumor tissue after active targeting and passive
accumulation by the extravasation through the irregular and fenestrated
vasculature of tumor vessels [53]. Moreover, DOX release is not affected
by the presence of RPAR peptide on the surface of NSVs as showed by the
almost overlapped kinetic release profiles (Fig. 4).

3.4. Stability of NSVs in serum and human plasma

When nanocarriers come into contact with biological fluids, plasma
proteins can adsorb onto their surface, creating a protein corona that
alters the in vivo properties of nanoparticles, including biodistribution,
pharmacokinetics, and stability [54-58]. The composition of this corona
depends on the size, composition, and surface properties of the nano-
particles, which can be optimized to control the adsorption process. To
evaluate the physicochemical properties of RPAR-NSVs@DOX, we
incubated them with 10% (v/v) FBS and 50% (v/v) human plasma for
72 h, mimicking the in vitro and in vivo conditions of cell culture media
and biological fluids, respectively (Fig. 5). Incubation in Hepes buffer
was used as a negative control during the experiments. The incubation of
NSVs with FBS did not cause significant shifts in the size of NSVs for up
to 48 h of incubation, whereas the size doubled (415 + 12 nm) by 72 h of
incubation (Fig. 5). Probably, the huge increase of nanovesicle average
size after 72 h of incubation depended on static condition of the ex-
periments which, for long-incubation time, favored the formation of
protein clusters that can induce the aggregation of nanocarriers
[59-61]. Incubation of NSVs with human plasma led to a significant
time-dependent change in the size. At early time points, the size of NSVs
incubated with human plasma decreased (Fig. 5 B), while extending the
incubation time to 72 h resulted in doubling of particle size (Fig. 5). The
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Fig. 5. Stability of RPAR-NSV@DOX in buffer and serum. The stability of RPAR-NSV@DOX was assessed by measuring the modification of the average size in Hepes
buffer, fetal bovine serum (FBS) (10% v/v), and human plasma (50% v/v) over a 72-h period. The average size was measured using dynamic light scattering (DLS)
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Statistical analysis of the data is provided in Table S2 in the supplementary materials.
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Fig. 6. Confocal laser scanning microscopy (CLSM) analysis demonstrates NRP-1-dependent intracellular uptake of RPAR-NSVs. PPC-1 and M21 cells were incubated
with RPAR-NSVs or scrRPAR-NSVs for 1 h, at three different lipid concentrations (0.250, 0.500, and 1.000 mg/mL). The FAM fluorescence was detected through
Alexa Fluor 488 (green) channel, while the nuclei were stained with DAPI (blue). Representative images show the intracellular uptake of RPAR-NSVs by PPC-1 cells,
but not by NRP-1 negative M21 cells. Scale bar = 40 pm. The data shown are representative of three independent experiments. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

difference in the size of NSVs incubated in FBS and human plasma may
be attributed to differences in protein composition and abundance be-
tween the two media [62]. The observed results can be explained by two
stages that occur during the adsorption of the protein corona on the
surface of the nanocarriers. Firstly, abundant proteins quickly adsorb
onto the surface of the nanocarriers to form a soft corona composed of
weakly interacting proteins [63,64]. The soft corona creates an osmotic
pressure on the surface of the nanocarriers, leading to the shrinkage of
the particles, which can be detected after the detachment of
low-adsorbed proteins during the DLS analysis [65]. Secondly,
low-abundance proteins with higher binding affinity for the surface of
the nanocarriers replace the soft corona and form, a few hours after

interaction with serum/plasma components, the hard corona. These
proteins are strongly adsorbed on the surface of the nanocarriers and
cannot be easily detached [66].

After 2 h of incubation in human plasma, the average size of RPAR-
NSVs@DOX showed a slow but continuous increase for up to 8 h (~80
nm). On the other hand, the increase in average size nearly doubled (440
+ 23 nm) after 72 h of incubation (Fig. 5).

