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Abstract

A polymeric dual delivery nanoscale device (DDND) was designed for combined delivery of 

micro RNA (miR-345) and gemcitabine (GEM) to treat pancreatic cancer (PC). This temperature 

and pH-responsive pentablock copolymer system was able to restore miR-345, making xenograft 

tumors more susceptible to GEM, the standard therapy for PC. Restoration using DDND treatment 

results in sonic hedgehog signaling down regulation, which decreases desmoplasia, thereby 

resulting in improved GEM perfusion to the tumor and better therapeutic outcomes. The release of 

miR-345 and GEM could be tuned by using the DDND in the form of micelles or in the form of 

thermoreversible gels, based on polymer concentration. The DDNDs enabled miR-345 stability 

and sustained co-release of miR-345 and GEM, thereby facilitating dose-sparing use of GEM. 

Further, enhanced in vitro cellular uptake due to amphiphilic character, and endosomal escape 

because of the cationic end blocks led to efficient transfection with DDNDs. The combined 

DDND treatment enabled efficient reduction in cell viability of Capan-1 and CD18/HPAF cells in 
vitro compared with either GEM or miR-345 treatment alone. Mice carrying xenograft tumors 

treated with DDNDs carrying both miR-345 and GEM combination therapy displayed reduced 

tumor growth and less metastasis in distant organs compared to individual drug treatments. 
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Immuno-histochemical analysis of the xenograft tissues revealed significant down regulation of 

desmoplastic reaction, SHH, Gli-1, MUC4, and Ki67 compared to control groups.
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1. Introduction

Dismal prognosis of pancreatic cancer (PC) patients [1] is due to late clinical 

presentation[2], early and aggressive local invasion, and resistance to conventional chemo-

radiation therapies[3]. Additionally, PC is characterized by extensive desmoplasia, which is 

primarily driven by sonic hedgehog (SHH) signaling that plays an important role in tumor 

growth, metastasis[4], angiogenesis[5], and limits the delivery and efficacy of chemotherapy. 

SHH regulates the epithelial to mesenchymal transition (EMT), is involved in regulation of 

cancer stem cells, and contributes to drug resistance resulting in PC progression [6]. The 

current standard therapy for PC involves surgical resection followed by systemic 

gemcitabine (GEM) therapy, and provides symptomatic improvement in a small proportion 

of patients [7]. Moreover, GEM therapy also results in high toxicity, frequent resistance, and 

has not provided a significant improvement in the overall survival of PC patients with 

advanced disease [8, 9] [10]. Further, GEM treatment can result in up-regulation of SHH, 

known cancer stem cell (CSCs) markers (CD24, CD44, CD133, OCT4) and other genes (β-

catenin, SNAIL, SLUG, TWIST, E-cadherin, and vimentin [11]) that facilitate GEM therapy 

resistance [12–14],[15–22]. Therefore, there is an urgent need to target SHH to improve 

GEM therapy.

Recently, the use of microRNAs (miRNAs) to target major cancer pathways is a potential 

therapeutic option for cancer treatment [16, 20, 21, 23] [24, 25] [26]. miRNAs provide 

several advantages over traditional therapeutics such as upstream target gene silencing as 

they direct sequence-specific degradation of target messenger RNAs (mRNA), acting 

catalytically prior to translation, reducing excess drug consumption and drug-associated side 

effects, and reducing costs [16, 20, 21]. Despite these practical benefits, the potential clinical 

application of miRNA therapy is currently limited by challenges related to delivery, stability, 

transport, diffusion, cellular entry, efficient release, endosomal escape, and activity in the 

cytoplasm [16, 17, 19–22, 27–34]. We showed that miRNA miR-345 is significantly 

decreased in PC tissues and PC cells [35]. Reintroducing this miRNA into PC cell lines 

resulted in reduced growth, motility, and invasion; with up-regulation of epithelial markers, 

and down-regulation of mesenchymal markers [35]. Further, the ectopic expression of 

miR-345 in CD18/HPAF-II and Capan-1 cells resulted in down-regulation of SHH, cMYC, 

XIAP; and up-regulation of cleaved caspase 3, cleaved caspase 7, PTCH 2, and PARP 

(unpublished data). Therefore, the development of a multifunctional miRNA (miR-345) and 

drug (gemcitabine) dual-delivery nanoscale device (DDND), could facilitate cellular entry 

and endosomal escape, while maintaining miRNA stability and provide sustained release 

and of both drugs as a new treatment for PC. However, targeted co-delivery of miR-345 and 
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GEM using a single nanodelivery device is challenging due to varying physicochemical 

properties, drug release rates, and pharmacokinetics [22, 24, 28, 36–41].

