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Abstract: Pancreatic ductal adenocarcinoma (PDAC) is the most common type of pancreatic cancer,
and is among the most aggressive and still incurable cancers. Innovative and successful therapeutic
strategies are extremely needed. Peptides represent a versatile and promising tool to achieve tumor
targeting, thanks to their ability to recognize specific target proteins (over)expressed on the surface
of cancer cells. A7R is one such peptide, binding neuropilin-1 (NRP-1) and VEGFR2. Since PDAC
expresses these receptors, the aim of this study was to test if A7R-drug conjugates could represent
a PDAC-targeting strategy. PAPTP, a promising mitochondria-targeted anticancer compound, was
selected as the cargo for this proof-of-concept study. Derivatives were designed as prodrugs, using a
bioreversible linker to connect PAPTP to the peptide. Both the retro-inverso (DA7R) and the head-to-
tail cyclic (cA7R) protease-resistant analogs of A7R were tested, and a tetraethylene glycol chain was
introduced to improve solubility. Uptake of a fluorescent DA7R conjugate, as well as of the PAPTP-
DA7R derivative into PDAC cell lines was found to be related to the expression levels of NRP-1 and
VEGFR2. Conjugation of DA7R to therapeutically active compounds or nanovehicles might allow
PDAC-targeted drug delivery, improving the efficacy of the therapy and reducing off-target effects.

Keywords: pancreatic ductal adenocarcinoma (PDAC); A7R peptide; neuropilin-1 (NRP-1); vascular
endothelial growth factor receptor-2 (VEGFR2); PAPTP

1. Introduction

Pancreatic cancer is one of the most common and fearsome malignant tumors of the
digestive system. Worldwide, nearly half a million people were diagnosed with pancreatic
cancer in 2020, accounting for about 3% of all cancers (https://www.cancer.net/cancer-
types/pancreatic-cancer/statistics, accessed on 3 April 2023). Despite intensive research,
it is still among the malignancies with the most unfavorable prognosis [1,2]. The general
5-year survival rate in the US is about 11%. The corresponding figure for nonmetastatic
invasive breast cancer, for example, is 90% (https://www.cancer.net/cancer-types/breast-
cancer/statistics, accessed on 3 April 2023). Pancreatic ductal adenocarcinoma (PDAC) [3,4]
is the most common and lethal type of pancreatic cancer, accounting for about 90% of
total cases.

The challenges posed by PDAC derive from multiple factors, including lack of symp-
toms and consequent late diagnosis, early metastasis, difficulties in surgical resection and,
notably, resistance to pharmacological treatments [5]. The tumors generally present con-
current mutations in multiple, poorly druggable driver genes, the “signature” ones being
KRAS, P53, CDKN2A, and SMAD4 [6,7]. The presence of a complex, immunosuppressive
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stroma, which may account for up to 80% of the tumor mass, plays a major role in cancer
progression and constitutes a unique and tight barrier impeding drug delivery to tumor
cells [8–10].

Many approaches are under investigation with the aim of improving PDAC therapy
(rev: [3,11]). Using peptides is one of the possible delivery strategies to achieve tumor
targeting. Peptides are extremely versatile thanks to the numerous possible combinations
of natural (and also unnatural) amino acids in the sequence, and can be selected by phage
display methods for their ability to recognize a desired target, such as surface proteins
(over)expressed by cancer cells [12–14]. One may thus advantageously interfere with
cellular signaling. Furthermore, conjugation of a suitable peptide to therapeutically active
compounds or to nanovehicles may allow tumor-specific delivery of the “cargo”, improving
the efficacy of the therapy and reducing off-target side effects. Receptors present in the
tumor vasculature and/or overexpressed by tumor cells thus constitute an interesting
target to deliver drugs/nanovehicles specifically to the tumor.

Surveying the literature, we noticed the promising studies with peptide ATWLPPR, named
“A7R” [15,16]. Since the peptide undergoes rather rapid proteolytic degradation [17,18], more
stable retro-inverso (DA7R) and cyclic (cA7R) variants have been produced and successfully
tested [19,20]. The use of D-amino acids, or cyclization, confers resistance to proteolysis,
extending the lifetime of the peptide, an important feature in drug delivery [21,22].

A7R peptide binds to both neuropilin-1 (NRP-1) and vascular endothelial growth
factor receptor-2 (VEGFR2/KDR), disrupting their receptor/coreceptor interaction, and
impacting, therefore, on angiogenesis and tumor growth [23–25]. Molecular docking stud-
ies of A7R with the crystal structure of VEGFR2 suggested that the peptide deeply inserts
between the two domains of VEGFR2; interactions mainly involve the Trp residue, but
also Leu and Pro, while Arg locates at the outer edge of the binding pocket. Binding of
A7R to NRP-1, on the other hand, mainly involves interactions of Arg with the b1 domain
of NRP-1 [16,19]. The C-terminal sequence LPPR, and Arg particularly, are crucial for
the inhibitory effect of A7R on VEGF165 binding to NRP-1 [26]. Protease-resistant A7R
variants (DA7R, cA7R) were demonstrated to retain affinity for both VEGFR2 and NRP-1,
as measured by surface plasmon resonance, and simulated by molecular docking stud-
ies [19,20]. These results seem to indicate that the presence of a free Arg side chain (despite
the use of a retro-inverso sequence or the cyclization involving the C-terminal) is sufficient
to preserve peptide affinity to NRP-1. NRP-1 engagement prompts the activation of a
macropinocytosis-like, GIPC1/synectin-dependent process, with the consequent internal-
ization of the receptor complex and extracellular fluid [27,28]. A7R variants and constructs
comprising them have been used for therapeutic, imaging, and drug/nanovehicle delivery
purposes (revs: [16,29]), mostly with models of glioma, possibly because neuropilin was
originally identified as a regulator of neurogenesis. To the best of our knowledge, they
have never been investigated as a strategy to target PDAC. On the other hand, NRP-1 and
VEGFR2 are variably expressed by PDAC vessels and cells [30–36]. Indeed, neuropilins
have been advocated as “ideal therapeutic targets against PDAC” [37].

On these bases, we undertook this study to prove in principle that A7R can be used to
deliver drugs to PDAC cells.

Among the various cargoes that could be tested for delivery to the cells, we opted for
PAPTP, one of the promising mitochondria-targeting compounds our group is currently
researching. Mitochondria are emerging as a crucial target for cancer therapy [38–41]. A
family of mitochondria-targeted chemotherapeutics has been developed starting from the
psoralenic compound PAP-1, a well-known and specific inhibitor of the Kv1.3 voltage-gated
potassium channel [42]. Thanks to the conjugation with a lipophilic cation (triphenyphos-
phonium), which addresses the molecule to the mitochondrial matrix [43], the resulting
derivatives (PAPTP and PCARBTP) bind to and inhibit the Kv1.3 channel residing in the
inner mitochondrial membrane, causing oxidative stress and selectively killing cancer cells
while sparing normal ones [44]. Mitochondrial targeting is essential in determining the
anticancer effectiveness of the compounds, since PAP-1 is much less effective.



Pharmaceutics 2023, 15, 1508 3 of 17

What makes PAPTP particularly interesting is its effectiveness in killing a variety of
cancer cells, including those deriving from glioma [45] and PDAC [46], i.e., tumors still
lacking effective therapeutic options. Since these drugs act at the level of mitochondria,
their action is independent of the status of upstream oncoproteins, such as Bcl-2 or p53 [44].

In this work, we synthesized different variants of the PAPTP-A7R conjugate. PAPTP
was modified with the addition of a short linker to one of the phenyl rings of the triph-
enylphosphonium group (PAPTPL), to allow conjugation with the peptide in a position
not interfering with binding to and inhibition of Kv1.3, and at the same time to ensure
the suitable stability of the resulting derivative [47]. PAPTPL was connected to DA7R or
cA7R via a bioreversible linker, allowing release of the active principle according to the
“prodrug” concept (Figure 1). The different conjugates were preliminarily characterized
for their stability in blood and for their hemolytic activity. Cell uptake of a fluorescent
FITC-DA7R conjugate, as well as of a PAPTP-DA7R conjugate (PAPTPL-I-DA7R), was
finally evaluated in PDAC cell lines.
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2. Materials and Methods
2.1. Chemistry
2.1.1. Materials and Instruments

Fmoc-protected amino acids, preloaded 2-Cl-Trytil resin, and coupling reagents (HBTU
and HOBt) were purchased from Iris Biotech (Marktredwitz, Germany). Other reagents
and solvents were purchased from Sigma Aldrich (Milan, Italy), and were used as received.

