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Abstract

Objective Tumor suppressor miRNAs, miR-15a and

miR-16–1, with high-specificity and oncogenic tar-

geting of Bcl-2, can target tumor tissues. Disadvan-

tages of the clinical application of free miRNAs

include poor cellular uptake and instability in plasma,

which can be partially improved by using nanocarriers

to deliver anti-cancer agents to the tumor cell.

Method In this study, cationic niosomes were

designed and optimized with the specific formulation.

Then, the physical characteristics, the cytotoxicity, the

impact of transfected miRNAs on the expression of the

Bcl-2 gene, and the apoptosis rate of the different

formulation into prostate cancer cell were determined.

Results The optimum formulation containing tween-

60: cholesterol: DOTAP: DSPE-PEG2000 at

70:30:25:5 demonstrated that the vesicle size and zeta

potentials were 69.7 nm and ? 14.83 mV, respec-

tively. Additionally, noisome-loaded miRNAs had

higher toxicity against cancer cells comparing with
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free forms. The transfection of PC3 cells with the

combination therapy of nanocarriers loaded of two

miRNAs led to a significant decrease in the expression

of the Bcl-2 gene and increased the degree of cell

death in PC3 cells compared with other treatment

groups, and the synergistic effects of co-delivery of

miR-15a and miR-16–1 on prostate cancer cells were

shown.

Conclusion According to the results, it seems the

designed niosomes containing miR-15a and miR-16–1

can target the Bcl-2 gene and provide a cheap,

applicable, cost-effective, and safe drug delivery

system against prostate cancer.

Keywords Prostate cancer � Nanocarrier � Bcl-2 �
Apoptosis � miR-15a � miR-16–1 � Niosome

Introduction

Prostate cancer, which is considered an aggressive

neoplasm, is one of the most common types of cancer

diagnosed in male gender and its incidence is expo-

nentially increased in numerous countries. The median

age of the patients at the time of diagnosis is 72 years.

(Kopper and Tı́már 2005; Pejin et al. 2013). In many

cases, there is no bona fide treatment in place when

patients were diagnosed in advanced stages, because

tumors in advanced and metastatic stages are very

resistant to conventional chemotherapeutic agents.

Consequently, it would be crucial to recognize the

molecular mechanisms underlying the development of

cancer to seek new therapies to fight cancer therapies.

To achieve this purpose and overcome drug resistance,

natural products along with chemotherapeutic agents

have a special place in cancer therapy (Pejin et al.

2015). On the other hand, gene therapy by the RNA

interference (RNAi) technique is a promising and

unique method that interferes with the expression of

particular genes and silences the genes at the tran-

scriptional level. In this approach, small interfering

RNAs (siRNA) or microRNAs (miRNA) transfect

tumor cells, thus changing the expression of specific

genes at the post-translational stage (Haghiralsadat

et al. 2018c). Recently, the delivery of miRNAs

(miRNAs) to tumor cells in order to eliminate them

has attracted much attention and used in in-vitro and

in-vivo studies (Guo and Wang 2019; Zhu et al. 2019).

MiRNAs are non-coding and single-strand RNAs that

comprise of * 22 nucleotides and act as intracellular

modulators of the gene expression. Studies have

shown that the dysregulation of miRNAs is associated

with the pathogenesis of different types of cancer-

s(Palanichamy and Rao 2014). MiR-15a and miR-

16–1 are categorized as the tumor suppressor micro-

RNAs that can regulate a group of oncogenes (Aqeilan

et al. 2010). However, they are usually deleted or

downregulated in some types of human cancers, such

as chronic lymphocytic leukemia (CLL) (Acunzo and

Croce 2016), breast cancer (Patel et al. 2016),

hepatocarcinoma (Zhang et al. 2010), non-small cell

lung carcinoma (Bandi et al. 2009), gastric cancer

(Kang et al. 2015), and prostatic cancer (Porkka et al.

2011). Both miR-15a and miR16-1 are capable of

targeting multiple genes, such as Bcl-2, CCND1,

MCL-1, and WNT3A (Aqeilan et al. 2009; Cai et al.

2012; Cimmino et al. 2005; Liu et al. 2014). Hence, by

silencing anti-apoptotic genes, they can induce cell

death, inhibit cell growth, and arrest the proliferation

of malignant cells. A wide variety of cancer cells, such

as prostate cancer cells apply different strategies to

escape cell death, such as the upregulation of anti-

apoptosis signaling pathways. Therefore, silencing the

anti-apoptotic Bcl-2 gene by the application of miR-

15a and miR-16–1 results in the downregulation of

Bcl-2 gene expression and increases the rate of

apoptosis (Chen et al. 2006; Cimmino et al. 2005).