Interestingly, the presence of polyethylene oxide (PEO) in the Tw20
backbone structure, which has pharmaceutical properties similar to
those of polyethylene glycol (PEG) in PEGylated nanocarriers, main-
tained stable NSVs after interaction with biological components during
the early stages of incubation [58]. However, the replacement of soft
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Fig. 7. Cellular internalization of RPAR-NSVs. PPC-1 (A) and M21 (B) cells were incubated with RPAR-NSVs or scrRPAR-NSVs for 1 h, and the uptake was quantified
by flow cytometry. The results are shown as the percentage of fluorescent-positive cells as a function of nanovesicles concentration. At least 10,000 events were
recorded for each analysis. The data presented are the average of three independent experiments +standard deviation. The statistical significance of the differences
between RPAR-NSVs and scrRPAR-NSVs was determined using Anova test: *p < 0.05, **p < 0.01, and ***p < 0.001. FACS histogram shift are reported in the

supplementary materials (Fig. S3).

corona with hard corona many hours after interaction with human
plasma caused the detachment of part of PEO from the surface of NSVs,
similar to the case of PEG from PEGylated liposomes [40]. This
detachment modified the stability of nanocarriers, resulting in a signif-
icant increase in the average size. The static conditions of the study may
have further enhanced this effect.

3.5. Cellular uptake studies

The intracellular uptake of RPAR-NSVs was evaluated using two
different techniques, confocal laser scanning microscopy (CLSM) and
flow cytometry, in two different cell lines. PPC-1 cells overexpress the
NRP-1 receptor while M21 does not express this receptor, as showed by
fluorescence confocal microscopy analysis. Indeed, PPC-1 cells showed a
high fluorescent signal of NRP-1 protein (green) after the staining of
cells with green-dye anti-NRP-1 antibody, whereas M21 cells lack the
fluorescent signal showing the expression of NRP-1 (Fig. S2). The pur-
pose was to investigate the targeting-mediated intracellular uptake of
RPAR-NSVs via the NRP-1 receptor. scrRPAR-NSVs were used as a
negative control. The CLSM analysis was performed at three different
lipid concentrations (0.250, 0.500, and 1.000 mg/mL), with RPAR-NSVs
and scrRPAR-NSVs incubated with the cells for 1 h (Fig. 6). The intra-
cellular fluorescent signal increased as the concentration of RPAR-NSVs
increased, although no significant differences were observed when
comparing 0.500 and 1.000 mg/mL RPAR-NSV concentrations (Fig. 6),
suggesting potential saturation of NRP-1 receptors during the incuba-
tion. In contrast, no fluorescence signal was obtained when treating
PPC-1 cells with scrRPAR-NSVs, further demonstrating the essential role
of the CendR motif of RPAR peptide in efficiently targeting the NRP-1
receptor overexpressed in this cell line (Fig. 6). Similarly, no signifi-
cant uptake was observed in NRP-1-negative M21 cells treated with
either RPAR-NSVs or scrRPAR-NSVs (Fig. 6).

CLSM analysis was complemented by flow cytometry to quantita-
tively test the targeting capability of RPAR-NSVs (Fig. 7 and Fig. S3).
Due to its higher sensitivity, flow cytometry was conducted using a
lower NSV concentration than that used for CLSM. RPAR-NSVs were
robustly internalized in NRP-1-positive PPC-1 cells (Fig. 7A), consistent
with the CLSM analysis (Fig. 6). FAM-labelled RPAR-NSVs were found to
be taken up by nearly 100% of PPC-1 cells at tested concentrations
(0.125-0.500 mg/mL). In contrast, less than 10% of PPC-1 cells incu-
bated with scrRPAR-NSVs at lipid concentrations ranging between 0.125
and 0.250 mg/mL were fluorescent, and this increased to only ~40% at
a concentration of 0.500 mg/mL (Fig. 7A). These differences demon-
strate that the uptake of RPAR-NSVs in PPC-1 cells is receptor-specific.
On the other hand, M21 cells showed similar intracellular uptake of
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Fig. 8. NRP-1 CendR-binding pocket-dependent uptake of RPAR-NSVs by PPC-
1 cells. The internalization of RPAR-NSVs was assessed in PPC-1 cells pre-
incubated with either NRP-1 CendR-binding pocket-blocking (mAb7E8) or
non-blocking (mAb7E7) antibodies. Following 2 h of incubation with the an-
tibodies, the cells were exposed to RPAR-NSVs for an additional hour. The
uptake of nanocarriers was quantified by flow cytometry, with at least 10,000
events recorded for each measurement. The results, presented as the percentage
of FAM fluorescence-positive cells, demonstrate that the intracellular uptake of
RPAR-NSVs in PPC-1 cells was significantly reduced in the presence of blocking
mAb7E8 (0.01 and 0.02 mg/mL), compared to non-blocking mAb7E7 at the
same concentrations. The data represents the average of three independent
experiments +standard deviation. Statistical significance was set at ***p
< 0.001.

