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Abstract

Often cancer relapses after an initial response to chemotherapy because of the tumor’s 

heterogeneity and the presence of progenitor stem cells, which can renew. To overcome drug 

resistance, metastasis, and relapse in cancer, a promising approach is the inhibition of cancer 

stemness. In this study, the expression of the neuropilin-1 receptor in both pancreatic and prostate 

cancer stem cells was identified and targeted with a stimuli-responsive, polymeric nanocarrier to 

deliver a stemness inhibitor (napabucasin) to cancer stem cells. Reduction-sensitive amphiphilic 

block copolymers PEG1900-S-S-PLA6000 and the N3-PEG1900-PLA6000 were synthesized. The 

tumor penetrating iRGD peptide-hexynoic acid conjugate was linked to the N3-PEG1900-PLA6000 

polymer via a Cu2+ catalyzed “Click” reaction. Subsequently, this peptide-polymer conjugate was 

incorporated into polymersomes for tumor targeting and tissue penetration. We prepared 

polymersomes containing 85% PEG1900-S-S-PLA6000, 10% iRGD-polymer conjugate, and 5% 
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DPPE-lissamine rhodamine dye. The iRGD targeted polymersomes encapsulating the cancer 

stemness inhibitor napabucasin were internalized in both prostate and pancreatic cancer stem cells. 

The napabucasin encapsulated polymersomes significantly (p < 0.05) reduced the viability of both 

prostate and pancreatic cancer stem cells and decreased the stemness protein expression notch-1 

and nanog compared to the control and vesicles without any drug. The napabucasin encapsulated 

polymersome formulations have the potential to lead to a new direction in prostate and pancreatic 

cancer therapy by penetrating deeply into the tumors, releasing the encapsulated stemness 

inhibitor, and killing cancer stem cells.
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Keywords

Prostate cancer stem cells; pancreatic cancer stem cells; neuropilin-1; iRGD peptide; napabucasin; 
polymersomes; cancer stemness inhibitor

1. Introduction

Cancer stem cells which contribute to tumor heterogenicity are a subpopulations of cells 

with tumor-initiating capability.[1] These cells have the stem-like properties of normal stem 

cells, such as self-renewal [2] and multi-lineage differentiation.[3] It is hypothesized that 

cancer stem cells might be the origin of solid tumors of prostate, colon, breast, and lung.[4] 

Cancer stem cells express both embryonic stem cells markers (Nanog, Oct4, and Sox-2) and 

progenitor cell markers (CD33, CD44, and Nestin).[5] Pancreatic cancer stem cells isolated 

from pancreatic tumors were defined by the CD133+[6] and the CD44+ CD24+ EPCAM+ 

cells.[7] Prostate cancer stem cells isolated from prostate tumors displayed CD44, CD 133, 

SSEA3/4, and Oct4 markers (http://www.celprogen.com). Cancer stem cells are mostly 

responsible for the metastasis, recurrence, and drug resistance in cancer.[8]

Napabucasin (BBI608) is a cancer stemness inhibitor that interferes with gene transcription 

through the STAT3-dependent pathway. In vitro and in vivo studies demonstrated the ability 

of napabucasin to inhibit cell proliferation and induce cell death.[1, 9, 10] Napabucasin is 

currently in Phase III clinical trials for the treatment of gastric, colon, and pancreatic cancers 

(www.clinicaltrials.gov).
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Stimuli-responsive nanoparticles respond to an altered physical or chemical 

microenvironment in the tumor and release their encapsulated contents only when the 

abnormalities are encountered.[11] In this study, we have used reduction sensitive 

polymersomes to deliver napabucasin to prostate and pancreatic cancer stem cells. 

Polymersomes are bilayer vesicles prepared from amphiphilic block copolymers. These 

block copolymers spontaneously form a vesicular structure in an aqueous solution, with an 

aqueous core, enabling the encapsulation of hydrophobic drugs in the bilayer and 

hydrophilic drugs in the core.[11] Polymersomes offer several advantages as drug carriers 

over liposomes. Due to the higher molecular weights, polymersomes are more stable 

compared to the liposomes. The use of polyethylene glycol (PEG) as the hydrophilic block 

renders the vesicles long circulating and biocompatible. The size of the vesicles and the 

thickness of the bilayer can be controlled by the molecular weights of the hydrophobic and 

the hydrophilic blocks of the amphiphilic copolymers. [12]

To target and penetrate the tumor, we have used the reported cell penetrating cyclic iRGD 

peptide. This peptide interacts with the integrin and neuropilin receptors on the cancer cell 

surface.[13] The C-terminal of the peptide that stimulates the neuropilin-1 receptor and 

vascular permeability is known as the C-end rule (CendR).[13] The neuropilin-1 receptor is 

expressed in cancer and vascular endothelial cells and contributes to tumor progression and 

angiogenesis.[14] Nanoparticles, antibodies, and drugs conjugated to the iRGD peptide were 

observed to accumulate in the tumors both in vitro and in animal studies.[15]

Our goal is to develop a unique, polymeric drug delivery system to target cancer stem cells. 