There have been reports that seek to co-deliver miRNA/drug combinations using different 

polymers to address the limitations of existing systems such as co-loading of drug and 

miRNA, non-specific toxicity, and sustained miRNA/drug release [19, 22, 24, 28, 29, 36, 37, 

42–50]. The most significant issues with these systems are the ineffective co-incorporation 

of miRNA/drug combinations, stability, and/or premature release of the miRNA/drug load. 

Our study involved the development of a temperature and pH responsive, cationic, 

amphiphilic, and bio-compatible PB co-polymer based DDND for in vitro and in vivo 
combined delivery of miR-345 and GEM for the treatment of PC. Our approach builds upon 

the promising results of our previous in vitro and in vivo studies [51–57], using the 

temperature responsive polymer Pluronic F127 (poly(ethyleneoxide)-block-

poly(propyleneoxide)-block poly(ethyleneoxide) (PEO-PPO-PEO)) as middle blocks and pH 

responsive cationic (poly(2-diethylaminoethyl methacrylate)) (PDEAEM) end blocks. This 

novel multifunctional DDND design consists of amphiphilic Pluronic F127 blocks to 

enhance cellular uptake, while the protonatable tertiary amine groups of PDEAEM end 

blocks facilitate endosomal escape and efficient miR-345 release in the cytoplasm, providing 

dose-sparing effect [51, 57–61]. The miR-345/PB copolymer nanocomplex system is further 

self-assembled with GEM-encapsulated Pluronic F127 to provide shielding of excess 

charges, enhance cellular uptake, GEM loading and simultaneous miR-345/GEM release by 

temperature responsive micellization. At increased polymer concentrations, the DDND 

delivery system also undergoes physical thermoreversible gelation at physiological 

temperatures, allowing for a depot to be injected that dissolves slowly over time, providing 

controlled release of the miR-345 and GEM [40]. Using the DDND system, we show that 

restoration of miR-345 through the DDND treatment results in down-regulation of the SHH 

signaling pathway and leads to inhibition of desmoplasia, pancreatic stellate cells (PSCs) 

and cancer stem cells (CSCs), thus facilitating improved therapeutic outcome of GEM 

treatment in PC through its improved perfusion to the tumor. The results presented in this 

study help to enhance an understanding of the synergistic activity of a combined GEM and 

miR-345 mimic delivery and generate valuable information that significantly advances the 

goal of combining GEM and miR-345 mimic delivery for treatment of PC patients in the 

future.

2. Materials and Methods

2.1. Materials

Polymer synthesis materials were obtained from Sigma-Aldrich and Fisher Scientific and 

prepared as mentioned in our previous work [54]. Poly(ethylene glycol) diacrylate (PEG-

DA) MW:4000 was purchased from Polysciences Inc. Photoinitiator 4-(2-

hydroxyethoxy)phenyl-(2-hydroxy-2-propyl)ketone (Irgacure 2959) was obtained from 

BASF. CellTiter 96® Aqueous One Cell Proliferation Kit and Luciferase Assay System were 

purchased from Promega. Cell culture reagents: Dulbecco’s Modified Eagle Medium 

(DMEM), fetal bovine serum (FBS), 0.25% trypsin-EDTA and penicillin streptomycin (Pen-

Strep) were purchased from Invitrogen. Lipofectamine and all Alexa Fluor 488 were 
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obtained from Invitrogen. The pGWIZ-luc plasmid encoding the luciferase reporter gene 

was purified with the Qiagen HiSpeed® Plasmid Maxi Kit. Quant-iT™ RiboGreen® RNA 

Reagent was purchased from Invitrogen. Hsa-miR-345-5p mimic miRNA sequence 

GCUGACUCCUAGUCCAGGGCUC was obtained from Ambion.

2.2. Methods

2.2.1. Preparation of DDND—The pentablock (PB) copolymers were synthesized by 

atom transfer radical polymerization (ATRP) and characterized as described in our previous 

work [54]. miR-345/PB copolymer polyplexes at various N/P ratios (N/P: molar ratios of 

nitrogen (N) in the pentablock copolymer to phosphate (P) in miRNA) were prepared by 

adding appropriate quantities of PB copolymer (8 mg/mL stock) in 0.5 M HEPES buffer at 

pH 7.0 to miR-345 solution (10 pmol) as reported previously [59], Gemcitabine (GEM) 

encapsulated PluronicF127 was prepared as described [57], The GEM encapsulation 

efficiency was expressed as the ratio of the initial drug amount to the amount of 

encapsulated drug, which was found to be about 70%. For DDND formulations, GEM-

encapsulated Pluronic F127 (10 mg/mL in 0.5 M HEPES Buffer at pH 7.0) was added to the 