Since the simultaneous use of miR-15a and miR-16–1

shows a potent onco-suppressor activity, the syner-

gistic use of these miRNAs can have tremendous

effects on the oppression of cancer cell growth.

Regarding the above evidence, the co-delivery of

these two miRNAs could be a novel therapeutic option

for advanced stages of prostate cancer(Bonci et al.

2008). Previous studies have indicated that the clinical

application of miRNAs has some limitations since the

rate of cellular uptake is very low, and these RNA

molecules are easily degraded by RNAase enzymes

found in the bloodstream (Baraban et al. 2018; Qian

et al. 2017). Therefore, the development of a suit-

able carrier system to be able to protect and stabilize

miRNAs is an urgent need for the efficient delivery to

cancer cells. Among carriers employed for the trans-

fection of cells by RNAi, cationic lipids are useful and

effective carriers for the delivery of polyanionic

molecules, such as RNA and DNA (Haghiralsadat

et al. 2018b; Hsu et al. 2013). In comparison with other
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types of carriers, cationic lipids are safe (low immuno-

genicity) and readily prepared and used. Besides, they

have high packaging capacity and low production cost.

Niosomes are considered as a class of biodegradable

cationic lipids which are made of the synthetic non-

ionic surfactant, and they could be utilized for the

delivery of high concentrations of therapeutic agents

to tumor tissues (Hemati et al. 2019; Naderinezhad

et al. 2017). Due to the cationic electrostatic charges

found on the lipid bilayer, the loading efficiency of

these carriers for nucleotides (possessing negative

charges) would be acceptable, and the rate of cellular

uptake of these molecules by the cells is notably high

(Haghiralsadat et al. 2018a). In this study, a co-

delivery system based on cationic PEGylated nio-

somes was developed to load miR-15a and miR-16–1

simultaneously on the surface of cationic PEGylated

niosome against prostate cancer cell line (PC3).

Material and methods

Materials

Polysorbate 60 (Tween 60) and Sorbitan Monostearate

60(Span 60) were purchased from DaeJung Chemi-

cals. 1,2-Distearoyl-phosphatidylethanolamine-

methyl-polyethylene glycol-2000 (DSPE-mPEG

2000) was procured from Lipoid GmbH (Lud-

wigshafen, Germany). Cholesterol was obtained from

Sigma-Aldrich Co (St. Louis, MO, USA) and N-[1-

(2,3-Dioleoyloxy) propyl]-N,N,N-trimethyl ammo-

nium methyl-sulfate (DOTAP) was purchased from

Avanti Polar Lipids (Alabaster, AL). DAPI(40,6-

diamidino-2-phenylindole) and DIL Stain (1,10-Dioc-

tadecyl-3,3,30,30-Tetramethylindocarbocyanine Per-

chlorate) were purchased from Thermo Fisher

(Waltham, Massachusetts, USA). Annexin V-FITC/

PI apoptosis detection kit was supplied from Abcam

(Abcam,Cambridge, UK). The mature sequences of

miRNAs 15a/16–1 were obtained from the miR-Base

database (http://mirbase.org). The sequences of hsa-

miR15a were: sense 50-UAGCAGCA-

CAUAAUGGUUUGUG-30, and hsa-miR16-1: sense

50-CCAGUAUUAACUGUGCUGCUGA-30. These

oligonucleotides were synthesized via the fluorescent

label CY-5 by Eurofins Genomics Company (Ger-

many). Other Chemical and reagents were obtained

from Sigma-Aldrich Chemical Co. (St. Louis, MO,

USA).

Preparation of niosomal formulations

MicroRNAs loaded niosomes were synthesized and

examined in terms of the particle size, polydispersity

index (PDI), and zeta potential. For the optimization of

niosomes, the following experiments were performed:

• The influence of surfactants with various

hydrophobic tails and hydrophilic heads (tween

60 vs. span 60) on size and zeta potential of

niosomes was evaluated.

• For increasing the lifetime of niosomes in the

blood circulation and improving the drug bioavail-

ability, 5% DSPE-PEG was added to the formula-

tion of the prepared niosomes.