In this study, the expression of neuropilin-1 receptor on the surface of both pancreatic and 

prostate cancer stem cells was identified; thus the cyclic iRGD peptide was synthesized and 

conjugated with a polymer. We prepared the iRGD targeted, reduction sensitive 

polymersomes encapsulating the cancer stemness inhibitor napabucasin. We hypothesized 

that iRGD peptide decorated polymersomes would penetrate a solid tumor and internalize in 

cancer stem cells. Subsequently, the high reducing agent concentration in the cytosol will 

reduce the disulfide linker of the amphiphilic polymer, disturb the bilayer structure of the 

vesicles, and release the encapsulated napabucasin (Figure 1).[11] We observed that iRGD-

targeted polymersomes encapsulating napabucasin significantly (p < 0.05) decreased the 

viability of prostate and pancreatic cancer stem cell microtumors compared to the controls. 

The cancer stemness marker proteins also decreased after treatment with iRGD-targeted 

polymersomes encapsulating napabucasin.

2. Materials and methods

2.1. Synthesis and characterization of Hex-iRGD Peptide

The iRGD peptide was synthesized by using a microwave assisted, solid phase peptide 

synthesizer (Liberty Blue, CEM Corporation) using commercially available CLEAR-amide 

resin (Peptides International), and synthesized the peptide was synthesized at a 0.2 mM 

scale. The peptide sequence was hexynoic acid-Cyclo (Arg-Gly-Asp-Lys-Gly-Pro-Asp-Asp-

Cys). After the solid phase synthesis, the resin was washed with 15 mL acetone, centrifuged 

for 10 minutes at 2000 RPM and kept in a desiccator overnight. Subsequently, the resin was 

stirred with thallium trifluoroacetate (0.1 mmol) in dimethylformamide at room temperature 
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for 3 hours to cyclize the peptide on the resin. The resin was filtered and washed with a 

mixture of DMF and dichloromethane (3X), and the residue was collected. Next, the peptide 

was cleaved from the resin with trifluoroacetic acid (19 mL), triisopropylsilane (0.5 mL), 

and distilled water (0.5 mL) at room temperature for 2 hours. The resin was filtered, and ice-

cold diethyl ether was added to the filtrate. Subsequently, the precipitate was filtered, and 

dried in a vacuum desiccator. The peptide was characterized using mass spectrometry and 

circular dichroism spectroscopy.

2.2. Synthesis of iRGD-hex-N3-PEG1900-PLA6000 polymer conjugate

We synthesized N 3-PEG1900-PLA6000 polymers following a reported protocol from our 

laboratory.[16] To conjugate the iRGD-hexynoic acid to N3-PEG1900-PLA6000 polymer, we 

used the Click chemistry ([2+3]-cycloaddition).[17] Briefly, the N3-PEG1900-PLA6000 

polymer (20 mg) and iRGD-hexynoic acid (2 mg) were dissolved in 5 mL of deionized 

water. The reaction was catalyzed by 400 μL copper (II) sulfate complex (0.053 M) and 400 

μL of sodium ascorbate (27 mg/mL). The copper (II) complex was papered by mixing the 

copper (II) sulfate (0.53 mmol) and pentamethyl diethylenetriamine (2 mmol). The solution 

was stirred at room temperature for 3 hours, and 4 mL of water was added to produce the 

final concentration of 0.053M. The reaction was stirred at room temperature for 24 hours. 

The compound was dialyzed against water (molecular weight cutoff: 1,000) for 48 hours. 

The product was characterized by FT-IR and circular dichroism spectroscopy (Supporting 

Information).