both RPAR-NSVs and scrRPAR-NSVs, expect for the highest lipid con-
centration (Fig. 7B).

To further investigate the NRP-1 mediated uptake of RPAR-NSVs,
PPC-1 cells were pre-incubated with NRP-1 b1l domain-binding mono-
clonal antibodies that are CendR binding pocket blocking (mAb7E8) or
non-blocking (mAB3E7) [67]. When the cells were pre-incubated with
CendR-blocking mAb7E8 at 0.01 and 0.02 mg/mlL, the intracellular
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Fig. 9. In vitro effects of NSVs on the viability of PPC-1, 22Rv1 and M21 cells. The upper panel illustrates the schematic representation of RPAR-NSV@DOX uptake
and intracellular DOX release, with NRP-1 receptor-mediated uptake observed only in PPC-1 cells. The cytotoxicity of RPAR-NSVs@DOX, NSVs@DOX, and free DOX
treatment (1 h) was tested at different concentrations of DOX (0.1, 0.5, 1, 5, and 10 pM). After incubation, cells were grown in fresh medium for an additional 24 h.
Untreated cells were used as negative controls and represented 100% cell viability. Empty nanocarriers (both functionalized and not) were tested showing the
absence of cytotoxic effect on tested cell lines (data not shown). The results represent the average of three independent experiments + standard deviation. Further
statistical analysis of the data is available in the supplementary materials (Table S3).

uptake of RPAR-NSVs in NRP-1 positive PPC-1 cells was less than 10%
(Fig. 8). In contrast, when the same concentrations of non-blocking
mAB3E7 antibody were used for pre-incubation, approximately 80%
of treated cells showed positive internalization of RPAR-NSVs (Fig. 8).
These results agree with CLSM (Fig. 6) and flow cytometry (Fig. 7) data
and demonstrate the selectivity of RPAR-NSVs towards NRP-1 and the
related uptake in cancer cells overexpressing the NRP-1 receptor on their
surface.

3.6. In vitro anticancer effect of NSVs

We next evaluated the effects of DOX-loaded RPAR-NSVs (RPAR-
NSVs@DOX), free DOX, and non-functionalized DOX-loaded NSVs
(NSVs@DOX) on the viability of PPC-1, M21 and 22Rv1 cells. The cells