Flash chromatography was performed on silica gel (Macherey-Nagel 60, 230–400 mesh
granulometry (0.063–0.040 mm), Fisher Scientific Italia, Segrate (MI), Italy) under air pressure.

Preparative HPLC was performed using a Shimadzu LC-8 system (Shimazdu, Kyoto,
Japan) with a C18 column (Vydac 218TP1022, 10 µm, 250 × 22 mm). The column was
perfused at a flow rate of 12 mL/min with a mobile phase consisting of eluent A (0.05%
TFA in water) and B (0.05% TFA in 9:1 v/v acetonitrile:water); eluent B was increased over
time following a linear gradient.

Analytical HPLC analyses were performed on a Shimadzu LC-10 instrument fitted
with a Jupiter C18 column (10µm, 250 × 4.6 mm Phenomenex, Torrance, CA, USA) using
the above eluent system (eluents A and B), flow rate of 1 mL/min, detection at 216 nm.

1H and 13C nuclear magnetic resonance (NMR) spectra were recorded with a Bruker
500 Avance III operating at 500 MHz (for 1H NMR) and 126 MHz (for 13C NMR). Chemical
shifts (δ) are given in parts per million (ppm) relative to the signal of the solvent. The
following abbreviations are used to indicate multiplicities: d, doublet; t, triplet; m, multiplet.

Electrospray ionization-mass spectrometry (ESI-MS) analysis was carried out with a
Mariner mass spectrometer (PerSeptive Biosystem, Framingham, MA, USA) or a 1100 Series
Agilent Technologies system (Agilent Technologies, Milan, Italy). The ESI source operated
in full-scan positive ion mode, applying the following ESI parameters: nebulizer pressure
20 psi, dry gas flow 5 L/min, dry gas temperature 325 ◦C. The flow rate was 0.05 mL/min.

Microwave-assisted syntheses were performed in a CEM Discover® monomode reactor
(CEM Srl, Cologno Al Serio (BG), Italy) with the temperature monitored by a built-in
infrared sensor.

2.1.2. Peptide Synthesis

Peptides were synthesized by manual solid phase using Fmoc chemistry in 0.06 mmole
scale using a preloaded (L-Arg or D-Ala) 2-Cl-Trt-resin. HBTU/HOBt activation employed a
three-fold molar excess (0.24 mmol) of Fmoc-amino acids in DMF (N,N-Dimethylformamide)
for each coupling cycle, unless otherwise stated. Coupling time was 40 min. Fmoc depro-
tection was performed with 20% piperidine. Coupling yields were monitored on aliquots
of peptide-resin by evaluation of Fmoc displacement. The cleavage of peptide from the
resin was performed by treatment with 1% TFA in DCM (Dichloromethane) (4 × 5 mL)
followed by neutralization with pyridine, to preserve the side chain protecting groups.
Deprotection of peptides was achieved by treatment with a TFA-triisopropylsilane-H2O
(96:3:1 v/v) mixture for 45 min at room temperature. Pra-A7R peptide was cyclized in
dilute DMF solution (1 mM) by the addition of 2 eq. of PyBOP in the presence of HOBt
(2 eq.) and DIPEA (4 eq.). Peptides were purified by preparative reversed-phase HPLC.
The fractions containing the desired products were collected and lyophilized to constant
weight. All peptides showed less than 1% impurities. Molecular weights of compounds
were determined by ESI-MS on a Mariner mass spectrometer. The mass was assigned using
a mixture of neurotensin, angiotensin, and bradykinin at a concentration of 1 pmol/µL as
external standard.

2.1.3. Synthesis of FITC-DA7R

FITC-DA7R was synthesized starting from the H-DA7R-2Cl-Trt resin by reaction with
fluorescein-5-isothiocyanate (FITC) (2 eq.) in the presence of DIPEA (4 eq.) in DMF for
45 min. Removal of protecting groups and cleavage of the peptide from the resin by treat-
ment with TFA-triisopropylsilane-H2O mixture yielded the final desired peptide, which
was purified and characterized as reported above (see also Supplementary Figure S1).
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2.1.4. Synthesis of PAPTPL-I-DA7R

PAPTPL-I was synthesized as described in [47]. PAPTPL-I (30.0 mg, 27.9 µmol, 1 eq.),
HATU (10.6 mg, 27.9 µmol, 1 eq.), and HOAt (3.8 mg, 28 µmol, 1 eq.) were dissolved in
DMF (1.0 mL). After the addition of DIPEA (9.7 µL, 56 µmol, 2 eq.), the mixture was stirred
for 1 h at room temperature and then transferred onto 65 mg of H2N-DA7R-2-Cl-Trytil
resin (1 eq.). DMF (1.0 mL) was added, and the suspension was stirred at room temperature
overnight. The resin was successively washed with DMF, DCM, and dried under reduced
pressure. PAPTPL-I-DA7R was side chain deprotected and detached from the resin by
treatment with TFA-H2O-TIPS 95:2:3 v/v, for 3 h. At the end of the treatment, most of the
TFA was stripped off with N2 and the peptide derivative was precipitated by addition of
Et2O. The solid was collected by centrifugation and removal of the supernatant. The crude
product was purified by preparative HPLC (linear gradient of eluent B from 55 to 80% in
35 min) to yield PAPTPL-I-DA7R (7.2 mg, 3.7 µmol, 13% yield) as a white powder. ESI-MS
(m/z): 891.9 (calculated 891.4) [M + H]2+.

2.1.5. Synthesis of PAPTPL-Teg-DA7R and PAPTPL-Teg-cA7R
PAPTPL-Teg-N3 Synthesis

Synthesis of 4-nitrophenyl (14-azido-3,6,9,12-tetraoxatetradecyl)carbamate (1)
The compounds 14-azido-3,6,9,12-tetraoxatetradecan-1-amine (500 mg, 1.91 mmol,

1 eq.), 4-dimethylaminopyridine (DMAP) (466 mg, 3.81 mmol, 2 eq.), and bis(4-nitrop-
henyl)carbonate (640 mg, 2.10 mmol, 1.1 eq.) were dissolved in CH3CN (7.5 mL). The
mixture was stirred for 3 h at 50 ◦C, then the solvent was removed under reduced pressure.
The concentrated mixture was dissolved in DCM (50 mL) and washed with 0.5 M HCl
(50 mL). The aqueous phase was extracted with DCM (3 × 50 mL) and the total organic
phase was dried over sodium sulfate. The solvent was removed under reduced pressure
and the crude product was purified by flash chromatography (DCM:acetone, 9:1 as eluent)
to afford 1 (484 mg, 1.13 mmol, 59% yield) as a transparent oil (Scheme 1). 1H NMR
(500 MHz, CDCl3) δ 8.25–8.18 (m, 2H), 7.33–7.27 (m, 2H), 6.12–6.00 (m, 1H), 3.69–3.60 (m,
16H), 3.48–3.43 (m, 2H), 3.38–3.33 (m, 2H). 13C NMR (126 MHz, CDCl3) δ 156.17, 153.39,
144.76, 125.16, 122.09, 70.76, 70.71, 70.64, 70.62, 70.38, 70.09, 69.71, 50.71, 41.25. ESI-MS (m/z):
428.1 (calculated 428.2) [M + H]+, 445.2 (calculated 445.2) [M + NH4]+, 450.1 (calculated
450.2) [M + Na]+.
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DMAP, CH3CN, 50 ◦C for 3 h, 59% yield; (ii) intermediate 1, DMAP, CH3CN, 50 ◦C for 95 h, 93% yield.