2.3. Preparation of iRGD-targeted and non-targeted polymersomes encapsulating 
napabucasin

The iRGD-targeted polymersomes encapsulating napabucasin were prepared from PEG1900-

S-S-PLA6000 (85%), iRGD-PEG1900-PLA6000 (10%), and 1,2-dipalmitoyl-sn-glycero-3-

phosphoethanolamine-N-lissamine rhodamine B sulfonyl ammonium salt (LR, 5%). The 

non-targeted vesicles encapsulating napabucasin contained PEG1900-S-S-PLA6000 (95%) 

and LR (5%). The polymers were dissolved in THF (9 mg/mL for the disulfide polymer, 2 

mg/mL for the iRGD-PEG1900-PLA6000, 3 mg/mL for napabucasin and 0.01 mg/mL LR in 

chloroform). The chloroform solution (1.1 mL) of LR lipid was evaporated to form a thin 

film. The polymers and napabucasin (200 μL, 2.5 mg/mL) were added to the thin layer film. 

The final mixture was added dropwise to an aqueous solution (10 mM HEPES buffer, pH 

7.4) and stirred for 1 hour. To remove the organic solvents, air was passed through the 

mixture for 45 minutes. Subsequently, the polymersomes were sonicated in a bath for 60 

minutes (Symphony 117 V, 60 Hz, Power 9). Then polymersomes (1 mg/mL) were filtrated 

through a Sephadex™ G-100 size exclusion column to remove the unencapsulated drug. 

Polymersomes drug loading efficacies (DLE) were determined by UV–Vis spectroscopy. 

After passing through the size-exclusion column, the absorption of the polymersomes was 

recorded at 235 nm.

2.4. Preparation of control polymersomes

Control polymersomes were prepared by using PEG1900-S-S-PLA6000 (95%) and LR (5%). 

The thin film of LR was prepared by evaporating chloroform solution of the dye. Then, a 

solution of the PEG1900-S-S-PLA6000 polymer in THF (9 mg/mL, 160 μL) was added slowly 
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to the thin film, and the mixture was added dropwise to a stirred aqueous buffer solution (10 

mM HEPES buffer, pH 7.4). The resultant polymersomes were stirred for 45 minutes at 

room temperature, and air was passed for 45 minutes through the mixture to remove the 

organic solvent. The polymersomes were sonicated for 60 minutes (Symphony 117 V, 60 

Hz) and passed through a Sephadex G100 (GE Healthcare) size exclusion column to collect 

lissamine rhodamine B dye incorporated vesicles. These control polymersomes were used 

for cell viability assays.

2.5. Polymersomes’ size analysis

The iRGD-targeted and the non-targeted polymersomes encapsulating napabucasin, and the 

control polymersomes were characterized by dynamic light scattering at 90° using a Zeta 

Sizer Nano ZS 90 (Malvern Instrument). The polymersomes were equilibrated for 2 

minutes; five measurements were recorded with 10 repeats each.

2.6. Atomic Force Microscopic (AFM) imaging

The samples were prepared by incubating 10 μL (1 mg/mL) of each polymersome solution 

on silicon substrates for 10 minutes in a closed container to prevent evaporation at room 

temperature. Then, the samples were rinsed with de-ionized water (Millipore) and dried 

under purified air flow. A commercial atomic force microscope (NT-MDT NTEGRA AFM) 

was used to perform the imaging measurements under ambient conditions in semi-contact 

mode with a resonant frequency of 190 kHz AFM probes (Budget sensors).

2.7. Release studies

Napabucasin release from polymersomes was monitored in the presence of different 

concentrations of glutathione (GSH) as a function of time. The polymersomes encapsulating 

napabucasin (500 μL of 1 mg/mL solution) was placed in Spectra/Por Float-A-Lyzer G2 

Dialysis Tubes, MWCO 500–1000 Da. Subsequently, glutathione was added to make the 

final concentration of 2 μM, 50 μM, 1 mM, and 5 mM. The absorbance of fluid outside of 

dialysis tubes was measured at 235 nm using a UV-VIS spectrophotometer (Spectramax M5, 

Molecular Devices) every 5 minutes. The percent release was calculated from the calibration 

curve. After the release study, the polymersomes were imaged using atomic force 

microscopy.