• After achieving the optimum conditions in terms of

the particle size and zeta potential, 10%, 20%, and

25% DOTAP were added to PEGylated niosomes

to facilitate the loading of oligonucleotides.

Different niosomal formulations were prepared by

the thin-film hydration method. The percentage of

surfactants in these formulations was 70%. As

depicted in Table 1, various types of surfactants with

different concentrations were dissolved in chloroform,

as an organic phase, in the presence of 5% DSPE-

mPEG and 30% cholesterol with or without phospho-

lipids. The thin films were dried to remove chloroform

by the rotary evaporator (Heidolph, Germany) at

45 �C. The dried lipid film was hydrated with PBS

(phosphate-buffered saline) and rotated at 60 �C for

1 h. The niosomal dispersion was then sonicated for

20 min (10 s on and 10 s off, at an amplitude of 60 W)

to minimize particle aggregation using ultrasonic

homogenizer (model UP200St, Hielscher Ultrasonics

GmbH, Germany). Finally, the dispersion was steril-

ized through 0.4 and 0.2 lm membrane filters. Non-

modified niosomes were stored at 4 �C.

Preparation of cationic PEGylatedniosome

(Nioplexes) containing miRNAs

In the post-coating stage (placing miRNAs on the

surface of niosomes by the electrostatic interaction),

miRNA/niosome complexes were prepared by the

addition of miRNAs to the dispersion of PEGylated

cationic niosomes at various weight ratios and then
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gently agitated by a vortex. Nioplexes, before using,

were incubated at room temperature for 30 min to

enhance the electrostatic interaction.

Determination of miRNA compilation

with niosome and stability of Nioplexes

The loading efficiency of miRNA in cationic PEGy-

lated niosomes was assessed using agarose gel retar-

dation assay. In this assay, various ratios of niosome/

oligonucleotide complexes were loaded on ethidium

bromide-containing 1% agarose gel and then detected

by electrophoresis at a voltage of 80 for 45 min. The

images were obtained by UV exposure using a gel

visualization system (Syngene GBOX, 680X), and

they were analyzed in terms of the maximum loading

efficiency for miRNA to be loaded on cationic

PEGylate niosomes. For the determination of the

stability, nioplexes suspensions were stored at 4 �C for

four months and then the loading efficiency was

evaluated.

Physical characterization of niosomal vesicles

Dynamic light scattering (DLS) was applied to

determine the hydrodynamic size (diameter), poly-

dispersity index (PDI), and size distribution of the

designed nanocarriers. Zeta potential was also deter-

mined using Zeta Sizer Nano ZS apparatus (Malvern,

Worcestershire, UK) to measure the surface charge of

the synthesized nanocarriers. The structure and sur-

face morphology of nanoniosomes were analyzed

using scanning electron microscope (SEM) (model

KYKY-EM3200-30 kV, KYKY Technology Devel-

opment Ltd., Beijing, China) operated at accelerating

voltage of 20 kV. For the preparation of samples used

in the SEM analysis, a few drops of the niosome

suspension were dispersed in water and placed on the

mesh copper grid 400. Then, the grid was put in an

evacuated desiccator to evaporate the solvent. Before

being viewed under the microscope, the samples were

sputter-coated with a thin layer of gold.

Cell lines and preparation of biological samples

Human adenocarcinoma prostate cell line (PC3) was

procured from the Pasteur Institute, (Tehran, Iran), and

immortalized human foreskin fibroblast cell line

(HFF), as a normal cell line, was obtained from Stem

Cell Biology Research Center (Yazd, Iran). All tissue

culture media and supplies were obtained from Gibco

(San Diego, California, US). PC3 and HFF cell lines

were grown in the cell culture media of RPMI and

DMEM, respectively. Both cell culture media were

supplemented with 10% fetal bovine serum (FBS), and

the cells were incubated at 37 �C in 5%CO2 for 24 h.