miR-345/PB copolymer polyplexes at the same volume, to result in a weight ratio of 5:1 

with regard to the corresponding PB to provide co-loading. GEM/Pluronic F127 and 

miR-345/PB copolymer polyplexes were then incubated together for 30 min at room 

temperature for nanoscale self-assembly to form the DDND micelles through hydrophobic 

interaction. Using the method, ~100% self-assembly was observed without loss of GEM. For 

the in vitro and in vivo tests, the DDND micelle formulations were used throughout the 

study. However, for the release studies, DDND gels were prepared to demonstrate the 

controlled release properties of these thermoreversibly gelling systems. The DDNDs can be 

injected as liquid and can form a solid gel at physiological temperatures at certain 

concentrations, and act like a drug depot providing controlled release [57]. In order to 

prepare DDND gels, the polyplex solution was further assembled with appropriate amount 

of Pluronic F127 at 4 °C to make the final Pluronic F127 concentration ~20 wt.%.

2.2.2. Characterization of DDND—The electrophoretic mobility of polyplex 

formations was characterized on a 1% (w/v) agarose gel containing 0.5 μg/mL ethidium 

bromide for 30 min at 100 V in 1×Tris/borate/EDTA (TBE) buffer. The samples were loaded 

in wells and polyplex electrophoretic mobility was visualized and image capture using a UV-

trans illuminator. The serum and RNase stability of designed DDND systems at different 

N/P ratios was also tested using agarose gel electrophoresis after 72 h incubation at 37 °C in 

culture media containing 10% serum and 0.25% RNase. The size and zeta potential values 

and long-term stability in serum-containing cell culture media of the designed DDNDs were 

determined using dynamic light scattering (DLS).

2.2.3. Release Experiments—GEM and miR-345 release from DDNDs (in the form of 

micelles as well as gels) was evaluated as described in our previous study [57], The DDNDs 

were injected into the concave surface of molded polyethylene glycol-diacrylate (PEG-Da) 

gels mimicking extracellular matrix and were placed in 6-well plate transwell inserts filled 

with PBS at pH 7.4 as release media. The plate was then placed on an incubator shaker (100 

rpm at 37°C) and samples were collected at predetermined times. The concentration of 
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miR-345 was determined using the Quant-iT™ Ribo Green RNA reagent by following the 

manufacturer’s protocol. The amount of released GEM was measured using high 

performance liquid chromatography (HPLC) as described elsewhere [62].

2.2.4. Cell Culture—Pancreatic cancer cell lines Capan-1 and CD18/HPAF-II, were 

grown in DMEM supplemented with 10% (v/v) FBS and 1% Pen-Strep at 37 °C in a 5% 

CO2 humidifed atmosphere. Cells were subcultured approximately every 2–3 days.

2.2.5. Cell Viability Assay—To evaluate the in vitro efficiency of the DDNDs to kill 

Capan-1 and CD18/HPAF-II pancreatic cells, a cell viability was assessed. Briefly, Capan-1 

and CD18/HPAF-II cells were plated at a density of 2×104 cells per well in 96-well plates 

and were incubated for 24 h at 37 °C in a 5% CO2 humidified atmosphere. The described 

N/P ratio DDNDs, (10 μL of DDND solution having 10 pmol miR-345 and 3μg GEM) along 

with the negative and positive controls, were added to the wells at vaious doses. After 24 h 

of incubation, cell viability was tested using the CellTiter 96® Aqueous One Proliferation 

Kit following manufacturer’s protocol.

2.2.6. Cellular Uptake, Intracellular Distribution and Endosomal Escape of 
DDNDs—The cellular uptake, intracellular distribution and endosomal escape capabilities 

of the DDNDs in Capan-1 and CD18/HPAF-II cells were qualitatively evaluated by confocal 

microscopy. For this purpose, the DDNDs were prepared using the Alexa Fluor 488 dye-

attached PB copolymers, which were prepared following the same procedure mentioned 

previously [59], Capan-1 and CD18/HPAF-II cells were plated at a density of 2 × 105 cells 

per well in cell culture petri dishes and were incubated 24 h at 37 °C in a 5% CO2 

humidified atmosphere. Then, the dye labeled DDNDs were added to the wells and 

incubated with the cells for 24 h under same conditions. For live cell imaging, the lysosomes 

and nucleus were stained with Lysotracker Red and Hoechst respectively, as described [59].