2.8. Cell culture

Human prostate and pancreatic cancer stem cells were purchased from Celprogen. Prostate 

cancer stem cells were maintained in human prostate cancer stem cell complete growth 

media with serum and antibiotics and pancreatic cancer stem cell were maintained in human 

pancreatic cancer stem cell complete growth media with serum and antibiotics from 

Celprogen. Human prostate and pancreatic cancer stem cell extracellular matrix-coated 

plates and flasks (Celprogen) were used in all experiments. The cell culture flasks were 

maintained in an incubator at 37 °C in a 5% CO2 atmosphere. Cell passages between 3–6 

were used in all the experiments.
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2.9. Uptake studies employing monolayer and three-dimensional spheroids

Prostate and pancreatic cancer stem cells (5×103) were seeded in 12-well cancer stem cell 

extracellular matrix-coated plates for prostate and pancreatic cancers 24 hours before the 

experiments. Once the culture was 80–90% confluent, the iRGD-targeted (20 μL) and the 

control polymersomes (20 μL) were incubated with either prostate or pancreatic cancer stem 

cells for 3 hours. Then, the cell culture media and treatment were removed, and the cells 

were washed three times with PBS to remove the non-internalized vesicles. The cell nuclei 

were stained with HOESCHT 33342 dye (1:1000 dilution) and imaged using the 20X 

objective of a Lucia fluorescence microscope.

For the uptake experiments in the three-dimensional (3D) spheroids, the 35-well 3D petri 

dishes (Microtissues) were used to prepare prostate and pancreatic cancer stem cells 

spheroids. Agarose solution (2% w/v) was prepared and autoclaved. Prostate and pancreatic 

cancer stem cells suspensions (1×104cells in 70 μL media) were then added to each 3D 

scaffold. Prostate and pancreatic cancer stem cell spheroids were allowed to grow for 2–3 

days. Then iRGD-targeted (20 μL) and control polymersomes (20 μL) were incubated with 

either prostate or pancreatic cancer stem cell spheroids for 7 hours. After incubation cell 

culture media and polymersomes were removed, and the cells were washed three times with 

PBS to remove the non-internalized vesicles. Cell nuclei were stained with HOESCHT 

33342 dye (1:1000 dilution). Subsequently, the spheroids were cut into 15 μm sections and 

placed on slides. Images of spheroids were acquired with a Zeiss AxioObserver Z1 

microscope equipped with LSM700 laser scanning module (Zeiss, Thornwood, NY), at 40X 

magnification with 40x/1.3 Plan-Apochromat lens using a 590 nm solid-state laser for 

Lissamine rhodamine B and a 405 nm lasers for DAPI excitation. Following the acquisition 

of 3D microscopy, images were imported to Imaris 8.3 (Bitplane) software where 50 

microns thick computer-generated representation of the spheroids were created. (Supporting 

Information).

2.10. Viability of prostate and pancreatic cancer stem cells in monolayer cultures

Prostate and pancreatic cancer stem cells were seeded at a density of 103/well in a 96-well 

human prostate and pancreatic cancer stem cell extracellular matrix-coated plates. Once they 

reached 90% confluency, the plate was divided into five groups: control, control 

polymersomes, polymersomes encapsulating napabucasin, iRGD-targeted polymersomes 

encapsulating napabucasin, and free drug (napabucasin). In the control group, we added only 

the media. Cells treated with napabucasin received 1 μM and 4 μM of free and an equivalent 

amount of encapsulated drug in iRGD-targeted and non-targeted polymersomes. The cells 

were treated for 48 hours at 37 °C, in a 5% CO2 atmosphere. Subsequently, the cells were 

washed with sterile PBS twice and replaced with 200 μL fresh media. Then 20 μL Alamar 

Blue was added to all the wells and fluorescence was recorded at excitation 565 nm and 

emission at 590 nm after 4 hours. The data presented are normalized to the control.

2.11. Viability of prostate and pancreatic cancer stem cells in spheroids

Prostate and pancreatic cancer stem cell spheroids were prepared by using 35-well 3D petri 

dishes (Microtissues). Once the microtumors formed (after 3–5 days), the plates were 

divided into five groups: control, control polymersomes, non-targeted polymersomes 
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encapsulating napabucasin, iRGD-targeted polymersomes encapsulating napabucasin, and 

free drug (napabucasin). We treated the spheroids for 48 hours at 37 °C, in a 5% CO2 

atmosphere. After 48 hours, the solutions were removed, and the microtumors were washed 

twice with PBS. The spheroids were incubated with 100 μL of recombinant trypsin 

(TryPLE, Life Technologies) for 10 minutes. Then spheroids were removed and subjected to 

the Alamar Blue assay. The data presented are normalized to the control.