Cytotoxicity assay

Cells were seeded in 96-well plates at a density of

5 9 103 cells per well and incubated for 24 h. Cells

were then treated with free miR-15a (100, 200 nM),

free miR-16–1 (100, 200 nM), miR-15a-loaded nio-

somes (100, 200 nM), miR-16–1-loaded niosomes

(100, 200 nM),co-delivery of the free forms of miR-

15a and miR-16–1, and co-delivery of miR-15a and

miR-16–1 loaded on niosomes (nioplexe). HFF cells,

which were applied as a normal cell line, were used to

study the cytotoxicity of the unloaded niosomal

formulations. After 48 h of incubation, the contents

of wells were isolated and incubated with 20 lL MTT

(5 mg/mL) for 4 h. Then, the medium was carefully

aspirated and 150 lL DMSO (per well) was added to

each well. The optical density of the samples was

Table 1 The effect of surfactant type and phospholipid on size, zeta potential and PDI

code Tween60:

Cholesterol

Span60:

Cholesterol

DSPE-mPEG

2000 (%)

DOTAP Size

(nm)

Zeta potential

(mV)

PDI (polydispersity

index)

F1 – 70:30 5 – 134 - 45.46 0.28

F2 70:30 – 5 – 87 - 46.30 026

F3 70:30 – 5 10% 76 - 16.44 0.28

F4 70:30 – 5 20% 73 ? 5.31 0.33

F5 70:30 – 5 25% 69.7 ? 14.83 0.124
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measured at a wavelength of 570 nm for each well

using the Synergy TMHT multi-mode microplate

reader (Biotek Instruments Inc, USA).

Measurement of cellular uptake

PC3 cells were seeded in a 6-well plate at a density of

2 9 105 cells and then cultured at 37 �C until reached

confluency 70%. Afterward, the cells were treated

with unloaded niosomes, free miR-15a, free miR-

16–1, miR-15a-loaded niosomes, miR-16–1-loaded

niosomes, free complex of miR-15a/miR-16–1, and

co-niosomal complex of miR-15a/miR-16–1(nio-

plexe). The designed complexes were prepared at a

ratio of 1:10 and probed with Cy5/FAM-labeled

miRNA and DIL/niosomes. The total concentration

of miRNAs applied in each sample was kept constant

at 100 nm. The treatment protocols were applied to

cells and then incubated for 3 h. The cells were rinsed

twice with PBS and fixed with 95% ethanol for

10 min. DAPI (0.125 lg/mL) was treated with the

cells for 15 min to counterstain nuclei. The efficiency

of cell transfection was investigated via the fluores-

cence intensity of CY-5/FAM and Dil. Images of the

samples were observed by fluorescence microscopy

(Olympus, Japan).

Real-time quantitative PCR (RT-PCR)

At first, 3 9 105 cells were seeded in 6-well plates, and

then, the cells were transfected with unloaded niosome,

free miR-15a (100 nM), free miR-16–1 (100 nM),

miR-15a-loaded niosomes (100 nM), miR-16–1-

loaded niosomes (100 nM), free complex of miR-15a

/ miR-16–1, and niosomal form of miR-15a/miR-16-

(nioplexe)for 48 h. The total RNA was purified from

PC3 cells by the means of the Trizol reagent (Invitro-

gen, Carlsbad, CA) according to the manufacturer

commendations. The complementary DNA was pro-

duced by the High-Capacity cDNA Reverse Tran-

scription Kit (Revert Aid First Strand cDNA Synthesis

Kit, Thermo Scientific, USA). Real-time PCR ampli-

fication was performed using SYBR Premix Ex Taq II

(Takara, Dalian) for 35 cycles based on the following

protocol: 95 �C for5 min, 95 �C for 30 s, 60 �C for

30 s, 72 �C for 30 s, and 72�Cfor 5 min. The

sequences of the primers were as follows: Bcl-2 sense:

50-TGGGATGCCTTTGTGGAACTGTACG-30; anti-

sense 50-GCCTGCAGCTTTGTTTCATGGTACA-30;

GAPDH sense 50-TGCACCACCAACTGCTTAG

C-30; antisense50-GGCATGGACTGTGGTCAT-

GAG-3’.

Apoptosis assay

Cell apoptosis detection was carried out using

Annexin V-FITC/PI staining. In brief, PC3 cells were

seeded in a 48-well plate at a density of 2 9 104 cells

and incubated until reached 80% confluency. Then,

the cells were treated with free miRNAs, miRNA-

loaded nanoniosomes, and the co-delivery of free

miR-15a/miR-16–1 and co-delivery of miR-15a/miR-

16–1 loaded niosome for 48 h. Afterward, the super-

natant of the cell culture was discarded, and the cells

were washed carefully with PBS buffer. Afterward,

the cells were collected and resuspended in 100 lL

binding buffer. Fluoresce isothiocyanate conjugated

with Annexin V (2.5 lL) and propidium iodide (PI,

2.5 lL) were added to each sample, and the mixture

was incubated in the dark at room temperature for

20 min. The cells were immediately counted by the

flow cytometry analysis (Partech PASIII, Germany).