Synthesis of (4-(3-(4-(((14-azido-3,6,9,12-tetraoxatetradecyl)carbamoyl)oxy)phenyl)propoxy)phenyl)(3-
(4-(4-((7-oxo-7H-furo [3,2-g]chromen-4-yl)oxy)butoxy)phenyl)propyl)diphenylphosphonium 2,2,2-
trifluoroacetate (PAPTPL-Teg-N3)
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PAPTPL was synthesized as described in [47]. PAPTPL (321 mg, 350 µmol, 1 eq.),
intermediate 1 (299 mg, 700 µmol, 2 eq.) and DMAP (85.5 mg, 700 µmol, 2 eq.) were
dissolved in CH3CN (3.0 mL). The mixture was stirred for 95 h at 50 ◦C, then the solvent
was removed under reduced pressure. The concentrated mixture was dissolved in DCM
(50 mL) and washed with 0.5 M HCl (50 mL). The aqueous phase was extracted with DCM
(2 × 50 mL) and the total organic phase was dried over sodium sulfate. The solvent was
removed under reduced pressure and the crude product was purified by flash chromatogra-
phy (eluents: DCM:acetone, 9:1 v/v to remove impurities, then DCM:MeOH, 8:2 v/v to get
the desired product) to yield PAPTPL-Teg-N3 (392 mg, 326 µmol, 93% yield) as a slightly
yellow viscous oil (Scheme 1). 1H NMR (500 MHz, CDCl3) δ 8.12 (d, J = 9.8 Hz, 1H), 7.76 (t,
J = 7.2 Hz, 2H), 7.67–7.54 (m, 9H), 7.53–7.46 (m, 2H), 7.15 (d, J = 8.3 Hz, 2H), 7.12–7.06 (m,
3H), 7.06–6.99 (m, 4H), 6.95 (d, J = 1.6 Hz, 1H), 6.79 (d, J = 8.3 Hz, 2H), 6.18 (d, J = 9.8 Hz,
1H), 5.88 (t, J = 5.4 Hz, 1H), 4.52 (t, J = 5.9 Hz, 2H), 4.07–3.98 (m, 4H), 3.70–3.57 (m, 16H),
3.47–3.39 (m, 2H), 3.35 (t, J = 4.9 Hz, 2H), 3.27–3.16 (m, 2H), 2.82–2.72 (m, 4H), 2.15–1.95
(m, 6H), 1.94–1.82 (m, 2H). 13C NMR (126 MHz, CDCl3) δ 164.49 (d, JC-P = 3.0 Hz), 161.34,
158.36, 157.63, 155.05, 152.73, 149.53, 149.04, 145.00, 139.50, 137.88, 135.53 (d, JC-P = 11.5 Hz),
135.10 (d, JC-P = 2.8 Hz), 133.32 (d, JC-P = 9.9 Hz), 131.86, 130.51 (d, JC-P = 12.5 Hz), 129.84,
129.29, 121.74, 118.80 (d, JC-P = 86.6 Hz), 116.84 (d, JC-P = 13.7 Hz), 114.72, 113.30, 112.47,
106.99 (d, JC-P = 93.7 Hz), 106.72, 105.27, 93.82, 72.63, 70.75, 70.71, 70.67, 70.64, 70.62, 70.37,
70.06, 69.93, 67.68, 67.42, 50.73, 41.12, 34.99 (d, JC-P = 16.6 Hz), 31.37, 30.42, 27.00, 26.00,
24.56 (d, JC-P = 3.7 Hz), 21.67 (d, JC-P = 52.7 Hz). ESI-MS (m/z): 1091.6 (calculated 1091.5)
[M]+, 557.2 (calculated 557.2) [M + Na]2+, 565.2 (calculated 565.2) [M + K]2+.

Synthesis of PAPTPL-Teg-DA7R

PAPTPL-Teg-N3 (23.6 mg, 19.6 µmol, 1 eq.) and DA7R-alkyne (18.3 mg, 19.6 µmol,
1 eq.) were dissolved in tert-butanol:H2O:THF 1:1:1 v/v (450 µL). A mixture of 1.0 M
sodium ascorbate in water (19.6 µL, 19.6 µmol, 1 eq.) and 1.0 M CuSO4 in water (19.6 µL,
19.6 µmol, 1 eq.) was added. The mixture was stirred for 20 h at room temperature in a
sealed vial. The crude product was purified by preparative HPLC (%B: from 60 to 73 in
18 min) to yield PAPTPL-Teg-DA7R (31.9 mg, 14.9 µmol, 76% yield) as a white powder.
ESI-MS (m/z): 1013.5 (calculated 1013.0) [M + H]2+, 676.0 (calculated 675.7) [M + 2H]3+.

Synthesis of PAPTPL-Teg-cA7R

PAPTPL-Teg-N3 (21.4 mg, 17.8 µmol, 1.3 eq.) and cA7R-alkyne (12.3 mg, 13.4 µmol,
1 eq.) were dissolved in tert-butanol (300 µL). A mixture of 1.0 M sodium ascorbate in
water (12.0 µL, 12.0 µmol, 0.9 eq.) and 1.0 M CuSO4 in water (12.0 µL, 12.0 µmol, 0.9 eq.)
was added. The mixture was stirred in a microwave reactor (80 ◦C, 100 W) for 3 min. The
crude product was purified by preparative HPLC (%B: from 55 to 80 in 25 min) to yield
PAPTPL-Teg-cA7R (13.5 mg, 6.36 µmol, 47% yield) as a white powder. ESI-MS (m/z): 1004.9
(calculated 1004.5) [M + H]2+, 670.3 (calculated 670.0) [M + 2H]3+.

2.2. Cell Cultures

Pancreatic cancer cell lines (HPAFII, Aspc1, HS766T, PANC1, and BxPc3) were from
ATCC (Manassas, VA, USA); Pan02 cells were from the National Cancer Institute (Frederick
Cancer Research and Development Center, Frederick, MD, USA). Cells were maintained
in Dulbecco’s Modified Eagle Medium (DMEM, Aurogene, Roma, Italy) (Pan02, HPAFII,
Aspc1, HS766T, PANC1) or in RPMI medium (BxPC3) supplemented with 10% (v/v) fetal
bovine serum (FBS), 100 U/mL penicillin G, 0.1 mg/mL streptomycin, and 5% glutamine.
Cells were grown at 37 ◦C in a humified atmosphere supplemented with 5% CO2.

2.3. Protein Extraction

Cells were washed with cold PBS, detached with trypsin, and centrifuged at 2000× g
for 5 min. The resulting pellet was then resuspended in 0.2 mL RIPA lysis buffer containing
protease and phosphatase inhibitors (Merck Life Science S.r.l., Milano, Italy). Each sample
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was incubated for 30 min on ice and then physically disaggregated with three freeze-and-
thaw cycles using liquid nitrogen. The lysates were then centrifuged at 20,000× g for
15 min at 4 ◦C, and finally transferred to a new tube. Quantification of the total protein
content in each lysate was performed using the BCA assay kit (Thermo Fisher Scientific,
Waltham, MA, USA).

2.4. Western Blot

Proteins (30 µg for each sample) were separated by SDS-PAGE (Pre-cast NuPAGE
4–12% Bis-Tris Gels, Life Technologies, Carlsbad, CA, USA). After electrophoretic separa-
tion, proteins were transferred to nitrocellulose membranes. Membranes were incubated
for 2–3 min at room temperature with a Pounceau Red 0.5% (w/v) solution in 5% (v/v)
acetic acid (Merck Life Science S.r.l., Milan, Italy) for total protein staining. Images of the
Pounceau Red staining were acquired in bright field using a UVITEC Eppendorf appa-
ratus. Membranes were then rinsed with milliQ water and destained with Tris-buffered
saline buffer supplemented with 0.1% Tween-20 (TBS-T; Merck Life Science S.r.l., Milan,
Italy). The membranes were saturated for 20 min in TBST with 5% nonfat milk (Merck
Life Science S.r.l., Milan, Italy) and for 40 min in TBST with 5% bovine serum albumin
(Merck Life Science S.r.l., Milan, Italy), and then incubated overnight at 4 ◦C with the
primary antibody. Primary antibodies were anti-neuropilin-1 (Santa Cruz Biotechnology
Inc. (Heidelberg, Germany), sc-5307, diluted 1:500 in TBST + 1% milk and 1% BSA) and
anti-VEGFR2 (Abcam (Cambridge, UK), ab221679, diluted 1:1000 in TBST + 5% BSA). The
following day, secondary anti-mouse (ABclonal (Woburn, MA, USA), AS003) or anti-rabbit
(Cell Signaling (Danvers, MA, USA), #7074) antibodies were incubated in TBST 1% nonfat
milk and 1% bovine serum albumin for 1 h at room temperature. The chemiluminescence
signal was detected using digital imaging by the UVITEC Eppendorf apparatus (Eppendorf,
Milan, Italy).