2.12. Western blotting

The prostate cancer stem cells were treated with different formulations of polymersomes 

(buffer encapsulated, napabucasin encapsulated, iRGD targeted with napabucasin 

encapsulation, and free napabucasin) for 5 hours. Subsequently, the cells were collected and 

lysed in RIPA buffer with complete protease inhibitor cocktail (Roche), and 0.1% sodium 

dodecyl sulfate (SDS). Protein concentration in each sample was verified by Bio-Rad DC 

protein assay. Protein samples were separated by SDS-PAGE and transferred to a 

nitrocellulose membrane. The membrane was blocked in 5% non-fat milk in TRIS buffer 

containing 1% Tween 20 (1X) for 30 minutes and then incubated with the primary antibody 

(1:1000 dilution in 5% non-fat milk) overnight and subsequently with appropriate secondary 

antibody (1:2000). ECL reagents (Pierce, Rockford, IL, USA) were used to developed 

signals and exposed to X-ray films. The anti-notch-1, Nanog, and GAPDH polyclonal 

antibody were purchased from Cell Signaling Technology and Neuropilin-1 monoclonal 

antibody from Santa Cruz Biotechnology.

2.13. Cell apoptosis assay by flow cytometry

After treatment of both prostate and pancreatic cancer stem cells with different formulations 

of polymersomes for 48 hours, the cells were collected and washed with PBS and diluted in 

annexin-binding buffer to 1 × 106 cells in 0.5 mL. Then cells were stained with Annexin V-

FITC and PI (5 μL) for 10 minutes in the dark at room temperature. After incubation, 

samples were analyzed by flow cytometry using an Accuri C6 flow cytometer. Apoptosis 

was determined by data analysis using FlowJo software (FlowJo, LLC).

2.14. Statistical analysis

Graphpad Prism 7 software was used to perform statistical analysis. All the results presented 

are representative of at least four independent experiments. Error bars denote the mean ± 

SEM. Statistical analysis: Student’s t-test was used to find the significance between two 

groups, where significance *p < 0.05.

3. Results and discussion

3.1. iRGD peptide characterization

To prepare iRGD targeted polymersomes encapsulating napabucasin, we synthesized the 

cyclic iRGD peptide conjugated to hexynoic acid (Figure 2A) using a solid phase microwave 

assisted peptide synthesizer. The synthesized hexynoic acid conjugated cyclic iRGD was 

characterized by mass spectrometry (Supporting Information).
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3.2. Polymer synthesis and polymersome formation

The redox-sensitive polymer PEG1900-S-S-PLA6000 (Figure 2B) was synthesized as 

previously reported.[11] We employed the Click reaction [2+3 cycloaddition] to conjugate 

the cyclic iRGD peptide to the N3-PEG1900-PLA6000 polymer. The resultant iRGD-

PEG1900-PLA6000 (Figure 2C) was characterized by FT-IR and circular dichroism 

spectroscopy (Supporting Information). We prepared the targeted polymersomes from the 

redox-sensitive polymer PEG1900-S-S-PLA6000 (85%), iRGD-PEG1900-PLA6000 (10%), and 

DPPE–lissamine rhodamine lipid (LR, 5%) using the solvent exchange method.[11] The 

hydrophobic PLA block of the amphiphilic polymers forms the bilayer structure and the 

hydrophilic PEG block interacts with the aqueous phase inside and outside of the vesicles. 

[18] The LR lipid dye was used to visualize the polymersomes. We anticipated that the 

hydroprobic dipalmitoyl chains of the amphiphilic dye would partition into the hydrophobic 

polymer bilayer of the vesicles, exposing the hydrophilic lissamine rhodamine moiety to the 

aqueous phase. [19] The hydrodynamic diameters of the polymersomes were determined by 

dynamic light scattering (Figure 3A – C) and the spherical structures confirmed by atomic 

force microscopy (Figure 3D – I). The stemness gene transcription inhibitor napabucasin [9, 

10] was encapsulated in the polymersomes with an efficiency of (67 ± 6%). We observed 

that the iRGD-targeted and the non-targeted polymersomes encapsulating napabucasin had 

hydrodynamic diameters of 220 ± 10 nm (polydispersity index, PDI 0.2 ± 0.02) and 220 ± 5 

nm (PDI 0.2 ± 0.01) respectively. The average hydrodynamic diameter for the control 

polymersomes was 137 ± 10 nm with a PDI of 0.2 ± 0.02. We observed the targeted and 

non-targeted polymersomes encapsulating napabucasin were larger than the control 

polymersomes. It is hypothesized that the incorporation napabucasin in the hydrophobic 

bilayer of the vesicles increases the size. The cyclic iRGD–PEG1900–PLA6000 polymer in 

polymersomes composition targets the neuropilin-1 receptor. The Cend R motif on iRGD 

peptide is hypothesized to enable them to penetration into microtumors (through the 

neuropilin-1 receptor) and internalization in the cells. The disulfide bond in the redox-

sensitive polymer will subsequently be reduced in the cytosol, releasing the encapsulated 

cancer stemness inhibitor napabucasin.