Statistical analysis

The statistical analysis was performed by one-way

ANOVA, followed by Tukey’s post hoc test for

multiple comparisons. Student’s t-test was used to

compare two groups. The level of statistical signif-

icance was set at p\ 0.05.

Results

The effect of surfactant on niosome formulations

For the determination of the optimal formulation to

obtain the best small size (nanoscale), zeta potential,

and PDI, various niosomal formulations were evalu-

ated (Table1). As shown in Table1, the mean diameter

of nanoniosomes containing tween 60 (F2) had a

significantly lower smaller size as compared with

nanoniosomes containing span 60 (F1). However, the

zeta potential and PDI of these two formulations had

no statistically significant difference. Notably, tween

60 has better stability in the hydration phase when

incorporated into nanoniosome. Therefore, in this

study, nanoniosome were made of tween 60.
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The effect of phospholipids on niosomal

formulations

In this study, cationic PEGylated nanoniosomes were

developed that were capable of protecting miRNA

against degradation, which is mediated by the nuclease

accumulation in tumors. In this assay, to evaluate

whether the molar ratio of DOTAP affects the particle

size, PDI, and the surface charge of nanoniosome for

miRNA adsorption, different amounts of DOTAP

were added to produce cationic PEGylated nanonio-

somal formulations. According to Table 1, the number

of positive charge particles was increased upon the

addition of DOTAP to F3-F5. Also, the vesicle size

and PDI were declined linearly with the increase in the

molar ratios of DOTAP. The obtained results showed

that niosomal formulations containing Tween-60:

cholesterol: DOTAP: DSPE-PEG2000 (F5) at molar

ratios of 70:30:25:5 had the optimum characteristics in

terms of the small diameter, zeta potential, and PDI

(Table 1).

Characterization and determination of loading

efficiency of nioplexes (miRNAs-loaded

niosomes)

According to the results displayed in Table 2, the zeta-

potential of the unloaded niosome is ? 14.83 mV,

while the incubation with miRNAs generally led to a

decrease in zeta-potential and an increase in the size of

vesicles. In all cases, PDI was less than 0.30, denoting

the minimal aggregations. The loading of miRNAs on

niosomes increased the diameter of both formulations,

whereas it significantly reduced the zeta potential up to

- 3.52 mV. The SEM analysis of nioplexes (Fig. 1)

showed the spherical shapes with homogeneous size

distribution. As expected, the mean diameter of

nanoparticle was consistent with their size measured

by the DLS method. In the assay performed on the

interaction between miRNAs and noisome to assess

the loading efficiency, the migration of miRNA-

loaded niosomes on gel electrophoresis was much

lower than free miRNAs (Fig. 2). The weight ratio of

cationic PEGylated niosomes to miRNAs was calcu-

lated 10:1 to achieve the optimal condition.

Cytotoxicity assay

The MTT assay was performed to determine the

cytotoxicity effects of different concentrations of

unloaded niosome, free miR-15a,free miR-16–1,

miR15a-loaded niosomes, miR16-1-loaded niosomes

(100, 200 nM), the free complex of the two miRNAs,

and niosomal forms of the two miRNAs on the growth

of PC3 cells. A summary of experimental procedures

for the measurement of cell death at 48 h is shown in

Fig. 3 Nanoniosomes showed no significant cytotox-

icity on the PC3 cell line up to a high concentration of

100 lg/mL. As shown in Fig. 3b, free forms of

miRNAs had little cytotoxicity, while miRNAs loaded

on niosomes had more toxicity than free miRNAs (p

value\ 0.05), indicating higher effectiveness of

cationic niosomal formulations to deliver miRNA

molecules. In this research, we indicated that co-

delivery of miR-15a/miR-16–1 loaded on niosomes

significantly reduced cell survival when compared

with other formulations and demonstrated that the

treatment with the free and the niosomal forms

resulted in the growth inhibition of PC3 cells in a

dose-dependent manner (p value\ 0.05).

Cellular uptake assay

Figure 4 shows the cellular uptake of the free forms of

miRNAs and miRNAs-loaded niosomes in PC3 cell

lines after 3 h, monitored by fluorescence microscopy.