2.5. Blood Stability

Procedures involving animals were approved by the University of Padova Ethical
Committee for Animal Welfare (OPBA) and by the Italian Ministry of Health (Permit
Number 846/2021-PR), and conducted with the supervision of the Central Veterinary
Service of the University of Padova, in compliance with Italian Law DL 26/2014, embodying
UE Directive 2010/63/EU. Mice were anesthetized and blood was withdrawn from the
jugular vein and heparinized. Blood samples (1 mL) were spiked with compound (5 µM;
dilution from a 5 mM stock solution in DMSO) and incubated at 37 ◦C for 4 h (the maximum
period allowed by blood stability). Aliquots (100 µL) were taken after 10 min, 30 min,
1 h, 2 h, and 4 h, kept on ice, and treated as follows: blood was mixed with 5 volumes of
0.1%TFA in CH3CN, mixed and sonicated for 2 min, and finally centrifuged for 7 min at
12,000× g; the supernatant was collected and analyzed by UHPLC. Quantitative analyses
were carried out by UHPLC (1290 Infinity LC System, Agilent Technologies, Milan, Italy)
using a reversed-phase column (Zorbax RRHT Extend C18, 1.8 µm, 50 × 3.0 mm, Agilent
Technologies) and a UV diode array detector (190–500 nm), at a flow rate of 0.6 mL/min.
Solvents A and B were 0.1% TFA in water and CH3CN, respectively. The gradient for B was
as follows: 10% for 1 min, then from 10 to 100% in 8.0 min, 100% for 0.5 min, then from 100%
to 10% in 1.5 min. The injection volume was 5 µL. The eluate was preferentially monitored
at 312 nm (corresponding to an absorbance maximum of psoralenic compounds). The
temperature of the column was kept at 25 ◦C. Concentration of PAPTPL or its derivatives
was determined using the following calibration curve, which correlates peak area at 312 nm
(y) with compound concentration in the sample (x): y = 6.3321x. The stability in blood was
expressed as % of PAPTPL released relative to the amount of the derivative initially spiked
in the sample.
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2.6. Hemolysis Assay

Hemolysis studies were conducted as described in [48]. Briefly, freshly withdrawn
blood samples were centrifuged at 2000× g for 10 min to obtain erythrocytes; the pellet
was then washed three times with sterile PBS (pH 7.4). Erythrocytes (5 × 107 cells in 1 mL
of PBS for each experimental condition) were incubated with the tested compounds at the
concentrations of 1, 0.5, 0.25, or 0.125 nmoles/107 cells for 15 min. The samples were then
centrifuged and the absorbance (Abs) of the supernatant was measured at 540 nm. Triton
X-100 1% and PBS were used as positive and negative control, respectively. The percentage
of hemolysis was calculated with the following equation:

% hemolysis = [(Abssample − AbsPBS)/(AbsTriton X-100 − AbsPBS)] × 100

2.7. Flow Cytometry

HPAFII and Pan02 cells were seeded in 6-well plates at a density of 300,000 and
150,000 cells/well, respectively, and grown for 48 h. They were then washed twice with
PBS, and incubated with a solution of 5 µM FITC-DA7R in DMEM without Phenol Red
and serum for 15 min or 2 h. At the end of the incubation, cells were washed, detached
with trypsin, pelleted, and resuspended in 1 mL HBSS. Cell suspensions were analyzed
with a flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA).

2.8. Cell Uptake of PAPTPL-I-DA7R

HPAFII and Pan02 cells were seeded in 6-well plates at a density of 300,000 and
150,000 cells/well, respectively, and grown for 48 h. They were then washed twice with
PBS and incubated for 15 min at 37 ◦C with a solution of 5 µM PAPTPL-I-DA7R in DMEM
without Phenol Red and serum. At the end of the incubation, cells were washed twice,
100 µL of PBS were added, and finally the cells were scraped and collected. A volume of
100 µL of CH3CN + 0.1%TFA was added, and the mixture was vortexed and sonicated for
5 min. Samples were finally centrifuged for 5 min at 12,000× g, and the supernatant was
collected and the amount of PAPTPL-I-DA7R was quantified by HPLC/UV, as described in
Section 2.5 (blood stability). The remaining cell pellets were resuspended in 200 µL of SDS
2%, and the total protein amount of each sample was quantified with the BCA assay. Cell
uptake of PAPTPL-I-DA7R was expressed as nmoles of PAPTPL-I-DA7R/total protein.

2.9. Statistics

Significance in comparisons was assessed using the Mann–Whitney–Wilcoxon test.

3. Results
3.1. Chemistry

We first synthesized a fluorescent derivative of the retro-inverso peptide variant (FITC-
DA7R), to follow peptide uptake into PDAC cells. We then proceeded to link the same
peptide to the chemotherapeutic compound PAPTP, using a carbamate bond to allow the
release of the active drug over time. The first derivative (PAPTPL-I-DA7R) was produced
attaching the peptide to the molecule through an Isoleucine linker. An analog comprising a
tetraethylene glycol chain, inserted to increase the water solubility of the construct, was then
synthesized using click chemistry (PAPTPL-Teg-DA7R). Following the same procedures,
we also synthesized an analog of this latter compound comprising the cyclic instead of the
retro-inverso peptide (PAPTPL-Teg-cA7R).

3.1.1. Peptide Design and Synthesis

Linear peptides (A7R and DA7R (Figure 2)) were synthesized by manual solid phase
peptide synthesis starting from a preloaded 2-Cl-Trytil resin using the Fmoc/HBTU chem-
istry. To prevent the formation of byproducts due to deletion reactions either in the Pro-Pro
or in the Xaa-Pro sequences, double coupling of either Fmoc-Pro-OH or Fmoc-Xaa-OH
residue was performed using HATU as a coupling agent.
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In the synthesis of cA7R (Figure 2), an additional propargylglycine residue (Pra)
was added to the N-terminal amino group of the resin-attached peptide, before its final
cyclization. The introduction of this residue provides an alkyne moiety in the side chain of
the cyclic peptide to be used for the subsequent condensation reaction to the PAPTP azido
analogue (see below). The Pra-A7R peptide was detached from the resin by treatment with
1% trifluoroacetic acid (TFA) in DCM, and the crude peptide was cyclized in a diluted
DMF solution (final peptide concentration 1 mM) by the addition of PyBop as a coupling
reagent in the presence of HOBt and DIEA. After treatment with TFA to remove side chain
protecting groups and RP-HPLC purification, the peptide was obtained in good yield with
a purity of >95%.

3.1.2. Synthesis of PAPTPL-I-DA7R

PAPTPL-I (Figure 1) was synthesized according to the procedure described in [47],
and then coupled to DA7R with the peptide still attached to the 2-Cl-Trytil resin following
standard solid-phase synthetic procedures. After detachment from the resin by TFA treat-
ment, the PAPTPL-I-DA7R conjugate was purified by preparative HPLC, and characterized
by ESI-MS (Supplementary Figure S1).

3.1.3. Synthesis of PAPTPL-Teg-DA7R and PAPTPL-Teg-cA7R
Synthesis of PAPTPL-Teg-N3

The synthesis of PAPTPL-Teg-N3 is illustrated in Scheme 1. In the first step, 14-
azido-3,6,9,12-tetraoxatetradecan-1-amine was converted to the 4-nitrophenyl carbamate
derivative 1 by reaction with bis(4-nitrophenyl) carbonate in the presence of DMAP. In
the second step, PAPTPL (synthesized according to the procedure described in [47]) was
coupled to the intermediate 1 in the presence of DMAP to afford PAPTPL-Teg-N3 in
excellent yield (93%). The Teg chain was introduced into the structure of PAPTPL-Teg-N3
to improve the water solubility of the resulting derivative.

Synthesis of PAPTPL-Teg-DA7R

PAPTPL-Teg-DA7R (Figure 1) was obtained by copper(I)-catalyzed azide-alkyne cy-
cloaddition between PAPTPL-Teg-N3 and DA7R-alkyne. The product was purified by
preparative HPLC and characterized by ESI-MS (Supplementary Figure S1).

Synthesis of PAPTPL-Teg-cA7R

PAPTPL-Teg-cA7R (Figure 1) was obtained by copper(I)-catalyzed azide-alkyne cy-
cloaddition between PAPTPL-Teg-N3 and cA7R-alkyne. The reaction was performed in
a microwave reactor to speed up the process. The product was purified by preparative
HPLC and characterized by ESI-MS (Supplementary Figure S1).
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3.2. Neuropilin-1 and VEGFR2 Expression in PDAC Cell Lines

Since A7R is recognized by NRP-1 and VEGFR2, we evaluated whether the two recep-
tors are expressed in vitro in a panel of PDAC cell lines (five human and one murine). The
results obtained by Western blot analysis highlighted a great variability in the expression
of NRP-1 and VEGFR2 in the different cell lines (Figure 3A). A PDAC tissue lysate was
used as positive control and confirmed high expression levels of both receptors in an
orthotopically-implanted Pan02-PDAC. HPAFII cells clearly showed expression of both the
receptors, and were thus used for the uptake studies. Cultured Pan02 cells, on the other
hand, express low levels of both proteins (near/below the detection limit of Western blot),
and were thus used as “negative” controls (Figure 3B,C).
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Figure 3. (A) Representative Western blot image of VEGFR2 and NRP-1 levels in lysates from different
PDAC cells lines. Each lane was loaded with 30 µg of proteins (see Pounceau staining, Supplementary
Figure S7). NRP-1 (B) and VEGFR2 (C) levels in HPAFII and Pan02 cells; mean values ± standard
deviation. n ≥ 3. Representative Western blot bands are shown below the histograms.