Release of napabucasin from the polymersomes and structural characterization

The reduction triggered release of napabucasin from the polymersomes was investigated 

with various concentrations of glutathione (GSH) as a function of time (Figure 4A). GSH is 

the most abundant tripeptide (γ-glutamyl-cysteinyl-glycine) in the cells. It has a major role 

in protecting cells from reactive oxygen species (ROS), oxidant-induced toxicity, toxins, 

mutagens, and drugs.[20] The polymersomes released 57% of the encapsulated napabucasin 

in the presence of 1–5 mM GSH (mimicking the cytosol[11]) within 2 hours (Figure 4A, red 

and blue traces). However, less than 2% release of napabucasin was observed with 50 μM 

GSH (mimicking the extracellular environment of cancer cells[11], Figure 4A, purple trace). 

The release of napabucasin from polymersomes was not observed in the presence of 2 μM 

GSH (mimicking the reducing agent concentration in the blood[11], green trace, Figure 4A). 

Atomic force microscopy after the release of napabucasin revealed that the morphology and 

structure of polymersomes were distorted (Figure 4B, C).
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3.3. Cellular internalization of polymersomes

To investigate whether the iRGD peptide has any advantage for internalization in the cancer 

stem cells, we prepared the iRGD targeted and non-targeted control polymersomes 

incorporating 5% of the DPPE–lissamine rhodamine lipid (structure shown in Figure 2). 

DPPE–lissamine rhodamine lipid dye were used for visualizing the polymersomes 

employing fluorescence microscopy. We incubated the prostate and pancreatic cancer stem 

cells (monolayer cultures) with iRGD targeted and control polymersomes for 3 hours, the 

cell nuclei were stained with the HOESCHT 33342 dye and imaged employing a 

fluorescence microscope. Red fluorescence (from the lissamine rhodamine dye) was 

observed inside both prostate (Figure 5D–F) and pancreatic cancer stem cells (Figure 5J–L), 

indicating cellular internalization of the iRGD-decorated polymersomes. However, the 

control polymersomes without the iRGD peptide did not internalize in the cells (Figure 5A–

C, and G–I).

To investigate the depth of the penetration of iRGD targeted polymersomes, three-

dimensional spheroids of prostate and pancreatic cancer stem cells were prepared using the 

35-well 3D petri dishes (Microtissues). The microtumors fully formed after 3–4 days. The 

microtumors were incubated with the iRGD targeted polymersomes for 8 hours. 

Subsequently, the microtumors were washed with sterile PBS, and the nuclei were stained 

with HOESCHT 33342. Finally, microtumors were frozen and sliced with a microtome into 

15 μm sections. Red fluorescence from the polymersome-incorporated LR dye was observed 

in both prostate and pancreatic cancer stem cells colocalized with the blue nuclear stain in a 

slice 200 μm from the surface. These images show iRGD targeted polymersomes penetrating 

at least 200 μm into microtumors of prostate and pancreatic cancer stem cells (Figure 5M, 

N).

3.4. Neuropilin-1 expression on the cancer stem cells

Neuropilin-1 (NR-1) is a 130–140 kDa type I transmembrane protein [21] that interacts with 

an isoform of vascular endothelial growth factor (VEGF). It is an endothelial cell-specific 

mitogen and acts as a coreceptor for class 3 semaphorins. The neuropilin receptor has roles 

in cell survival, migration, and invasion [22] Expression of NR-1 in the epithelial cells of 

uterus, endometrium, lung, and kidney have been reported.[21] Glinka at el showed that 

NR-1 is expressed in breast cancer stem-like cells, activates the NF-KB, and aids in the 

tumor spheroids formation.[23] Since there was no prior report, the expression of the 

neuropilin-1 receptor on prostate and pancreatic cancer stem cells were investigated by 

employing western blotting. Prostate and pancreatic cancer stem cells where shown to 

express the neuropilin-1 receptor (Figure 6). Hence, it is likely that that the cellular 

internalization of the iRGD-targeted polymersomes (Figure 5) is mediated by the 

neuropilin-1 receptor on the surface of the cancer stem cells.