2.2.7. Transfection Efficiency of DDNDs—The transfection efficiency of the 

developed DDNDs was tested as described in our previous work [57], Capan-1 and CD18/

HPAF-II cells were seeded at a cell density of 1×104 cells per well in 96-well plates and 

were incubated overnight. Transfections were carried out by adding DDNDs prepared at 

different N/P ratios to contain: 0.6 μg of luciferase expressing pGWIZ-luc plasmid, 10 pmol 

miR-345, and 3 μg GEM per well. Cells were allowed to incubate with the polyplexes for 6 

h, at which time the media was changed to remove any excess polyplexes. The cells were 

incubated for an additional 42 h before they were lysed and analyzed for luciferase activity 

according to the Luciferase Assay System protocol with a Veritas Microplate Luminometer. 

Lipofectamine was used as positive control at an N/P ratio of 8, according to the 

manufacturer’s protocol.

2.2.8. In vivo Studies—In the present study, animal experiments were carried out in 

accordance with the United States Public Health Service “Guidelines for the Care and Use 

of Laboratory Animals” under an approved protocol by the University of Nebraska Medical 

Center’s Institutional Animal Care and Use Committee (IACUC). Six to eight-week-old 

athymic nude mice (n=12 for each group) of either sex were obtained from ENVIGO and 

maintained in pathogen-free conditions for two weeks for acclimatization. CD18/HPAF-II 
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PC cells labeled with luciferase (0.5×106), were suspended in 50 μM phosphate-buffered 

saline (PBS) and were orthotopically implanted into the mice pancreata to establish 

xenograft tumors. Ten days post-implantation, mice were imaged with the IVIS spectrum 

(Perkin Elmer, USA) machine following luciferase intraperitoneal (i/p) injection of D-

luciferin (100 μM of 15mg/ml in PBS). Based on luciferase expression, mice were 

randomized into four groups (n=12 animals/group) for treatment, Group 1: DDND vehicle 

control; Group 2: miR-345 alone; Group 3: DDND with GEM alone; and Group 4: DDNDs 

with GEM + miR-345. The treatment schedules and doses were set up as follows; DDNDs 

were administered i/p twice a week for 4 weeks by 100 μL DDND solution having 10 pmol 

miR-345 and 3μg GEM. During the course of treatment, D-luciferin was i/p injected to 

detect/monitor tumor growth in mice non-invasively using the IVIS Spectrum imaging 

system, at days 0, 1,8, 15 and 22 (study endpoint) of treatment. The animals were sacrificed 

by asphyxiation with CO2 followed by cervical dislocation at the study endpoint. Tumors 

were removed and weighed. Vital organs were carefully observed for metastatic lesions prior 

to collection. Half of each primary tumor or metastatic tumor was flash frozen and the other 

half was fixed in 10% buffered formalin for immune-histochemistry and protein analysis.

2.2.9. Immuno-histochemicai Analysis—The histological changes associated with 

DDND treatments were assessed with respective control group. Tumor specimens were fixed 

in 10% neutral buffered formalin solution for 48 hours prior to embedding in paraffin. 

Pancreatic and metastatic tumor tissues were sectioned at 5μm thickness and stained with 

hematoxylin and eosin. Immuno-histochemical analysis was performed on primary tumor 

sections from each treatment group for SHH, GLI1, Trichrome, MUC4, and KI67 antibodies 

with established protocols [37, 63].

2.2.10. Statistical Analysis—The significant differences between the groups for the in 
vitro experiments were evaluated using ANOVA analysis by Tukey’s method with a 95% 

confidence interval. The results are presented as the average ± standard deviation calculated 

from at least three independent experiments. The Student t-test was used to determine 

statistical differences between control and treatment groups for in vivo experiments. A p-

value less than 0.05 was considered to be statistically significant. Error bars represent the 

calculated standard error of means (SEM).

3. Results

The molecular weight of the synthesized PB copolymer used to form polyplexes for 

miR-345 and GEM delivery, was estimated to be 18 kDa with a polydispersity index of 1.2, 

which was similar to our previous reports [54, 57, 59], Gel electrophoresis indicated that 

complete complex formation occurred in DDND systems with N/P ratios above 20, which 

provided the miR-345 both protection and stability, while preventing the premature release 

(Figure 1).

The serum and RNase stability of the miR-345 in the DDND systems was also tested for 72h 

(Figure 1) and our results indicated that DDNDs with N/P ratios of 20, 40 and 60 showed 

good miR-345 protection and stability against serum and RNase enzymes by not showing 

any significant signs of miR-345 degradation, disassembly or dissociation in the presence of 
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RNase or serum proteins due to the strong electrostatic complexation and self-assembly. 

However, a slight decrease in miR-345 intensity on the agarose gel was observed in the 

DDNDs with N/P ratios 20 and 40, indicating a slight miR-345 degradation in the presence 

of serum proteins and RNase, which was not observed in the DDNDs with a N/P ratio of 60. 