3.3. Blood Stability and Hemolysis

Since the derivatives were designed as prodrugs, regeneration of the active compound
(i.e., PAPTPL) with suitable kinetics once in circulation is essential for future applications.
We thus evaluated blood stability and hemolytic activity of the three PAPTPL derivatives
synthesized in this study. PAPTPL-I-DA7R turned out to be the most stable, with about 30%
of the conjugate being hydrolyzed within 4 h. PAPTPL-Teg-DA7R and PAPTPL-Teg-cA7R
underwent a slightly faster hydrolysis, with about 50% hydrolysis in 4 h (Figure 4).
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Figure 4. Hydrolysis of PAPTPL-peptide derivatives in mouse blood. Data are expressed as the
percentage of PAPTPL released, relative to the amount of the derivative initially spiked in the blood
sample. Mean values ± SEM. n = 3 for each compound.

Previous studies have shown that PAPTP-peptide constructs can be hemolytic [29,47,49],
and this can heavily impact their future in vivo applications, since the derivatives are
expected to reach the bloodstream upon administration. Hemolysis assays revealed a
quite different behavior of the three PAPTPL conjugates: PAPTPL-I-DA7R proved to be
completely safe and did not induce any hemolysis, while the addition of Teg caused an
increase in the ability of the derivative (PAPTPL-Teg-DA7R) to lyse erythrocytes. Finally,
the presence of the cyclic peptide caused a dramatic increase in the hemolysis induced by
PAPTPL-Teg-cA7R (Figure 5). cA7R itself was completely ineffective towards erythrocytes.
Based on these results, we thus considered for further experiments only PAPTPL-I-DA7R.
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Figure 5. Hemolysis assay. Amounts of the PAPTPL-conjugates are expressed as nmoles/107

erythrocytes. The percentages of hemolysis are relative to the treatment with Triton X, which is
assumed to cause 100% hemolysis. Mean values + SEM; n = 3.

3.4. DA7R-FITC Cell Uptake

To establish whether DA7R is taken up by cells, we performed flow cytometry experi-
ments using the fluorescent construct FITC-DA7R; fluorescence increase was monitored
over time (15 min and 2 h) in HPAFII and Pan02 cells. HPAFII cells showed a significant
increase of the fluorescence signal (median of the fluorescence of the cell population) com-
pared to the control. This increase was related to NRP-1 and VEGFR2 expression, since
it was significantly different from that observed in cultured Pan02 cells, which express
non-detectable levels of these proteins (Figure 6).
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Figure 6. Differential uptake of FITC-DA7R in cell lines expressing different levels of NRP-1 and
VEGFR2. Percentage of FITC-DA7R labeled cells (MFI, mean fluorescence intensity) relative to
the control, monitored by flow cytometry. Mean values ± standard deviation, n = 4. *: p < 0.05;
**: p < 0.01, Mann–Whitney test.

3.5. Cellular Uptake of PAPTPL-I-DA7R

Uptake of PAPTPL-I-DA7R was evaluated in HPAFII and Pan02 cell lines. Cells
were incubated with the conjugate for 15 min, and then medium and cells were collected,
extracted and analyzed by HPLC/UV. The results showed that uptake of PAPTPL-I-DA7R
by HPAFII cells, which express both NRP-1 and VEGFR2, was roughly twice as much as
that by cultured Pan02 (in which the levels of the receptors are under the detection limit)
(Figure 7).
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Figure 7. Uptake of PAPTP-I-DA7R by HPAFII and Pan02 cells. The amount of PAPTP-I-DA7R in the
cells is expressed as nmoles of the derivative/mg total protein. Mean values ± standard deviation.
n ≥ 9. ***: p < 0.001, Mann–Whitney test.

The results suggest that conjugation with the DA7R peptide confers a certain selectivity
in cell uptake, which is related to the expression levels of NRP-1 and VEGFR2 in the cells.

4. Discussion

We have reported the successful development and preliminary testing of a peptide-
drug conjugate directed against PDAC, one of the most terrible cancers on the clinical scene.
The concept underlying the new molecule is that of a “prodrug”, comprising a targeting
portion and an apoptosis-inducing chemotherapeutic drug to be released. The former is
based on peptide DA7R, expected to target the NRP-1/VEGFR2 receptor complex in PDAC
cells, as it does in other systems. As payload, i.e., chemotherapeutic active principle, we
used PAPTP, a mitochondriotropic drug under development in our group [44–46,50–52].

The segment connecting these two key parts of the molecule comprises a linker needed
to separate the hydrolysis-prone carbamate bond system from the activating positive charge
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of the triphenylphosphonium moiety. We followed, in this respect, the same approach used
to build a conjugate of PAPTP and peptide Angiopep-2 [47]. As a labile joint conferring
the prodrug character to the construct, we considered using a carboxyester group, but
preliminary experiments showed that in blood it was hydrolyzed too rapidly to be useful.
The more solid carbamate, which we had already used in other cases (e.g., [47]), was
confirmed to be a more suitable choice, hydrolyzing with a t1/2 of about 4–6 h (Figure 4).

We also synthesized variants comprising, besides PAPTPL and cA7R or DA7R, a Teg
chain, inserted to increase the water solubility of the construct, as well as a triazole ring
produced by the coupling of the two halves of the construct by a “click” reaction as a final
step in the synthesis. In all the derivatives, the Arg side chain of the peptide was free and
not involved in conjugation; given the literature regarding the interaction of DA7R and
cA7R with VEGFR2 and NRP-1 [19,20], this is expected to be sufficient to retain a certain
affinity for the receptors. Furthermore, the “cargo” (i.e., PAPTPL-I, PAPTPL-Teg) has a
flexible hydrophobic structure which could well accommodate structural changes of the
construct for an optimal interaction with the receptors. This strategy was already proven to
be successful with a DA7R derivative with myristic acid: even if the conjugation involved
the N-terminal Arg amino group of DA7R, the derivative was shown to retain (and also
have improved) cell uptake and glioma-homing properties compared to DA7R itself [53].

The PAPTP constructs comprising a Teg chain were not utilized in uptake studies
because they proved hemolytic in preliminary studies (Figure 5). Their behavior confirms
that elaborations, such as the attachment of “cargo” groups or linker moieties, may confer
the ability to cause lysis of erythrocytes [47], even though the peptide itself shows no, or
little, such activity. Such controls are therefore clearly needed for each construct intended
to be transported by the bloodstream.

The results of the uptake experiments validate the idea that DA7R may be a good
candidate as a peptide targeting PDAC. The data obtained with the FITC-DA7R and
PAPTPL-I-DA7R (Figures 6 and 7) clearly show that the delivery of “cargo” to the cel-
lular interior is strongly favored by the expression of the receptor molecules on the cell
surface. Since PDAC cells and the tumoral stroma express high levels of these receptors
in comparison with healthy tissue [30,35], this in vitro selectivity may well be reflected
in vivo.

So far, A7R has been mainly used to enhance transport across the BBB and anti-
glioma/glioblastoma activity. The constructs we developed may therefore be useful also in
that field, especially in view of the current understanding of the role of neuropilin in those
cancers [24,54].