were treated with DOX loaded-NSVs or free DOX at 0.1, 0.5, 1, 5, and 10
uM drug concentration and incubated for 1 h. Afterwards, cells were
washed with PBS and incubated for another 24 h before the evaluation
of cytotoxic effect of different formulations (Fig. 9). For free DOX, a
slight decrease in cell viability was observed in PPC-1 cells compared to
M21 cells but this difference was not statistically significant (Fig. 9).
NSVs@DOX had a similar effect on cell viability as free DOX in PPC-1
and M21 cells (Fig. 9). However, RPAR-NSVs@DOX significantly
decreased cell viability of PPC-1 cells in a dose-dependent manner, with
the cell viability <70% at 1 pM DOX and decreasing to ~55% at 5 pM
DOX (Fig. 9 and Table S3). The effect of RPAR-NSVs@DOX plateaued at
higher concentrations, suggesting saturation of the CendR binding sites
(Fig. 9). We also showed that non-targeted DOX-NSVs have a minimal
effect on 22Rvl, with a cell viability that consistently remains at
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approximately 90% for all the tested concentrations. Our results
demonstrate that at 10 pM concentration of DOX and RPAR-DOX-NSVs
are significantly (**) more potent than non-targeted DOX-NSVs in NRP-
1 positive 22Rv1 [68], which further supports the broader applicability
of specific peptide-mediated drug delivery. Conversely to PPC-1 cells, in
22Rv1 cell line free DOX showed a higher cytotoxic effect compared to
RPAR-DOX-NSVs and DOX-NSVs. This effect by using 2D in vitro models
may depend on the both the higher sensitivity for DOX of 22Rv1 cells
than PPC-1 cells, and the crystallized form of DOX inside the core of the
nanovesicles that may cause a slow release of drug after nanocarrier
intracellular uptake, thus leading to a depot-like system into the cells
that is suitable for sustained release of DOX and extended effect by using
in vivo models [48]. This effect can provide an improved efficacy of DOX
anticancer effect in vivo. In fact, the higher cytotoxic effect of free DOX in
vitro in monolayer cell culture models is not significantly predictable of
its anticancer activity by using in vivo models because the free drugs are
distributed in the bloodstream, quickly metabolized and eliminated by
clearance organs [69].

RPAR-NSVs@DOX can decrease the quick metabolism and clearance
of drug after in vivo injection, due to the crystallized DOX in their
aqueous core and their slow release, and thus promoting the massive
nanoparticle accumulation in the prostate cancer cells due to the over
expression of NRP-1 receptor.

In M21 cells, no significant differences in cell viability between
RPAR-NSVs@DOX, NSVs@DOX, and free DOX were observed at 0.1,
0.5, and 10 pM equivalent DOX concentrations. However, at 1 and 5 pM,
RPAR-NSVs@DOX showed lower cytotoxicity than NSVs@DOX and free
DOX. The higher cytotoxic effect of NSVs@DOX than RPAR-NSVs@DOX
in NRP-1 negative M21 cells can be attributed to the lower uptake of
RPAR-NSVs@DOX than NSVs@DOX, probably due to the high hydro-
philic properties of the surface in RPAR-NSVs compared to NSVs,
causing non-specific binding.

4. Conclusions

RPAR-NSVs have suitable physicochemical properties for in vitro
application and provide a proof of concept for the potential in vivo use of
CendR peptides-conjugated to niosomes to have a selective targeting in
prostate cancer. RPAR-NSVs are stable in artificial biological fluids
mimicking the bloodstream. They specifically target NRP-1 receptors
overexpressed in solid tumors, and their interaction with the neutrophil
in receptors depends on the conjugated RPAR peptide. The conjugation
of RPAR peptide on the surface of NSVs significantly improved the up-
take rate in PPC-1 cells (RPAR-NSVs were taken up ca.10 times than
NSVs), while no-significant differences were obtained in M21 cells. The
NRP-1 mediated uptake process of RPAR-NSVs was further confirmed by
using NRP-1 CendR-binding pocket-blocking (mAb7E8) antibody that
blocked the internalization rate of RPAR-NSVs in PCC-1 NRP-1 positive
cells from ~80% to 3%. DOX are loaded into RPAR-NSVs by using pH
gradient and remote loading procedures, and the release of the drug
from NSVs is biphasic. RPAR-NSVs@DOX decrease the cell viability of
PCC-1 and 22Rv-1 cells in a dose- and time-dependent manner, while
M21 cells, that does not over-express the NRP-1 receptors, show no
significant differences for cell viability between RPAR-NSVs@DOX,
NSVs@DOX. Our results highlight the potential use of CendR peptide-
guided NSVs for the selective treatment of prostate cancer as well as
other solid tumors over-expressing NRP-1 receptor. In particular, the
proof of concept provided in this study by prototypic CendR peptide
RPARPAR-functionalized NSVs lay the foundations for further in vivo
studies by using more complex targeting peptides, such as iRGD or other
CendR peptides, that also target the primary recruitment receptors (e.g.
integrins) and are then proteolytically activated into CendR peptides in
the tumor microenvironment.
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