Considering effective miR-345 protection, size and zeta potential stability was evaluated 

particularly for DDNDs with an N/P ratio of 60 (Figure 1). The results indicated that DDND 

with an N/P ratio of 60 possesses almost neutral charge due to the Pluronic F127 surface 

self-assembly and average cumulative size of 166 nm in PBS. Following the 72h incubation 

in serum-containing cell culture media, the size of the 60 N/P DDND increased to 257 nm, 

with a low polydispersity index value; and the zeta potential changed to −5.49 mV, which 

could be due to the attachment of cell culture media components (Figure 1) [59]. The 

enhanced stability of the DDNDs is attributed to the hydrophilic PEO chains of Pluronic 

F127, which play a vital role in providing shielding and stealth effects, and the strong 

electrostatic condensation of miR-345 in the polyplex matrix, which minimizes its external 

interactions [52, 57, 59]. In addition, the responsive PB copolymer-based systems also show 

enhanced stability compared to liposomal systems due to the ability to tailor the ratio of the 

blocks with different features [64, 65]. Although the strong electrostatic complexation and 

self-assembly enables efficient protection and stability, it may prevent the efficient release of 

the payload at the site of action [66]. Our results indicated that the DDND systems (both as 

micelles and gels) were able to provide simultaneous release of miR-345 and GEM over 5 

days, providing efficient stability, protection, and preventing premature release (Figure 2).

It was also observed that the increase in N/P ratio from 20 to 60 resulted in slower release of 

miR-345 and GEM for both micelles and gels. ~90% of the initially loaded miR-345 and 

GEM were released within 5 days from the micelles with N/P ratio of 20. The PB copolymer 

system is able to complex the miR-345 because of its cationic blocks, and can 

simultaneously undergo thermoreversible gelation at physiological temperatures (at polymer 

concentrations greater than 20%) to form gels that provide sustained release of the GEM and 

miR-345 slowly over time [57]. The release of GEM from the outer Pluronic F127 layer was 

observed to be less controlled due to it is small molecular size and high hydrophilicity. The 

gels provided more controlled release with slower rates compared to the micelles. The gels 

with N/P ratio of 60 released ~20% of initially loaded miR-345 and GEM within 5 days, 

which can be considered a favorable release timeframe for positive clinical outcomes [67]. 

Therefore, it is possible to tune the controlled release characteristics of the DDNDs by 

changing N/P ratio or creating micelles/gels.

Capan-1 and CD18/HPAF-II cells were exposed to DDNDs with N/P ratios of 60, 40 and 20 

(Figure 3) to determine PC cell line viability in vitro. The DDNDs with N/P ratios of 60 

(miR-345 and GEM co-loaded) showed the greatest effect with ~85% and 80% reduction in 

cell viability for Capan-1 and CD18/HPAF-II cells respectively (Figure 3A and 3B).

The corresponding control treatments, consisted of the same amount of PB copolymer self-

assembled with Pluronic F127 alone (without miR-345/GEM/both) to form the DDNDs at 

the different N/P ratios, and did not show significant toxicity in both cell lines. It was 

observed that PluronicF127 self-assembly provided a shielding effect, stability and reduction 

in toxicity commonly seen with synthetic cationic polymers [57]. Many cationic polymers 
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have cytotoxicity issues, but our PB copolymer system can be tailored to optimize 

complexation and transfection efficiency while minimizing cytotoxicity, by simply changing 

the ratio of the cationic blocks to the non-ionic Pluronic F217 blocks [57, 59]. Moreover, the 

scrambled miRNA control, either alone or loaded in DDNDs, showed no effect on both cell 

lines (Figure 3). GEM alone or entrapped in Pluronic F127 showed significant cell death 

(~60% for Capan-1 and 45% for CD18/HPAF-II), which was higher than that observed with 

the miR-345 alone (~30% for Capan-1 and 10% for CD18/HPAF-II). The miR-345, directly 

mixed with GEM/PluronicF127 assembly without PB copolymer complexation, also did not 

provide enhanced effect on cell viability compared to the GEM/PluronicF127 assembly 

alone in both cell lines (Figure 3). On the other hand, when miR-345 was complexed with 

PB copolymer and further self-assembled with GEM/PluronicF127 to form miR-345/PB 

Copolymer Polyplex + GEM/PluronicF127 (Figure 3), it showed effective destruction of PC 

cell lines upon its treatment through the miR-345 and GEM synergism (~85% reduction in 

cell viability for Capan-1 and 80% reduction in cell viability for CD18/HPAF-II) compared 

with control groups. These results demonstrate that an efficient miR-345 restoration in 

combination with GEM therapy provided highly significant inhibition of growth in PC cell 

lines through induction of apoptosis [35, 36, 68]. In most treatments, the DDND with N/P 

ratio of 60 showed a more pronounced effect on cell viability as compared to the DDNDs 

with N/P ratios of 40 and 20 in both cell lines. This could be attributed to the stability, 

protection, and efficient simultaneous release of miR-345 and GEM resulting from the 

synergistic advantages of different blocks for this DDND [57, 59].

