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Abstract

Purpose—Lung cancer is one of the leading causes of deaths in the United States, but currently 

available therapies for lung cancer are associated with reduced efficacy and adverse side effects. 

Small interfering RNA (siRNA) can knock down the expression of specific genes and result in 

therapeutic efficacy in lung cancer. Recently, mTOR siRNA has been shown to induce apoptosis in 

NSCLC cell lines but its use is limited due to poor stability in biological conditions.

Methods—In this study, we modified an aminoglyocisde-derived cationic poly (amino-ether) by 

introducing a thiol group using Traut’s reagent to generate a bio-reducible modified–poly (amino­

ether) (mPAE). The mPAE polymer was used to encapsulate mTOR siRNA by nanoprecipitation 

method, resulting in the formation of stable and bio-reducible nanoparticles (NPs) which 

possessed an average diameter of 114 nm and a surface charge of approximately +27 mV.

Results—The mTOR siRNA showed increased release from the mTS-mPAE NPs in the presence 

of 10 mM glutathione (GSH). The polymeric mTS-mPAE-NPs were also capable of efficient gene 

knockdown (60 and 64%) in A549 and H460 lung cancer cells, respectively without significant 

cytotoxicity at 30 μg/ml concentrations. The NPs also showed time-dependent cellular uptake for 

up to 24 h as determined using flow cytometry. Delivery of the siRNA using these NPs also 

resulted in significant inhibition of A549 and H460 cell proliferation in vitro, respectively.
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Conclusions—The results demonstrate that the mPAE polymer based NPs show strong potential 

for siRNA delivery to lung cancer cells. It is anticipated that future modification can help improve 

the efficacy of nucleic acid delivery, leading to higher inhibition of lung cancer growth in vitro and 

in vivo.
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INTRODUCTION

Lung cancer is the leading cause of new cancer cases and cancer-related deaths in the United 

States (US) and worldwide [1]. It is mainly divided into two types, namely, small cell lung 

cancer (SCLC) and non-small cell lung cancer (NSCLC) [2]. In particular, NSCLC is the 

most common type of lung cancer and a major cause of death throughout the world [3]. The 

American Cancer Society estimates around 222,500 new cases and 155,870 deaths due to 

lung cancer in 2017 [4]. Various treatment options for the treatment of NSCLC, including 

chemotherapy, radiation, and surgery [5] are currently available, and chemotherapy is 

still the mainstay of treatment for NSCLC [6]. Conventional chemotherapeutic agents are 

usually administered via the intravenous (i.v.) route. However, the major drawbacks with i.v. 

administration of therapeutic agents is their widespread distribution throughout the body via 

the bloodstream, affecting both malignant and rapidly dividing normal cells (e.g. cells in the 

bone marrow) [7]. In addition, most chemotherapeutic agents used to treat lung cancer cells 

can kill non-dividing cells, and also lead to adverse side effects such as hair loss, fatigue, 

infection and other problems [8, 9].

Extensive efforts have been made to design new drugs that selectively target precise 

pathways driving the development of NSCLC, but many attractive cancer targets remain 

difficult to target specifically [10]. Recently, it was shown that abnormal activation of the 

Akt/mTOR pathway is commonly observed in the NSCLC cases [11]. The deregulation 

of the Akt/PI3K/mTOR pathway is known to have contributed to the development and 

maintenance of NSCLC. Various negative regulators act as tumor suppressors and have been 

found to be mutated in NSCLC suggesting a role of the mTOR pathway in lung cancer [12]. 

mTOR inhibitors have been used to treat NSCLC, however, they cause adverse effects due 

to an unwanted effect on normal cells [13, 14]. Thus, the newer type of drugs is needed to 

treat NSCLC. In that regard, mTOR siRNA has been used recently to successfully inhibit 

cell growth in NSCLC cells in addition to inducing apoptosis [15].