In principle, A7R might be used to guide to their target the major drugs currently
used—with little success—against PDAC, namely, 5-FU and gemcitabine. Indeed, since
these are generic “anti-metabolite” drugs, focusing their delivery may be advantageous,
also to reduce undesirable side-effects. They are more hydrophilic than PAPTP, thus they
may be less problematic than PAPTP constructs from this point of view. These drugs, also
including PAPTP and drug combinations such as FOLFIRINOX [3,55], may be steered
using conjugates or DA7R-decorated nanovehicles.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pharmaceutics15051508/s1. Supplementary Figure S1: ESI-
MS spectra (positive ion mode) of PAPTPL-Teg-N3, FITC-DA7R, PAPTPL-I-DA7R, PAPTPL-Teg-
DA7R, and PAPTPL-Teg-cA7R. Supplementary Figure S2: 1H-NMR spectrum of 4-nitrophenyl
(14-azido-3,6,9,12-tetraoxatetradecyl)carbamate (1). Supplementary Figure S3: 13C-NMR spectrum
of 4-nitrophenyl (14-azido-3,6,9,12-tetraoxatetradecyl)carbamate (1). Supplementary Figure S4: 1H-
NMR spectrum of PAPTPL-Teg-N3. Supplementary Figure S5: 13C-NMR spectrum of PAPTPL-Teg-N3.
Supplementary Figure S6: HPLC/UV chromatograms (312 nm) of PAPTPL-I-DA7R (A), PAPTPL-
Teg-DA7R (B) and PAPTPL-Teg-cA7R (C). Supplementary Figure S7: Representative Western blot
image of total protein levels (Pounceau staining) in lysates from different PDAC cells lines. Each lane
was loaded with 30 µg of proteins.

https://www.mdpi.com/article/10.3390/pharmaceutics15051508/s1
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Abbreviations

BBB Blood–brain barrier
DCM Dichloromethane
DIPEA N,N-diisopropylethylamine
DMAP 4-dimethylaminopyridine
DMEM Dulbecco’s modified Eagle medium
DMF N,N-dimethylformamide
DMSO Dimethylsulfoxide
ESI-MS Electrospray ionization-mass spectrometry
FBS Fetal bovine serum
FITC Fluorescein-5-isothiocyanate
Fmoc Fluorenylmethoxycarbonyl
HATU Hexafluorophosphate azabenzotriazole tetramethyl uronium
HBTU Hexafluorophosphate benzotriazole tetramethyl uronium
HOBt Hydroxybenzotriazole
NRP-1 Neuropilin 1
PBS Phosphate buffer saline
PDAC Pancreatic ductal adenocarcinoma
TFA Trifluoroacetic acid
VEGFR2 Vascular endothelial growth factor receptor 2

References
1. Mizrahi, J.D.; Surana, R.; Valle, J.W.; Shroff, R.T. Pancreatic cancer. Lancet 2020, 395, 2008–2020. [CrossRef]
2. Halbrook, C.J.; Lyssiotis, C.A.; Pasca di Magliano, M.; Maitra, A. Pancreatic cancer: Advances and challenges. Cell 2023, 186,

1729–1754. [CrossRef] [PubMed]
3. Parrasia, S.; Zoratti, M.; Szabò, I.; Biasutto, L. Targeting Pancreatic Ductal Adenocarcinoma (PDAC). Cell. Physiol. Biochem. 2021,

55, 61–90. [CrossRef] [PubMed]
4. Jiang, S.; Fagman, J.B.; Ma, Y.; Liu, J.; Vihav, C.; Engstrom, C.; Liu, B.; Chen, C. A comprehensive review of pancreatic cancer and

its therapeutic challenges. Aging 2022, 14, 7635–7649. [CrossRef]
5. Anderson, E.M.; Thomassian, S.; Gong, J.; Hendifar, A.; Osipov, A. Advances in Pancreatic Ductal Adenocarcinoma Treatment.

Cancers 2021, 13, 5510. [CrossRef] [PubMed]

https://doi.org/10.1016/S0140-6736(20)30974-0
https://doi.org/10.1016/j.cell.2023.02.014
https://www.ncbi.nlm.nih.gov/pubmed/37059070
https://doi.org/10.33594/000000326
https://www.ncbi.nlm.nih.gov/pubmed/33508184
https://doi.org/10.18632/aging.204310
https://doi.org/10.3390/cancers13215510
https://www.ncbi.nlm.nih.gov/pubmed/34771675


Pharmaceutics 2023, 15, 1508 15 of 17

6. Qian, Y.; Gong, Y.; Fan, Z.; Luo, G.; Huang, Q.; Deng, S.; Cheng, H.; Jin, K.; Ni, Q.; Yu, X.; et al. Molecular alterations and targeted
therapy in pancreatic ductal adenocarcinoma. J. Hematol. Oncol. 2020, 13, 130. [CrossRef]

7. Hu, H.F.; Ye, Z.; Qin, Y.; Xu, X.W.; Yu, X.J.; Zhuo, Q.F.; Ji, S.R. Mutations in key driver genes of pancreatic cancer: Molecularly
targeted therapies and other clinical implications. Acta Pharmacol. Sin. 2021, 42, 1725–1741. [CrossRef]

8. Hsu, S.K.; Jadhao, M.; Liao, W.T.; Chang, W.T.; Hung, C.T.; Chiu, C.C. Culprits of PDAC resistance to gemcitabine and immune
checkpoint inhibitor: Tumour microenvironment components. Front. Mol. Biosci. 2022, 9, 1020888. [CrossRef] [PubMed]

9. Truong, L.H.; Pauklin, S. Pancreatic Cancer Microenvironment and Cellular Composition: Current Understandings and Thera-
peutic Approaches. Cancers 2021, 13, 5028. [CrossRef]

10. Gautam, S.K.; Basu, S.; Aithal, A.; Dwivedi, N.V.; Gulati, M.; Jain, M. Regulation of pancreatic cancer therapy resistance by
chemokines. Semin. Cancer Biol. 2022, 86, 69–80. [CrossRef]

11. Ayasun, R.; Saridogan, T.; Gaber, O.; Sahin, I.H. Systemic Therapy for Patients with Pancreatic Cancer: Current Approaches and
Opportunities for Novel Avenues toward Precision Medicine. Clin. Color. Cancer 2022, 22, 2–11. [CrossRef]

12. Timur, S.S.; Gürsoy, R.N. The role of peptide-based therapeutics in oncotherapy. J. Drug Target. 2021, 29, 1048–1062. [CrossRef]
[PubMed]

13. Bose, D.; Roy, L.; Chatterjee, S. Peptide therapeutics in the management of metastatic cancers. RSC Adv. 2022, 12, 21353–21373.
[CrossRef]

14. Karami Fath, M.; Babakhaniyan, K.; Zokaei, M.; Yaghoubian, A.; Akbari, S.; Khorsandi, M.; Soofi, A.; Nabi-Afjadi, M.; Zalpoor, H.;
Jalalifar, F.; et al. Anti-cancer peptide-based therapeutic strategies in solid tumors. Cell. Mol. Biol. Lett. 2022, 27, 33. [CrossRef]
[PubMed]

15. Binétruy-Tournaire, R.; Demangel, C.; Malavaud, B.; Vassy, R.; Rouyre, S.; Kraemer, M.; Plouët, J.; Derbin, C.; Perret, G.; Mazié,
J.C. Identification of a peptide blocking vascular endothelial growth factor (VEGF)-mediated angiogenesis. EMBO J. 2000, 19,
1525–1533. [CrossRef]

16. Lu, L.; Chen, H.; Hao, D.; Zhang, X.; Wang, F. The functions and applications of A7R in anti-angiogenic therapy, imaging and
drug delivery systems. Asian J. Pharm. Sci. 2019, 14, 595–608. [CrossRef]

17. Thomas, N.; Tirand, L.; Chatelut, E.; Plénat, F.; Frochot, C.; Dodeller, M.; Guillemin, F.; Barberi-Heyob, M. Tissue distribution and
pharmacokinetics of an ATWLPPR-conjugated chlorin-type photosensitizer targeting neuropilin-1 in glioma-bearing nude mice.
Photochem. Photobiol. Sci. 2008, 7, 433–441. [CrossRef]

18. Tirand, L.; Thomas, N.; Dodeller, M.; Dumas, D.; Frochot, C.; Maunit, B.; Guillemin, F.; Barberi-Heyob, M. Metabolic profile of a
peptide-conjugated chlorin-type photosensitizer targeting neuropilin-1: An in vivo and in vitro study. Drug Metab. Dispos. 2007,
35, 806–813. [CrossRef] [PubMed]

19. Ying, M.; Shen, Q.; Liu, Y.; Yan, Z.; Wei, X.; Zhan, C.; Gao, J.; Xie, C.; Yao, B.; Lu, W. Stabilized Heptapeptide A7R for Enhanced
Multifunctional Liposome-Based Tumor-Targeted Drug Delivery. ACS Appl. Mater. Interfaces 2016, 8, 13232–13241. [CrossRef]
[PubMed]

20. Ying, M.; Shen, Q.; Zhan, C.; Wei, X.; Gao, J.; Xie, C.; Yao, B.; Lu, W. A stabilized peptide ligand for multifunctional glioma
targeted drug delivery. J. Control. Release 2016, 243, 86–98. [CrossRef]