Based on the observed stability, simultaneous extended release, and cell viability results, the 

DDND system with a N/P ratio of 60 was selected for the remaining in vitro and in vivo 
experiments. The designed DDND system with N/P ratio of 60 provided efficient cellular 

entry and endosomal escape in Capan-1 and CD18/HPAF-II cells (Figure 4).

The enhanced cellular uptake was due to the presence hydrophobic PPO groups, which are 

capable of promoting cell membrane internalization through thermoreversible micellization 

and hydrophobic interactions [51, 52, 57–59, 69]. On the other hand, the PDEAEM end-

blocks enhanced the endosomal escape through protonated tertiary amine groups by pH 

buffering (Figure 4) [57, 59, 61]. Quantitative analysis indicated that approximately ~82% of 

DDNDs managed to escape from the endosome through proton sponge effect in Capan-1 

cells while ~85% of the DDNDs escaped from the endosome in CD18/HPAF-II cells.

Following efficient cellular entry and endosomal escape, the DDNDs were able to provide 

efficient transfection as depicted in Figure 5.

The DDND system with an N/P ratio of 60 provided better transfection efficiency compared 

to the control cases (gwiz alone, gwiz/PB copolymer complex and miR-345/gwiz/PB 

copolymer complex) for Capan-1 cells (Figure 5A), whereas the difference was insignificant 

for CD18/HPAF-II cells except against gwiz alone control (Figure 5B). DDNDs also showed 

significantly higher transfection (~2.5 fold higher in Capan-1 (Figure 5A) and ~3 fold higher 

in CD18/HPAF-II (Figure 5B)) than a commercially available agent, Lipofectamine 2000 

(Figure 5). The DDND system containing a self-assembled Pluronic F127 layer provided 

further enhanced transfection compared to the miR-345/PB copolymer polyplexes, as 
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mentioned in our previous work on delivery of plasmid DNA [57]. Besides, the stable 

structure and the novel design of the DDND also has a positive effect on cellular uptake, 

endosomal escape and transfection efficiency.

Based on our optimized in vitro results, we sought to evaluate the in vivo therapeutic 

potential of the DDND system with N/P ratio of 60 on tumorigenicity and metastasis. 

Athymic nude mice carrying CD-18/HPAF-II xenograft tumors were treated with DDNDs 

loaded with both GEM and miR-345 alone or in combination, administered i/p twice a week 

for 4 weeks. Non-invasive live animal IVIS spectrum imaging revealed significant tumor 

growth inhibition in the GEM+miR-345 mice compared to other treatment groups (Figure 

6A). The average tumor weight was substantially decreased due to the synergistic effect of 

GEM and miR-345 with respect to the GEM and miR-345 alone control groups (Figure 6B). 

These large differences in the tumor weight (1.2g vs. ~0.3g) reflect the fact that more 

aggressive tumor growth occurs in pancreas of the control mice as compared to other 

treatment groups; further, similar to our in vitro results, we also observed synergism when 

GEM and miR-345 were combined for in vivo treatment.

We investigated the effect of miR-345 and GEM-loaded DDNDs on histopathology and 

local, distant metastatic lesions in vivo after treating athymic nude mice carrying xenograft 

tumors. Metastatic lesions at distant organs were significantly reduced in animals treated 

with DDNDs loaded with miR-345 and GEM as compared to all other groups (Figure 7B). 

We observed a significantly higher incidence of metastasis in distant organs like liver, 

spleen, kidney, ovary, diaphragm, and intestine in the control group (Figure 7C, example 

control group metastases) compared to the group with DDNDs loaded with GEM + miR-345 

(Figure 7B). Histopathological changes were evaluated in the primary pancreatic tumor 

tissues and metastatic lesions isolated from distant organs from all treatment groups. H&E 

staining of excised mouse primary pancreatic tissue sections (Figure 7A) showed that 

significant reduction in desmoplasia in primary tumors of animals treated with DDND 

loaded with GEM + miR-345 compared with other miR-345 and control groups. Tumor 

metastasis to distant organs was clearly inhibited in mice treated with DDNDs loaded GEM 

+ miR-345. Further, H&E staining also revealed that presence of micrometastatic lesions in 

the distant organs of mice treated with vehicle control (polymer treated mice) compared with 

mice treated with DDND loaded with miR-345/GEM alone/in combination.