Table 2 Characterizations of the prepared niosomes

Optimal Formulation Size (nm) Zeta potential (mV) PDI (polydispersity index)

Blank niosome 69.7 ? 14.83 0.124

miR15a-niosomal 99.5 ? 4.90 0.18

miR-16–1-niosomal 104 ? 3.36 0.15

CO-delivery miR-15a/miR16-1 niosomal 118.9 - 3.52 0.30
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Figure 4 depicts the successful delivery of DIL-

labeled niosomes to cancer cells. These results suggest

that niosomes substantially improve cellular uptake

with the minimum cytotoxicity. Free miRNAs showed

lower cellular uptake efficiency, as the total intensity

of fluorescent labels was noticeably diminished. The

results indicated that miRNAs loaded niosomes had a

higher rate of cellular uptake and showed greater

purple and turquoise blue color intensity compared

with cells treated with free forms of miRNAs. The

Fig. 1 Scanning electron microscopic (SEM) image of lipoplexes. a Blank niosome; b miR-15a/miR16-1 loaded niosome

Fig. 2 a Agarose gel electrophoresis of free miRNA and

miRNA loaded niosome vesicles to determine the most effective

ratio of miRNA (lg): niosome (mg). Lane 1 = DNA ladder; lane

2 and 9 = free miRNA 15-a and free miRNA 16–1 (0.5 lL),

respectively; lane 3 and 10 = lipoplex (1.5 lL niosome, 0.5 lL

miRNA); lane 4 and 11 = lipoplex (5 lL niosome, 0.5 lL

miRNA); lane 5 and 12 = lipoplex (10 lL niosome, 0.5 lL

miRNA); lane 6 and 13 = lipoplex (12.5 lL niosome, 0.5 lL

miRNA); lane 7 and 14 blank niosome (5 lL). b Monitoring of

miRNA loading stability after four months storage at 4 �C, Lane

1 = DNA ladder; lane 2 and 4 = free miRNA 15-a and free

miRNA 16–1, respectively (0.5 ll); lane 3 and 5 = lipoplex (5

lL niosome, 0.5 lL miRNA 15-a and miRNA 16–1,

respectively)
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combination of miR15a-/miR16-1 loaded niosomes

showed the highest percentage of cellular uptake and

the mean fluorescence intensity when compared with

other formulations. The positive charge of the niosome

surface exhibited a marginal increase in the efficiency

of cellular uptake in PC3 cells.

Fig. 3 Evaluation of cell viability percentage a blank niosome; b free miRNAs and lipoplexes. The values were expressed as

mean ± SD from three independent experiments. *p\ 0.05, **p\ 0.01, ***p\ 0.001, ****p\ 0.0001, ns (non-significant)

cFig. 4 Fluorescent microscopic analysis of uptake of free

miRNAs, Blank niosome, and lipoplexes 3 h after transfection.

Cell nuclei were stained with DAPI (blue), and transfected cells

were fixed with 4% paraformaldehyde (960 magnification).

b Fluorescence intensities were calculated by ImageJ and

plotted as mean fluorescence intensity. *p\ 0.05
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Decreased expression of Bcl-2 in therapeutic

protocols

The transfection efficiency of the combinatory use of

miR15a/miR16-1 loaded niosomes, the expression of

the Bcl-2 gene was assayed in prostate cancer cell line

48 h after the transfection (Fig. 5). According to

Fig. 5, it was found that 100 nM miRNAs remarkably

reduced the expression of Bcl-2 at the transcription

level after 48 h when compared with the cells treated

with unloaded niosomes. Furthermore, miRNA loaded

niosome markedly decreased the expression of Bcl-2

significantly at the transcription level as compared to

the free forms. Moreover, cells transfected with the

combination of the niosomal form of miR15a-/miR16-

1 complex showed a significant reduction in Bcl-2

expression compared with cells transfected with

miR15a- and miR16-1-loaded niosomes alone. All in

all, these results indicate that the synthesized niosomal

complexes have great potential to inhibit the expres-

sion of the Bcl-2 gene, thereby inhibiting the cell

proliferation of prostate cancer cells.

Apoptosis analysis

The apoptosis rate was 4.38% and 4.14% in cells

treated with the free forms of miR15a and miR16-1,

respectively. However, the rate of apoptosis was

increased to 11.1% and 8.98% when the cells treated

with miR15a- and miR16-1-loadedniosomes, respec-

tively. Furthermore, there was a significant increase in

the rate of cell death (34.4%) when the cells were

simultaneously treated withmiR15a-/miR16-1-loaded

niosomes. The combinatory usage of the two miRNAs

in the form of niosomes had a synergistic effect on the

induction of apoptosis in comparison with the appli-

cation of free forms of miR15a and miR16-1. These

results are consistent with the cytotoxicity assay

(Fig. 6).