RNA interference (RNAi)-induced gene knockdown is an exciting, naturally occurring 

cellular pathway that targets mRNA transcripts for cleavage in a sequence-specific manner 

[16] This pathway can be exploited to target mTOR gene and alter cellular behavior with 

the delivery of short interfering RNA (siRNA) complementary to the mRNA transcript of 

the gene of interest [17]. Furthermore, mTOR siRNA has been used recently to successfully 

inhibit cell growth in NSCLC cells [15]. In particular, short interfering RNA (siRNA)­

based therapies are a promising alternative approach because they can theoretically silence 

expression of any oncogene [18, 19]. However, at the cellular level, the therapeutic potential 
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of siRNA cannot be realized without efficient delivery to its site of action in the cytoplasm 

[2, 20, 21].

Bioreducible polymers have been used for the delivery of nucleic acids for cancer therapy 

[22]. In particular, one of the main features of bioreducible polymers is the ease of 

encapsulation of the nucleic acids and show triggered release of therapeutic agent under 

presence of glutathione (GSH) in the cytoplasm. The formed nanoparticles enables to the 

protection of the nucleic acids [23, 24]. Among bioreducible polymers, the classes that 

form disulfide bonds upon oxidation to encapsulate the nucleic acid (siRNA, miRNA, 

DNA) and impart stability to the NPs, are attractive in delivery applications. These 

bioreducible polymers are based on alternative mechanisms of degradation [25]. For 

instance, bioreducible polymers containing thiol groups that easily form disulfide linkages 

upon oxidation can be degraded in response to the redox potential present inside the cells 

and release the nucleic acid inside the cytoplasm [26].

Recently, we generated a cationic polymer library by addition polymerization reaction 

between diglycidyl ethers and amines [27]. This strategy was further extended to generate 

a library of biodegradable aminoglycoside-derived polymers and lipopolymers for the 

delivery of plasmid DNA [28–30]. One such polymer that specifically showed very high 

transfection efficiency is the poly(amino ethers) (PAE) (Mw 3804), synthesized by reacting 

neomycin with diglycidyl ether at a molar ratio of 1:2 [31]. The group further explored 

the use of aminoglycoside-derived polymers by using them to functionalize gold nanorods 

(GNRs) [32] to generate PAE-functionalized GNR (PAE-GNR) nanoassemblies, which were 

generated by depositing polyelectrolyte multilayers on cetyltrimethyl ammonium bromide 

(CTAB)-based gold nanorods (CTAB-GNRs). The PAE-GNR nanoassemblies demonstrated 

significantly higher transgene expression efficacy and lower or comparable cytotoxicity 

compared to PEI-25 (branched 25 kDa polyethylene imine)-functionalized GNRs (PEI­

GNRs) and also demonstrated gene silencing activity [33, 34].

In order to exploit the intracellular reducing environment, which would result in a faster 

release of the payload, we introduced a thiol group (−SH) to transform the PAE into a 

bioreducible polymer. The novelty of PAE polymer is that the development of cationic 

biodegradable aminoglycoside based polymer and introduction of thiol groups in PAE 

polymer yielding disulfide bond for the delivery of siRNA against lung cancer. This is 

the foremost investigation of development of disulfide bond forming stable PAE polymeric 

siRNA loaded nanocarriers for lung cancer. We have screened the developed bioreducible 

polymer for the delivery of mTOR siRNA against lung cancer. The advantages of 

bioreducible PAE polymeric nanoparticles include, biodegradability, efficient encapsulation 

of siRNA, cellular internalization via cationic charge, and cytoplasmic triggered release of 

loaded siRNA. The thiol group in the polymer can form a disulfide group under oxidative 

conditions and result in the formation of stable nanoparticles which can then be reduced 

inside cells, resulting in release of the siRNA payload. The thiol group can be introduced 

by using a simple and fast one-step reaction with iminothiolane hydrochloride (Traut’s 

reagent) while retaining the net positive charge due to the introduction of the −NH2 group. 

We hypothesize that a delivery system based on siRNA encapsulated in a bioreducible 

mPAE polymeric nanoparticles will be cleaved by cytoplasmic glutathione (GSH) followed 
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by triggered release of siRNA inside the cytoplasm leading to effective gene silencing. 