Our hypothesis was that the restoration of miR-345 through DDND treatment would result 

in down regulation of the SHH signaling pathway and lead to inhibition of desmoplasia, 

pancreatic stellate cells (PSCs) and cancer stem cells (CSCs). This in turn would lead to an 

improved therapeutic outcome of GEM in PC through improving its perfusion to tumor. Our 

immunohistochemical analysis in primary tumors from each treatment group (Figure 8) 

indicated that there was significant down-regulation of SHH (sonic hedgehog protein) and 

its downsteam effector GLI1 in the tumor tissues of mice treated with DDNDs loaded with 

GEM+ miR-345 compared to GEM alone or the untreated DDND control group. As 

expected, a reduction in SHH and GLI1 was also observed in the miR-345 treated group. 

Pancreatic ductal adenocarcinoma (PDAC) is characterized by an abundant desmoplastic 

stroma that promotes tumor formation, invasion, and metastasis. In addition, desmoplastic 

stroma creates an additional physical barrier that prevents perfusion of chemotherapy and 
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thus leads to increased chemoresistance [70]. Masson trichrome staining of tumor tissues 

showed high stromal density in control group and mice treated with DDND loaded with 

miR-345 compared to other treatment groups; with the combined GEM + miR-345 treatment 

providing a significantly reduced stromal density (Figure 8, third row).

Our in silico target prediction and microarray data from miR-345 over expression in PC 

cells, revealed that miR-345 potentially targets MUC4 which is highly overexpressed in 

human PC and has a role in the progression and metastasis of PC cells [63]. MUC4 is 

undetectable in the normal pancreas, whereas its expression increases progressively with the 

advancement of PC where it plays an active role in progression and metastasis [63]. Our 

results demonstrated that restoration of miR-345 by means of DDNDs loaded with miR-345 

alone or in combination (GEM and miR-345) treatment resulted in down-regulation of 

MUC4 as compared to other groups (Figure 8, fourth row). In addition, our immune-

histochemical analysis of tumor sections with KI67 (proliferation marker) revealed that the 

mice treated with DDNDs loaded with miR-345 and GEM display lower KI67 staining as 

compared to other treatment groups which indicates these are less proliferative tumors 

(Figure 8, last row).

4. Discussion

The sophisticated DDND design and stimuli responsive features of the PB copolymers had a 

significant influence on these promising in vitro and in vivo results. Previous studies aimed 

to co-delivering miRNA/drug combinations using various polymers to address the 

limitations of existing systems include ineffective co-loading of drug and miRNA, non-

specific toxicity, stability, premature miRNA/drug release, and multidrug resistance etc. [19, 

22, 24, 28, 29, 36, 37, 42]. For instance, similar approaches using other polymeric delivery 

systems have shown much lower drug loadings (~5-10%) with short-term stability in serum 

for only 12-24 h, and sustained release of 80% of loaded drug over 2 days[28],[24]. Despite 

the limitations of these systems in terms of loading, stability, and premature release, they 

were able to show a reversal in chemoresistance to gemcitabine, inhibition of migration, 

invasion and tumor cell proliferation (up to ~20-40% cell in MIA PaCa-2 and Capan-1 PC 

cells) with an accompanying increased in apoptosis [28],[24] in vitro.

In our study, we were able to obtain ~70% GEM and ~100% miR-345 loading. In the 

micelle formulations (for N/P ratio of 60), ~40% of the initial miR-345 and GEM total dose 

released in a sustained manner over 5 days while this was reduced to ~20% for gel 

formulations providing a slower and more controlled release. The size of our 60 N/P system 

is 166 nm in cell culture media supplemented with 10% serum and showed extended serum 

stability over 72 h. A comparison of transfection efficiency showed a ~2.5 and ~3-fold 

higher cellular uptake as compared to the commercially available Lipofectamine 2000, was 

also achieved in Capan-1 and CD18/HPAF-II cells respectively. Our design achieved the 

same or a better reduction in cell viability of Capan-1 and MIA PaCa-2 cells with a lower 

miR-345 and GEM doses (10 μL of DDND solution having 10 pmol miR-345 and 3μg 

GEM) as compared to other in vitro studies [28],[24]. Using the CD18/HPAF-II in vivo 
pancreatic orthotopic tumor model, a decrease in the expression of SHH, GLI1 and KI67 

was observed when the combined treatment was administered. These studies further revealed 
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that the combination therapy showed significant inhibition of tumor growth accompanied by 

significant decrease in metastasis in vivo. Therefore, our in vivo results also revealed that we 

achieved a significant decrease in the tumor weight, from 1.2 g to 0.1g, as well as significant 

decrease in overexpressed proteins, through the injection of DDNDs (i/p twice weekly for 4 

weeks by 100 μL DDND solution having 10 pmol miR-345 and 3μg GEM). Although the 

injection regimens are slightly different from the other mentioned studies, the applied 

miR-345 dose is significantly lower. In addition, compared to the actually applied dose of 