3.5. Viability of prostate and pancreatic cancer stem cells in monolayer cultures

After validating the expression of neuropilin-1 on the cancer stem cells, the effectiveness of 

the peptide-targeted, drug-encapsulated polymersomes was determined in both prostate and 

pancreatic cancer stem cells. The monolayer cultures of both prostate and pancreatic cancer 

stem cells were treated with the polymersomes, polymersomes encapsulating napabucasin, 
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peptide-targeted napabucasin-encapsulating polymersomes, and the free drug (napabucasin) 

for 48 hours. The cell viability was determined by the Alamar Blue assay (Figure 7A, B). 

The result shows that the targeted polymersomes encapsulating napabucasin significantly 

(p<0.5) reduced cell viability in both prostate and pancreatic cancer stem cells (30% and 

19%, respectively) compared to the control polymersomes and vesicles encapsulating 

napabucasin. We also observed that increasing the concentration of encapsulated 

napabucasin from 1μM to 4 μM led to a pronounced decrease in the cell viability (Figures 

7A and B).

3.5. Viability of prostate and pancreatic cancer stem cells in microtumors

Microtumors of prostate and pancreatic cancer stem cells were prepared in 35-well 3D petri 

dishes. The formed microtumors were randomly assigned to five groups: control, 

polymersomes, non-targeted polymersomes encapsulating napabucasin, peptide-targeted 

polymersomes encapsulating napabucasin, and free napabucasin. The cultured microtumors 

were treated for 48 hours, and subsequently, Alamar Blue assay was performed to determine 

the cell viability. Targeted-polymersomes encapsulating napabucasin were observed to 

reduce the viability of prostate cancer stem cells to 19% and pancreatic cancer stem cell to 

65% (Figure 7C and D). The significantly reduced cell viability compared to the control 

groups indicated that the peptide-targeted polymersomes could penetrate the spheroids 

through the neuropilin-1 receptor and internalize in the cells. The interaction between 

CendR motif and NR-1 contributed to the cellular internalization of the targeted 

polymersomes.[24] Furthermore, the cytotoxicity increased when the vesicles were targeted 

with the cyclic iRGD peptide, which facilitates the internalization of polymersomes into the 

cells. However, the increased effectiveness of the targeted polymersomes for the prostate 

cancer stem cells compared to the pancreatic cancer stem cells remains unexplained.

3.6. Cancer stemness protein expression

The stemness protein expression of prostate cancer stem cells was investigated by western 

blot. Proteins were extracted from the prostate cancer stem cells after treatment with a 

different formulation of polymersomes. The expression of cancer stemness markers such as 

Notch-1 and Nanog were significantly decreased after treatment with polymersomes 

encapsulating napabucasin, targeted polymersomes encapsulating napabucasin, and free 

napabucasin compared to the control groups (Figure 8 and Supplementary Data). Zhang and 

Li at el also reported the decreased expression of nanog after treatment with napabucasin.[1, 

9]

3.7. Cell apoptosis assay by flow cytometry

The apoptotic effects of the polymersomes on the prostate and pancreatic cancer stem cells 

were examined by staining of the cells with Annexin V-FITC and propidium iodide (PI) 

followed by flow cytometry analysis. Annexin V is a Ca2+ dependent phospholipid binding 

protein[25] that has a high affinity for phosphatidylserine. Phosphatidylserine is present in 

the inner leaflet of healthy cell membranes but is rapidly translocated to the outer leaflet 

during the early stages of apoptosis[26] and therefore serves as a marker for those cells that 

have committed to apoptotic cell death. In contrast, PI crosses the membranes of dead or 

dying cells, intercalates with DNA, emits red fluorescence[25, 26], and serves as a non-
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specific marker of cell death regardless of mechanism. After treatment with the targeted-

polymersomes encapsulating napabucasin, 76% of the prostate cancer stem cells showed 

early apoptosis; whereas, the polymersomes themselves were not toxic (Figure 9A). 

Treatment of pancreatic cancer stem cells with targeted polymersomes encapsulating 

napabucasin led to 83% of cells staining positive for PI, and 13% exhibiting signs of early 

apoptosis (Figure 9B). We observed that RGD-targeted polymersomes encapsulating 

encapsulated napabucasin leads to significant stem cell death with signs of apoptosis in both 

prostate and pancreatic cancer stem cells.