Discussion

The use of therapeutic miRNAs to quench genes

responsible for the development of drug resistance has

been broadly employed as a promising strategy to

oppress the expression of oncogenes, which blame for

the abnormal proliferation of cancer cells (Zhou et al.

2017).Given the benefits of miRNAs, such as high

efficiency, specificity, and low toxicity, the applica-

tion of these molecules is widely utilized in gene

therapy (Bai et al. 2019). In addition to the regulatory

roles of miRNA in cellular processes, they are useful

for diagnostic and therapeutic purposes (Huang 2017).

Fig. 5 Real-time PCR analysis of Bcl2 mRNA level in PC3 cells transfected by different niosomes. The values were expressed as

mean ± SD from three independent experiments. *p\ 0.05, ****p\ 0.0001
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MiR15a and miR16-1 have been shown to be

frequently deleted or downregulated in B-CLL and

prostate cancer (Bonci et al. 2008; Chen et al. 2006).

These miRNAs modulate the expression of some

oncogenes, such as BCL-2 and MCL1. A recent study

reported that the overexpression of miR-15a and miR-

16–1 inhibits the growth of prostate cancer cells by

targeting the anti-apoptotic Bcl-2 gene (Bonci et al.

2008). The therapeutic index of miR-15a and miR-

16–1 in cancer therapy is considered as a challenge.

Due to the instability of miRNAs and their negative

charge, they would be rapidly degraded in the

systemic circulation and therefore have low cellular

uptake by cancer cells. Thus, an unique approach is

highly required to protect miRNAs against degrada-

tion and facilitates the delivery of them to tumor cells

Fig. 6 Cell apoptosis analyzed with Annexin V-FITC kit following the treatment of cells for 48 h
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with high loading efficiency. Several strategies have

been applied to deliver miRNAs into tumor cells. In

previous reports, miRNAs were primarily delivered by

viral and non-viral vectors for the transfection process

(Yang 2015). Lipid-based vectors are also widely

employed as non-viral carriers. In the present study, a

niosomal formulation was designed by the addition of

the following components: (i) Tween 60, a non-ionic

surfactant (ii) DOTAP, a cationic lipid (iii) Choles-

terol, a helper lipid (iv) DSPE-PEG, a surface coating

lipid. The formulation presented in this study is a

novel approach for the treatment of prostate adeno-

carcinoma and other cancers based on the evaluation

of toxicity and selectivity. Cationic PEGylated nio-

somes showed the average size less than 100 nm and

they had high cellular uptake, stable structure, and no

toxicity. The combination of miRNAs (e.g., miR-15a

and miR-16–1) to target a particular cancer-related

pathway could have potent effects on the indication of

programmed cell death than the use of miRNAs alone.

In this study, we established a novel and optimized

delivery system made of PEGylated cationic niosomes

to be able to simultaneously delivery two tumor

suppressor miRNAs (miR15a and miR16-1) to

prostate cancer cells. The results of the MTT assay

indicated that the survival of PC3 cells was signifi-

cantly reduced when treated with niosomal miR-15a/

miR-16–1 in comparison with other treatments, sug-

gesting the inhibitory role of these two miRNAs in the

proliferation of prostate cancer cells. This event

confirms that the exogenous application of miR-15a

and miR-16–1 can markedly impede the cell prolifer-

ation of PC3 cell line which is consistent with similar

studies showing the inhibitory roles of these two

miRNAs in the hindrance of cancer cells in various

malignancies. Sambri et al. demonstrated that the

transfection of hepatocellular carcinoma cells

(HepG2) with miR-15a and miR-16–1 could prevent

the cell growth of this type of cancer cells. They used

precursor molecules mimicking microRNA 15a (pre-

miR-15a), microRNA 16–1 (pre-miR-16–1) to trans-

fect HepG2 cells with TRANSIT-TKO Transfection

Reagent. They also found that the cells transfected

with RNAi mimicking molecules have significantly

decreased the tumor growth of HepG2 cells (Sambri

et al. 2011). Bcl-2, as an anti-apoptotic protein, plays

an essential role in the process of apoptosis. The

regulation of this protein is disrupted in various types

of cancers, and its functions in the development and

etiology of cancer remain controversial (Campbell and

Tait 2018). Bcl-2 has also shown oncogenic function

and increases tumorigenesis in different animal mod-

els used for the study of cancer (Albamonte et al.