We demonstrate the potential of this mPAE polymer for the delivery of mTOR siRNA in 

NSCLC cell lines (A549 and H460), resulting in gene silencing and cell death.

MATERIALS

The poly (amino ether) polymer was generated as described 

in previous reports [28]. SMARTpool: ON-TARGETplus mTOR 

siRNA (mTOR siRNA was obtained with the following 

target sequences: GGCCAUAGCUAGCCUCAUA, CAAAGGACUUCGCCCAUAA, 

GCAGAAUUGUCAAGGGAUA, and CCAAAGCACUACACUACAA), 

DHARMAfect 1 Transfection Reagent and ON-TARGETplus non­

targeting pool (GCACUUACUUCGUGUCCGA, AGUCAUAACCUUACCAGAU, 

GGUAGUAUGAUGGGUGUUU, UCAUCUUGUUCAUUGGAAU) were obtained from 

Dharmacon(GE Dharmacon USA). PEI was obtained from Spectrum Chemicals (New 

Brunswick, NJ). AccuBlue high sensitivity dsDNA quantification kit was obtained from 

Biotium Inc. (Fremont, CA), mTOR (7C10) Rabbit mAb and β-Actin (13E5) Rabbit mAb 

were obtained from Cell signaling Technology. Goat anti-Rabbit IgG (H&L) Secondary 

Antibody, DYLight 800 4X was obtained from Thermofisher Scientific USA. Immobilon-FL 

PVDF, 0.45 μm membranes were obtained from EMD Millipore USA. All Other chemicals 

were obtained from Sigma-Aldrich (St. Louis, MO).

METHODS

Synthesis of the Bioreducible Modified-PAE (mPAE)

The PAE polymer was synthesized by ring-opening polymerization method described 

previously [35, 36]. Briefly, sulfate-free aminoglycoside (neomycin) was reacted with 

glycerol diglycidylether (GDE) in 1:2.2 M ratio in a solvent mixture of water and N,N­

dimethylformamide (DMF) (1.5:1) for 5 h at 60°C. The product obtained upon precipitation 

using acetone was further purified by dialysis using a 3500 molecular weight cutoff 

(MWCO) membrane in order to remove unreacted aminoglycoside. The soluble fractions 

from the dialyzed material were lyophilized to obtain the polymer product. Henceforth, 

neomycin-RDE is referred to as PAE. The modified bioreducible PAE (mPAE) was 

synthesized by a simple one-step reaction with Traut’s reagent (Fig. 1) as described 

previously [37]. Briefly, 10 g of PAE was dissolved in 1 ml of ddH20 (double distilled 

water) and was allowed to react with 1.85 g (5-times molar excess) of 2-iminothiolane 

hydrochloride (IH) at room temperature for 15 h [38]. The product was dialyzed extensively 

using a dialysis membrane (MWCO = 1000 Da) against 5 mM HCl for 24 h followed by 

dialysis against 1 mM HCl solution for 24 h. The purified mPAE was lyophilized and stored 

at −20°C for future use.

Thiol Group Estimation

To confirm the introduction of sulfhydryl groups in the mPAE, Ellman’s reagent test 

was performed. The assay was performed according to the manufacturer’s protocol as 

described before [39]. Briefly, a set of test tubes, each containing 50 μl of Ellman’s reagent 
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solution and 2.5 mL of reaction buffer (0.1 M sodium phosphate, pH 8.0, containing 

1 mM EDTA) were prepared. To the above test tubes, 250 μl of unknown (PAE and 

mPAE) are added and incubated for 15 min at room temperature. The absorbance was 

measured spectrophotometrically using UV-1800 Spectrophotometer (Shimadzu) at 412 nm 

and compared between PAE and mPAE. All data are presented as the mean ± SD (one 

standard deviation), n = 3.