21. Lucana, M.C.; Arruga, Y.; Petrachi, E.; Roig, A.; Lucchi, R.; Oller-Salvia, B. Protease-Resistant Peptides for Targeting and
Intracellular Delivery of Therapeutics. Pharmaceutics 2021, 13, 2065. [CrossRef]

22. Rai, J. Peptide and protein mimetics by retro and retroinverso analogs. Chem. Biol. Drug Des. 2019, 93, 724–736. [CrossRef]
[PubMed]

23. Ellis, L.M. The role of neuropilins in cancer. Mol. Cancer Ther. 2006, 5, 1099–1107. [CrossRef] [PubMed]
24. Smith, G.T.; Radin, D.P.; Tsirka, S.E. From protein-protein interactions to immune modulation: Therapeutic prospects of targeting

Neuropilin-1 in high-grade glioma. Front. Immunol. 2022, 13, 958620. [CrossRef]
25. Zhao, L.; Chen, H.; Lu, L.; Wang, L.; Zhang, X.; Guo, X. New insights into the role of co-receptor neuropilins in tumour

angiogenesis and lymphangiogenesis and targeted therapy strategies. J. Drug Target. 2021, 29, 155–167. [CrossRef] [PubMed]
26. Starzec, A.; Ladam, P.; Vassy, R.; Badache, S.; Bouchemal, N.; Navaza, A.; du Penhoat, C.H.; Perret, G.Y. Structure-function analysis

of the antiangiogenic ATWLPPR peptide inhibiting VEGF(165) binding to neuropilin-1 and molecular dynamics simulations of
the ATWLPPR/neuropilin-1 complex. Peptides 2007, 28, 2397–2402. [CrossRef]

27. Pang, H.B.; Braun, G.B.; Friman, T.; Aza-Blanc, P.; Ruidiaz, M.E.; Sugahara, K.N.; Teesalu, T.; Ruoslahti, E. An endocytosis
pathway initiated through neuropilin-1 and regulated by nutrient availability. Nat. Commun. 2014, 5, 4904. [CrossRef]

28. Pang, H.B.; Braun, G.B.; Ruoslahti, E. Neuropilin-1 and heparan sulfate proteoglycans cooperate in cellular uptake of nanoparticles
functionalized by cationic cell-penetrating peptides. Sci. Adv. 2015, 1, e1500821. [CrossRef]

29. Parrasia, S.; Szabò, I.; Zoratti, M.; Biasutto, L. Peptides as Pharmacological Carriers to the Brain: Promises, Shortcomings and
Challenges. Mol. Pharm. 2022, 19, 3700–3729. [CrossRef]

30. von Marschall, Z.; Cramer, T.; Höcker, M.; Burde, R.; Plath, T.; Schirner, M.; Heidenreich, R.; Breier, G.; Riecken, E.O.;
Wiedenmann, B.; et al. De novo expression of vascular endothelial growth factor in human pancreatic cancer: Evidence for
an autocrine mitogenic loop. Gastroenterology 2000, 119, 1358–1372. [CrossRef]

https://doi.org/10.1186/s13045-020-00958-3
https://doi.org/10.1038/s41401-020-00584-2
https://doi.org/10.3389/fmolb.2022.1020888
https://www.ncbi.nlm.nih.gov/pubmed/36299300
https://doi.org/10.3390/cancers13195028
https://doi.org/10.1016/j.semcancer.2022.08.010
https://doi.org/10.1016/j.clcc.2022.11.001
https://doi.org/10.1080/1061186X.2021.1906884
https://www.ncbi.nlm.nih.gov/pubmed/33775190
https://doi.org/10.1039/D2RA02062A
https://doi.org/10.1186/s11658-022-00332-w
https://www.ncbi.nlm.nih.gov/pubmed/35397496
https://doi.org/10.1093/emboj/19.7.1525
https://doi.org/10.1016/j.ajps.2019.04.004
https://doi.org/10.1039/b718259g
https://doi.org/10.1124/dmd.106.013763
https://www.ncbi.nlm.nih.gov/pubmed/17283031
https://doi.org/10.1021/acsami.6b01300
https://www.ncbi.nlm.nih.gov/pubmed/27195531
https://doi.org/10.1016/j.jconrel.2016.09.035
https://doi.org/10.3390/pharmaceutics13122065
https://doi.org/10.1111/cbdd.13472
https://www.ncbi.nlm.nih.gov/pubmed/30582286
https://doi.org/10.1158/1535-7163.MCT-05-0538
https://www.ncbi.nlm.nih.gov/pubmed/16731741
https://doi.org/10.3389/fimmu.2022.958620
https://doi.org/10.1080/1061186X.2020.1815210
https://www.ncbi.nlm.nih.gov/pubmed/32838575
https://doi.org/10.1016/j.peptides.2007.09.013
https://doi.org/10.1038/ncomms5904
https://doi.org/10.1126/sciadv.1500821
https://doi.org/10.1021/acs.molpharmaceut.2c00523
https://doi.org/10.1053/gast.2000.19578


Pharmaceutics 2023, 15, 1508 16 of 17

31. Itakura, J.; Ishiwata, T.; Shen, B.; Kornmann, M.; Korc, M. Concomitant over-expression of vascular endothelial growth factor and
its receptors in pancreatic cancer. Int. J. Cancer 2000, 85, 27–34. [CrossRef]

32. Doi, Y.; Yashiro, M.; Yamada, N.; Amano, R.; Ohira, G.; Komoto, M.; Noda, S.; Kashiwagi, S.; Kato, Y.; Fuyuhiro, Y.; et al.
Significance of phospho-vascular endothelial growth factor receptor-2 expression in pancreatic cancer. Cancer Sci. 2010, 101,
1529–1535. [CrossRef] [PubMed]

33. Fukahi, K.; Fukasawa, M.; Neufeld, G.; Itakura, J.; Korc, M. Aberrant expression of neuropilin-1 and -2 in human pancreatic
cancer cells. Clin. Cancer Res. 2004, 10, 581–590. [CrossRef] [PubMed]

34. Ben, Q.; Zheng, J.; Fei, J.; An, W.; Li, P.; Li, Z.; Yuan, Y. High neuropilin 1 expression was associated with angiogenesis and poor
overall survival in resected pancreatic ductal adenocarcinoma. Pancreas 2014, 43, 744–749. [CrossRef]

35. Parikh, A.A.; Liu, W.B.; Fan, F.; Stoeltzing, O.; Reinmuth, N.; Bruns, C.J.; Bucana, C.D.; Evans, D.B.; Ellis, L.M. Expression and
regulation of the novel vascular endothelial growth factor receptor neuropilin-1 by epidermal growth factor in human pancreatic
carcinoma. Cancer 2003, 98, 720–729. [CrossRef]

36. Chung, G.G.; Yoon, H.H.; Zerkowski, M.P.; Ghosh, S.; Thomas, L.; Harigopal, M.; Charette, L.A.; Salem, R.R.; Camp, R.L.;
Rimm, D.L.; et al. Vascular endothelial growth factor, FLT-1, and FLK-1 analysis in a pancreatic cancer tissue microarray. Cancer
2006, 106, 1677–1684. [CrossRef]

37. Matkar, P.N.; Jong, E.D.; Ariyagunarajah, R.; Prud’homme, G.J.; Singh, K.K.; Leong-Poi, H. Jack of many trades: Multifaceted role
of neuropilins in pancreatic cancer. Cancer Med. 2018, 7, 5036–5046. [CrossRef]

38. Zeng, Z.; Fang, C.; Zhang, Y.; Chen, C.X.; Zhang, Y.F.; Zhang, K. Mitochondria-Targeted Nanocarriers Promote Highly Efficient
Cancer Therapy: A Review. Front. Bioeng. Biotechnol. 2021, 9, 784602. [CrossRef]

39. Guo, X.; Yang, N.; Ji, W.; Zhang, H.; Dong, X.; Zhou, Z.; Li, L.; Shen, H.M.; Yao, S.Q.; Huang, W. Mito-Bomb: Targeting
Mitochondria for Cancer Therapy. Adv. Mater. 2021, 33, e2007778. [CrossRef]

40. Fialova, J.L.; Raudenska, M.; Jakubek, M.; Kejik, Z.; Martasek, P.; Babula, P.; Matkowski, A.; Filipensky, P.; Masarik, M. Novel
Mitochondria-targeted Drugs for Cancer Therapy. Mini Rev. Med. Chem. 2021, 21, 816–832. [CrossRef]

41. Dong, L.; Gopalan, V.; Holland, O.; Neuzil, J. Mitocans Revisited: Mitochondrial Targeting as Efficient Anti-Cancer Therapy. Int. J.
Mol. Sci. 2020, 21, 7941. [CrossRef]