GEM in humans with pancreatic cancer (1000 mg/m2 body surface area) our applied dose is 

almost 4-fold lower when we calculate it in terms of dose per average body surface area of a 

mouse (which is 3 μg / 0.0066 m2 = ~0.45 mg/m2). These evaluations indicated the 

superiority of our DDND design and materials over other attempts and the development of a 

clinically applicable dose regimen. The design strategy, mainly based on PB copolymers 

electrostatically complexed with miR-345 and subsequently self-assembled with GEM 

encapsulated Pluronic F127 layers, provided an extended stability and sustained co-release 

as thereby allowed for dose-sparing use of GEM [61, 69]. Amphiphilic Pluronic F127 blocks 

enhanced cellular uptake via thermoreversible micellization while the protonatable tertiary 

amine groups of PDEAEM end blocks facilitated endosomal escape via the proton sponge 

effect [51, 57–61]. Further, self-assembly by GEM encapsulated Pluronic F127 also 

provided shielding of excess charges, enhanced cellular uptake, GEM loading and 

simultaneous miR-345/GEM release by temperature responsive micellization. Thus, the 

promising in vitro and in vivo results presented in this study help to enhance our 

understanding of mechanisms underlying combined delivery – as well as generate valuable 

information regarding the synergistic activity of combining GEM with a miR-345 mimic 

that significantly advances the goal of an improvement upon GEM treatment for PC patients. 

Additional studies are needed, but this work incrementally advances nano-delivery in 

relevant PC models to develop novel combination treatments for lethal pancreatic cancer.
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Figure 1. 
Stability of DDND systems at different N/P ratios in media containing 10% serum and 

0.25% RNase enzyme. Incubation time: 72h. Size and zeta potential stability of the DDND 

system with N/P ratio of 60 in 10% serum containing cell culture media.
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Figure 2. 
Release profiles of (A) Gemcitabine and (B) miR-345 from DDND micelles with N/P ratios 

of 20, 40 and 60. Release profiles of (C) Gemcitabine and (D) miR-345 from DDND gels 

with N/P ratios of 20, 40 and 60.
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Figure 3. 
Effect of DDND systems with N/P ratios of 60, 40 and 20 on (A) Capan-1 and (B) CD18/

HPAF PC cell viability. Cell Density: 1×104 cell/well. miRNA Dose: 10 pmol. Gemcitabine 

dose: 3 μg/well. Incubation time: 72h. The same letters represent statistically significant 

differences between cases (p<0.05).*, ** and *** represent the statistically significant 

differences of the DDND system with N/P ratios of 60 against all controls (p<0.05).
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Figure 4. 
Confocal images of DDND systems prepared at N/P ratio of 60 using dye attached PB 

copolymer in (A) Capan-1 and (B) CD18/HPAF cells. Incubation time: 24 h. Red: DDND 

stained by Alexaflour647, Green: lysosome stained by Lysotracker Green, Blue: nucleus 

stained by Hoechst dye.
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Figure 5. 
Transfection of DDNDs prepared at N/P ratio of 60 in (A) Capan-1 and (B) CD18/HPAF 

cells. Luciferase expressing gwiz plasmid complexed with Lipofectamine was used as 

positive control. Luciferase expressing gwiz plasmid alone or complexed with PB 

copolymers in the presence or absence of GEM/Pluronic F127 self-assembly were used as 

controls. * represents statistically significant differences (p<0.05) while same letters 

represent statistically insignificant difference (p>0.05).
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Figure 6. 
Therapeutic potential of nanoparticle carrying GEM + miR-345 mimics on orthotopically 

grown PC tumors in athymic nude mice. (A) Luciferase live animal IVIS imaging to monitor 

growth of tumors during the treatment period (B) Tumor weights at study endpoints.
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Figure 7. 
Effect of DDNDs loaded with miR-345 and GEM on tumorigenicity and metastasis (A) 
Changes in distant organs with metastatic lesions and pancreatic tumor tissue histology as a 

result of DDND mediated delivery of miR-345 and GEM. The first and second rows are the 

light microscopy images (100×) of H&E stained metastatic lesions from the control group. 

The third row shows H&E stained primary pancreatic tissue sections for each treatment 

group. (B) The number of animals showing incidence of metastasis at distant organs in the 

various treatment groups.
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Figure 8. 
Analysis of tumor samples for SHH, Glil, Trichrome, MUC4, and Ki-67 staining for each 

treatment groups.
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