Sulforhodamine B (SRB) Cytotoxicity Assay

To evaluate the cytotoxicity of mPAE and PEI polymers in A549 and H460 cells, in vitro 
cytotoxicity assay was performed. For this experiment, the A549 and H460 cells were 

plated in 96-well plates at a density 5 × 103 and 6 × 103 cells per well, respectively and 

allowed to grow overnight. The cells were then incubated with 2.5, 5, 10, 25, 50, 100 

and 200 μg/ml of mPAE and PEI (25 kDa branched) polymers for 48 h in RPMI medium 

(supplemented with 10% FBS). After the incubation period, the polymer-containing media 

was removed and replaced with fresh RPMI media (200 μl). The cell viability (%) was 

evaluated using a modified SRB assay as described before [40]. Briefly, 100 μl of cold 

10% w/v trichloroacetic acid (TCA) was added to each well and the 96 well plates were 

incubated at 4°C for 1 h. After incubation, the plates were washed 4–5 times with ddH20 and 

excess water was removed using paper towels. The plates were allowed to air-dry at room 

temperature (20-25°C). After fixing, 100 μl of 0.057% (w/v in 1% acetic acid) SRB solution 

was added to each well. After 30 min, the plate was quickly rinsed 4 times with 1% (v/v) 

acetic acid to remove the unbound dye. The plates were allowed to dry at room temperature. 

After the drying step, 200 μl of 10 mM Tris base solution (pH 10.5) was added to each well 

and allowed to incubate for 5 min in the gyratory shaker to dissolve the dye. The absorbance 

of SRB was measured at 564 nm using a plate reader (Synergy H1 Biotek, H1MFD). The 

cell viability (%) was calculated according to the following formula. All data are presented 

as the mean ± SD (standard deviation).

Cell viability(%)
= absorption test/absorption control × 100% (1)

Acid Base Titration

Acid-base titration was performed to evaluate and compare the buffering capacity of the 

mPAE and PEI polymers. The experiment was performed as described previously [41, 42]. 

The solution of mPAE and PEI was prepared in diethylpyrocarbonate (DEPC) treated RNase 

free water with a concentration of 1.5 mM of protonable nitrogens in 150 mM NaCl. The 

pH of the polymer solutions (10 ml) was adjusted to 4.5 using 0.5 M HCl. This solution was 

titrated with 0.01 M NaOH to pH 7.5 using a pH meter (Mettler Toledo Seven Multi). The 

solution of 150 mM NaCl solution was used as a reference for this procedure. All data were 

presented as the mean ± SD (one Standard Deviation).

Formulation of mTOR-siRNA-mPAE NPs (mTS-mPAE-NPs)

The mTOR siRNA encapsulated NPs were prepared using the nanoprecipitation method 

(Fig. 2) [43, 44]. Briefly, 1 mg of the mPAE polymer and mTOR siRNA (2 μg) was 
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dissolved in the DEPC-treated RNase free water for 1 h. The above solution was added 

dropwise (0.2 ml/min) to 1 ml of 70% v/v acetone to obtain mTOR-siRNA-mPAE-NP 

suspension. The NP suspension was allowed to stir overnight at 200 rpm at RT to evaporate 

the acetone. To the above suspension, 2 μl of 40% glyoxal was added to cross-link the 

sulfhydryl groups and form stable disulfide cross-linked NPs. The NPs were dialyzed 

extensively against DEPC treated RNase free water using a dialysis membrane (MWCO: 

50kD) to remove any unreacted glyoxal and obtain the mTS-mPAE-NPs.

Agarose Gel Retardation Assay

mTOR siRNA Encapsulation Ability—To determine the concentration of mPAE 

required to fully encapsulate mTOR siRNA, gel retardation assay was performed. For this 

experiment, mTS-mPAE-NPs were formed by the nanoprecipitation method as described 

above with mPAE polymer to mTOR siRNA weight (w/w) ratios ranging from 300:1 to 

1:1 based on siRNA (weight 500 ng) in DEPC-treated RNase free water. The NPs were 

collected following centrifugation of the nanoparticle suspension. The gel retardation assay 

was performed by loading a 20 μl aliquot of the sample together with 4 μl of loading dye 

(6X) New England Biolabs on a 1% agarose gel, prepared in 1X Tris-acetic acid-EDTA 

(TAE) buffer. Electrophoresis was carried out in TAE buffer (40 mM tris(hydroxymethyl) 

aminomethane, 20 mM acetic acid, 10 mM EDTA, pH 8,0) supplemented with 1.25 μM 

ethidium bromide at 100 V for 1 h using Biorad PowerPac 300 Electrophoresis instrument. 