2008). In this study, the qRT-PCR technique was

utilized to evaluate the expression level of Bcl-2 after

the transfection of PC3 cells with miR-15a and miR-

16–1, which were loaded in cationic niosomes. The

results of the assay showed that the expression of Bcl-

2 at the mRNA level was diminished after the

transfection of PC3 cells with miR-15a and miR-

16–1 and these Exogenous miRNAs appear to be able

to decrease Bcl-2 expression. Co-transfection of

niosomal forms of miR-15a/miR16-1 was more

effective in reducing Bcl-2 gene expression in PC3

cells. Also, the inhibition of cell growth with com-

bined therapy was more pronounced than using the

free forms of miR-15a and miR16-1, or even the single

usage of each miR-15a-and miR-16–1-loaded nanon-

iosomes. Also, increased expression of miRNA-15a

and miR-16–1 decreased the level of Bcl-2 and

increased the rate of cell death. These findings were

consistent with the results of Bonic et al., who studied

the expression of Bcl-2 in prostate cancer cells. They

reported that the suppression of the expression of Bcl-

2 by the overexpression of miR-15a and miR-16–1 in

prostate cancer cells led to a decrease in cell prolif-

eration, invasion of cancer cells to surrounding tissues,

and metastasis of prostate tumor xenografts. Their

results proposed that miR-15a and miR-16 act as

tumor suppressor genes in prostate cancer through the

control of cell survival, proliferation, and invasion

(Bonci et al. 2008). In 2013, Li and colleagues used a

combination of Bcl-2 small interfering RNA (siRNA)

with miR-15a oligonucleotides against the Bcl-2

protein that led to the induction of cell apoptosis in

Raji cells and therapy of B-Cell lymphoma. Their

results showed a significant change in the gene

expression of Bcl-2, cell viability, and apoptosis when

compared with the control treatment (Ding et al.

2013). In the present study, the anti-cancer properties

of miR-15a and miR-16–1 were confirmed in PC3

cells. Cimmino et al. demonstrated that the expression

levels of miR-15a and miR-16–1 are conversely

associated with Bcl2 expression in CLL and they

negatively regulate Bcl-2 at a posttranscriptional

level. They are natural antisense Bcl-2 molecules that

are employed for the elimination of Bcl-2-overex-

pressing tumors (Cimmino et al. 2005). Xia et al.
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indicated that the downregulation of miR-15b and

miR-16 in gastric cancer cells concurrently occurs

with the upregulation of Bcl-2 protein. The overex-

pressed miR-15b or miR-16 can diminish the protein

level of Bcl-2 and play a role in the treatment of gastric

cancer (Xia et al. 2008). Their results were consistent

with this study findings. Several studies have shown

that the anti-apoptotic protein MCL-1 belonging to the

Bcl-2 family is another target of miR-15a and miR-

16–1 (Liu et al. 2014). Other studies have demon-

strated that miR-15a and miR-16–1 can inhibit the cell

cycle and inhibit proliferation in osteosarcoma cells

(Cai et al. 2012). In another study, the inhibitory role

of miR-15a and miR-16–1 in the process of angio-

genesis in multiple myeloma was studied in which the

two miRNAs mentioned earlier can target the VEGF

protein (Sun et al. 2013). It has been reported that the

anti-apoptotic proteins MCL-1 and CCND1 are direct

targets of both miR-15a and miR-16–1. Targeting

these miRNAs enhances the expression of the pro-

apoptotic Bim protein, which ultimately induces

apoptosis. Therefore, according to previous studies,

the presence of exogenous miR-15a and miR-16–1

regulates the mediators of the mitochondrial apoptosis

pathway in PC3 cells through a decrease in the

expression of Bcl-2, eventually leading to the preven-

tion of the cell proliferation and induction of cell

death.

Conclusions

Our results revealed that the co-delivery of miR-15a

and miR-16–1 loaded niosomes exerts synergistic

anti-cancer potentials when utilized in-vitro. The

particle size and zeta potentials of the designed co-

delivery system were suitable to be used as they had

high cellular uptake due to the electrostatic interac-

tions with the cell membrane. The combination of

miR-15a and miR-16–1 provides a new platform for

combination therapy to induce apoptosis and decrease

the expression of the Bcl-2 protein. Therefore, this co-

delivery system can open up a new horizon for the

treatment of prostate cancer.
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