42. Schmitz, A.; Sankaranarayanan, A.; Azam, P.; Schmidt-Lassen, K.; Homerick, D.; Hänsel, W.; Wulff, H. Design of PAP-1, a
selective small molecule Kv1.3 blocker, for the suppression of effector memory T cells in autoimmune diseases. Mol. Pharmacol.
2005, 68, 1254–1270. [CrossRef] [PubMed]

43. Zielonka, J.; Joseph, J.; Sikora, A.; Hardy, M.; Ouari, O.; Vasquez-Vivar, J.; Cheng, G.; Lopez, M.; Kalyanaraman, B. Mitochondria-
Targeted Triphenylphosphonium-Based Compounds: Syntheses, Mechanisms of Action, and Therapeutic and Diagnostic
Applications. Chem. Rev. 2017, 117, 10043–10120. [CrossRef]

44. Leanza, L.; Romio, M.; Becker, K.A.; Azzolini, M.; Trentin, L.; Managò, A.; Venturini, E.; Zaccagnino, A.; Mattarei, A.;
Carraretto, L.; et al. Direct Pharmacological Targeting of a Mitochondrial Ion Channel Selectively Kills Tumor Cells In Vivo.
Cancer Cell 2017, 31, 516–531.e10. [CrossRef] [PubMed]

45. Venturini, E.; Leanza, L.; Azzolini, M.; Kadow, S.; Mattarei, A.; Weller, M.; Tabatabai, G.; Edwards, M.J.; Zoratti, M.;
Paradisi, C.; et al. Targeting the Potassium Channel Kv1.3 Kills Glioblastoma Cells. Neuro-Signals 2017, 25, 26–38. [CrossRef]
[PubMed]

46. Li, W.; Wilson, G.C.; Bachmann, M.; Wang, J.; Mattarei, A.; Paradisi, C.; Edwards, M.J.; Szabo, I.; Gulbins, E.; Ahmad, S.A.; et al.
Inhibition of a Mitochondrial Potassium Channel in Combination with Gemcitabine and Abraxane Drastically Reduces Pancreatic
Ductal Adenocarcinoma in an Immunocompetent Orthotopic Murine Model. Cancers 2022, 14, 2618. [CrossRef]

47. Parrasia, S.; Rossa, A.; Varanita, T.; Checchetto, V.; De Lorenzi, R.; Zoratti, M.; Paradisi, C.; Ruzza, P.; Mattarei, A.; Szabò, I.; et al.
An Angiopep2-PAPTP Construct Overcomes the Blood-Brain Barrier. New Perspectives against Brain Tumors. Pharmaceuticals
2021, 14, 129. [CrossRef]

48. Lakkadwala, S.; Singh, J. Co-delivery of doxorubicin and erlotinib through liposomal nanoparticles for glioblastoma tumor
regression using an in vitro brain tumor model. Colloids Surfaces. B Biointerfaces 2019, 173, 27–35. [CrossRef]

49. Greco, I.; Molchanova, N.; Holmedal, E.; Jenssen, H.; Hummel, B.D.; Watts, J.L.; Håkansson, J.; Hansen, P.R.; Svenson, J.
Correlation between hemolytic activity, cytotoxicity and systemic in vivo toxicity of synthetic antimicrobial peptides. Sci. Rep.
2020, 10, 13206. [CrossRef]

50. Severin, F.; Urbani, A.; Varanita, T.; Bachmann, M.; Azzolini, M.; Martini, V.; Pizzi, M.; Tos, A.P.D.; Frezzato, F.; Mattarei, A.; et al.
Pharmacological modulation of Kv1.3 potassium channel selectively triggers pathological B lymphocyte apoptosis in vivo in a
genetic CLL model. J. Exp. Clin. Cancer Res. CR 2022, 41, 64. [CrossRef]

51. Kadow, S.; Schumacher, F.; Kramer, M.; Hessler, G.; Scholtysik, R.; Oubari, S.; Johansson, P.; Hüttmann, A.; Reinhardt, H.C.;
Kleuser, B.; et al. Mitochondrial Kv1.3 Channels as Target for Treatment of Multiple Myeloma. Cancers 2022, 14, 1955. [CrossRef]
[PubMed]

52. Peruzzo, R.; Mattarei, A.; Azzolini, M.; Becker-Flegler, K.A.; Romio, M.; Rigoni, G.; Carrer, A.; Biasutto, L.; Parrasia, S.;
Kadow, S.; et al. Insight into the mechanism of cytotoxicity of membrane-permeant psoralenic Kv1.3 channel inhibitors by
chemical dissection of a novel member of the family. Redox Biol. 2020, 37, 101705. [CrossRef] [PubMed]

53. Ying, M.; Wang, S.; Zhang, M.; Wang, R.; Zhu, H.; Ruan, H.; Ran, D.; Chai, Z.; Wang, X.; Lu, W. Myristic Acid-Modified (D)A7R
Peptide for Whole-Process Glioma-Targeted Drug Delivery. ACS Appl. Mater. Interfaces 2018, 10, 19473–19482. [CrossRef]

https://doi.org/10.1002/(SICI)1097-0215(20000101)85:1&lt;27::AID-IJC5&gt;3.0.CO;2-8
https://doi.org/10.1111/j.1349-7006.2010.01547.x
https://www.ncbi.nlm.nih.gov/pubmed/20367641
https://doi.org/10.1158/1078-0432.CCR-0930-03
https://www.ncbi.nlm.nih.gov/pubmed/14760080
https://doi.org/10.1097/MPA.0000000000000117
https://doi.org/10.1002/cncr.11560
https://doi.org/10.1002/cncr.21783
https://doi.org/10.1002/cam4.1715
https://doi.org/10.3389/fbioe.2021.784602
https://doi.org/10.1002/adma.202007778
https://doi.org/10.2174/1389557520666201118153242
https://doi.org/10.3390/ijms21217941
https://doi.org/10.1124/mol.105.015669
https://www.ncbi.nlm.nih.gov/pubmed/16099841
https://doi.org/10.1021/acs.chemrev.7b00042
https://doi.org/10.1016/j.ccell.2017.03.003
https://www.ncbi.nlm.nih.gov/pubmed/28399409
https://doi.org/10.1159/000480643
https://www.ncbi.nlm.nih.gov/pubmed/28869943
https://doi.org/10.3390/cancers14112618
https://doi.org/10.3390/ph14020129
https://doi.org/10.1016/j.colsurfb.2018.09.047
https://doi.org/10.1038/s41598-020-69995-9
https://doi.org/10.1186/s13046-022-02249-w
https://doi.org/10.3390/cancers14081955
https://www.ncbi.nlm.nih.gov/pubmed/35454865
https://doi.org/10.1016/j.redox.2020.101705
https://www.ncbi.nlm.nih.gov/pubmed/33007503
https://doi.org/10.1021/acsami.8b05235


Pharmaceutics 2023, 15, 1508 17 of 17

54. Douyère, M.; Chastagner, P.; Boura, C. Neuropilin-1: A Key Protein to Consider in the Progression of Pediatric Brain Tumors.
Front. Oncol. 2021, 11, 665634. [CrossRef] [PubMed]

55. Park, W.; Chawla, A.; O’Reilly, E.M. Pancreatic Cancer: A Review. JAMA 2021, 326, 851–862. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3389/fonc.2021.665634
https://www.ncbi.nlm.nih.gov/pubmed/34277411
https://doi.org/10.1001/jama.2021.13027

	Introduction 
	Materials and Methods 
	Chemistry 
	Materials and Instruments 
	Peptide Synthesis 
	Synthesis of FITC-DA7R 
	Synthesis of PAPTPL-I-DA7R 
	Synthesis of PAPTPL-Teg-DA7R and PAPTPL-Teg-cA7R 

	Cell Cultures 
	Protein Extraction 
	Western Blot 
	Blood Stability 
	Hemolysis Assay 
	Flow Cytometry 
	Cell Uptake of PAPTPL-I-DA7R 
	Statistics 

	Results 
	Chemistry 
	Peptide Design and Synthesis 
	Synthesis of PAPTPL-I-DA7R 
	Synthesis of PAPTPL-Teg-DA7R and PAPTPL-Teg-cA7R 

	Neuropilin-1 and VEGFR2 Expression in PDAC Cell Lines 
	Blood Stability and Hemolysis 
	DA7R-FITC Cell Uptake 
	Cellular Uptake of PAPTPL-I-DA7R 

	Discussion 
	References