After electrophoresis, pictures were taken on a Biorad multi-image ChemiDoc XRS UV 

illumination and analyzed using Biorad Image lab software version 3.0.

Serum Protection Assay and Glutathione-Mediated Release—To evaluate the 

mTOR siRNA protection ability of mTS-mPAE-NPs and enhanced glutathione (GSH) 

mediated release, NPs were prepared with mPAE: siRNA w/w ratio of 45:1 using the 

nanoprecipitation method. The ratio of NP formulation was selected on the basis of their 

smaller particle size, net positive charge and high entrapment efficiency of the formulation. 

A volume of 200 μl of siRNA-loaded mPAE NPs (containing 5 μg of siRNA) was incubated 

at 37°C with an equal volume of Roswell Park Memorial Institute (RPMI) medium 

supplemented with 10% FBS and GSH 10 mM (together and separately) for a period of 

4 h at 37°C incubator, respectively. Naked siRNA was used as a control and treated in the 

same manner. The NPs was incubated with RNAse for 2 h and then subsequently with GSH 

after the removal of nuclease by centrifugation. After each time interval, 40 μl of the mixture 

was removed and incubated in a batch incubator at 60°C for 3 min to terminate serum 

activity. The samples were electrophoresed using gel electrophoresis protocol as described 

in the above procedure. After electrophoresis, pictures were taken on a Biorad multi-image 

ChemiDoc XRS+ UV illumination and analyzed using Biorad Image lab software version 

3.0.

Dynamic Light Scattering (Particle Size) and Zeta Potential Measurement

Particle size distribution and the zeta potential of the mTS-mPAE-NPs prepared at weight 

ratios of 30:1, 45:1 and 60:1 (mPAE: siRNA) were measured using NICOMP 380ZLS 

(Port Richey, FL). The mTS-mPAE-NPs were formed in DEPC-treated RNase-free water by 

nanoprecipitation method as described above. The NP suspension was diluted using distilled 
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water to a final volume of 600 μl before measurement. For zeta potential determination, 

the NP suspension (200 μl) was diluted to 2 ml and the measurement was performed using 

NICOMP 380ZLS.

Entrapment Efficiency (%) and Loading Capacity (%)

The entrapment efficiency of mTOR siRNA in mTS-mPAE-NPs was measured using 

AccuBlue high sensitivity dsDNA quantification kit (Biotium). Based on the results obtained 

from the gel retardation assay of different weight ratios of mPAE and mTOR siRNA, three 

different weight ratios (30:1, 45:1, and 60:1) were selected to determine the entrapment 

efficiency (%) and loading capacity (%). Briefly, the mTS-mPAE-NPs suspension was 

subjected to centrifugation (13,000 x g at 10°C for 30 min) to separate the mTOR 

siRNA. The free siRNA in the supernatant obtained from centrifugation was quantified 

by using the AccuBlue high sensitivity dsDNA quantification kit (Biotium) as described 

in the manufacturer’s protocol. The measurement was performed at the excitation-emission 

wavelength of 485/530 nm with a plate reader (Synergy H1 Biotek, H1MFD) [45]. The 

unknown concentration of siRNA in the supernatant was calculated based on the standard 

curve of siRNA at different concentrations of 0.05, 0.5, 1, 2,5 and 10 μM (equivalent to 0.65, 

6.5, 13, 26, 65 and 130 ng/μl of mTOR siRNA). The entrapment efficiency (%) and loading 

capacity (%) was calculated by using the following equations.