CONCLUSION

We have demonstrated that the europilin-1 is receptor over expressed in both pancreatic and 

prostate cancer stem cells. The iRGD peptide-decorated, reduction-sensitive polymersomes 

encapsulating the cancer stemness inhibitor napabucasin were developed to provide effective 

targeting to the neuropilin-1 receptors. Significant growth inhibition and decreased cancer 

stemness protein expressions were observed in prostate and pancreatic cancer stem cells in 

the presence of napabucasin-encapsulated, targeted polymersomes. The iRGD targeted 

polymersomes penetrated the microtumors of prostate and pancreatic cancer stem cells to at 

least 200 μm. The result of this study will provide new directions in targeting cancer stem 

cells for overcoming recurrence in prostate and pancreatic cancers. Further pharmacokinetic 

and immunogenicity studies of the targeted polymersomes encapsulating napabucasin would 

overcome the chemotherapeutic side effects of cancer treatment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Expression of neuropilin-1 receptor is demonstrated in cancer stem cells.

• Peptide-decorated reduction-sensitive polymersomes target neuropilin-1 

receptors.

• The vesicles penetrate at least 200 μm into micro tumors of the cancer stem 

cells.

• Drug released from the polymersomes decrease viability of the cancer stem 

cells.
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Fig 1. 
Illustration of the internalization of iRGD peptide-targeted, napabucasin encapsulated 

polymersomes in the cancer stem cells.
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Fig 2. Structure of synthesized polymers and the fluorescent lipid
(A) Structure of the synthesized cyclic iRGD peptide conjugated to hexynoic acid, (B) 

PEG1900-S-S-PLA6000, (C) PLA6000-PEG1900-iRGD polymer, and (D) 1,2-dipalmitoyl-sn-

glycero-3-phosphoethanolamine-N-lissamine rhodamine B sulfonyl ammonium salt 

(commercially available).
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Fig 3. The hydrodynamic diameters of the polymersomes by DLS (A–C) and AFM (D–I)
(A) Polymersomes, (B) polymersomes encapsulating napabucasin, and (C) peptide-targeted 

polymersomes encapsulating the stemness inhibitor napabucasin, as determined by dynamic 

light scattering. Atomic force microscopy (AFM) images of a different formulation of 

polymersomes (Panels D – I). The top (Panels E, G, and I) and the side views (Panels D, F, 

and H) for each of the formulations (control, napabucasin encapsulated, and iRGD peptide 

targeted, napabucasin encapsulated) are shown.
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Fig 4. 
(A) Reduction-mediated release pro le of encapsulated napabucasin from the 
polymersomes. The drug-encapsulated vesicles were treated with 2 μM (green), 50 μM 

(purple), 1 mM (red), and 5 mM (blue) concentrations of GSH. The lines connecting the 

data points are also shown. (B, C) Structural characterization of the polymersomes after 

release study employing atomic force microscopy.
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Fig 5. Cellular uptake studies in monolayer and microtumor cultures of prostate and pancreatic 
cancer stem cells
Panels (A–F): prostate cancer stem cells (scale bar: 25 μm), and Panels (G–L): pancreatic 

cancer stem cells (scale bar: 25μm). (M, N) Cellular uptake studies in a microtumor slice 

200 μm from the surface of prostate cancer stem cells (M) and pancreatic cancer stem cell 

spheroids (N). The co-localization of the red fluorescence from the lissamine rhodamine dye 

and the blue from HOECHST 33342 indicated that peptide-targeted polymersomes were 

internalized in the cells. The blue fluorescence from the HOECHST 33342 dye indicates the 

cell nuclei.
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Fig 6. 
Expression of neuropilin-1 in prostate and pancreatic cancer stem cells as determined by 

Western Blotting.
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Fig 7. The viability of prostate and pancreatic cancer stem cells in monolayer and spheroid 
cultures
(A) Monolayer cultures of prostate cancer stem cells, (B) monolayer cultures of pancreatic 

cancer stem cells, (C) microtumors of prostate cancer stem cells, and (D) microtumors of 

pancreatic cancer stem cells in cultures. Cell viability with media only (control, cyan bar), 

polymersomes (red bar), non-targeted polymersomes encapsulating napabucasin (green bar), 

peptide-targeted polymersomes encapsulating napabucasin (blue bar), and free napabucasin 

(orange bar, N = 4).
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Fig 8. 
Effect of cancer stemness inhibitor (napabucasin) on the expression of two stemness marker 

proteins, Notch and Nanog.
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Fig 9. 
Flow cytometry analysis of the effect of napabucasin on prostate (A) and pancreatic cancer 

stem cells (B) with Annexin V and PI staining.
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Scheme 1. 
[2+3]-Cycloaddition reaction of N3-PEG1900-PLA6000 polymer and iRGD-hexynoic acid 

peptide.
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