Entrapment Efficiency(%)
= Total amount of entrapped siRNA

Total amount of siRNA used in preparation of NPs × 100 (2)

Loading Capacity (%) = Total amount of entrapped siRNA
Total amount of NPs × 100 (3)

In Vitro mTOR siRNA Release Study

The concentration of glutathione (GSH) in the cytoplasm (0.5–10 mM) is substantially 

higher compared to the extracellular environments (2–20 μM) [46, 47] as a result of which, 

the bio-reducible NPs are expected to release significantly higher amounts of mTOR siRNA 

in the cytoplasm. To perform in vitro release study, mTS-mPAE-NPs (containing 1 μg 

equivalent mTOR siRNA) was incubated in 1 ml of 0.1 M PBS solution (pH 7.4) containing 

10 mM and 10 μM GSH at 37°C for a period of 7 d. After incubation for certain time period 

interval (1, 2, 3, 4, 5, 6 and 7 d), 100 μl of the media was taken out. The released siRNA 

was separated from the sample by centrifugation at 13,000 x g for 15 min using a Vivaspin 

filter membrane (50 kDa) at 37°C. The released siRNA was measured using AccuBlue high 

sensitivity dsDNA quantification kit (Biotium). As determined previously, a standard curve 

of mTOR siRNA was plotted to determine the unknown concentration in the supernatant. 

The cumulative release of mTOR siRNA (%) was calculated as described previously [48].

Cell Proliferation Assay

To evaluate the effects of mTOR siRNA on cell proliferation, mTS-mPAE-NPs were 

incubated in A549 and H460 cells lines and cell viability (%) was calculated. A549 and 
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H460 cells were plated into 96-well plates at a density 5 × 103 and 6 × 103 cells per well, 

respectively and allowed to grow overnight. The cells were then transfected with mTOR 

siRNA or scrambled siRNA (SS) using Dharmafect (Dharmacon, GE lifesciences USA) 

(siRNA concentration 50 nM) according to the manufacturer’s protocol for a period of 48 

h. The cells were also transfected with mTOR siRNA and SS siRNA (control) containing 

mPAE NPs (siRNA concentration 50 and 100 nM) for 48 h. The NPs prepared at a weight 

ratio of 45:1 (20 μl and 10 μl) were mixed with 180 μl of RPMI (supplemented with 10% 

FBS) and allowed to incubate with the A549 and H460 cells for a period of 48 h. The final 

concentration of mPAE polymer achieved on incubation of mTS-mPAE-NPs was 30 μg/ml 

and 60 μg/ml to incubate 50 nM and 100 nM siRNA concentration respectively.

The cell viability (%) following treatment with the mTOR siRNA was evaluated using a 

modified SRB assay according to the protocol as described in the above section before [40]. 

The cell viability (%) was calculated according to the formula described above in Eq. 1. All 

data were presented as the mean ± SD (Standard Deviation).

Determination of Cellular Uptake of mTS-mPAE-NPs Using Flow-Cytometry Analysis

To investigate the cellular uptake, mTS-mPAE-NPs were prepared at the weight ratio of 

45:1 (mPAE: siRNA) and flow cytometry analysis was performed. To impart fluorescence to 

the NPs, fluorescein isothiocyanate (FITC) was attached (mTS-mPAE-FITC-NPs) according 

to the procedure discussed before [49, 50]. In brief, 100 μg/ml of mTS-mPAE-NPs were 

allowed to react with 2 times molar excess of FITC solution (1 mg/ml in DMSO) overnight 

in 1 ml of ddH20. The unreacted FITC was removed by dialyzing using a 15 kDa MWCO 

membrane against 50 ml of ddH20 and mTS-mPAE-FITC-NPs were collected for further 

experiments.

Cellular uptake was assessed using a BD ACCURI C6 PLUS flow cytometer at a minimum 

of 10 × 103 cells gated per sample. FITC conjugated mTS-mPAE-NPs were formed 

according to the procedure above. A549 and H460 cells (2 × 105 cells/well) were seeded 

into 6-well plate in RPMI medium containing 10% FBS and incubated for 48 h. When 

the confluence reached ~70–80%, the media in each well was removed and the cells were 

incubated with mTS-mPAE-FITC-NPs 200 μl and 1800 μl of RPMI media (supplemented 

with 10% FBS). After certain time intervals (30 min, 2 h, and 24 h), the cells were washed 

three times with PBS and trypsinized for further processing. The cells were collected by 

centrifugation for 4 min at 3000 g. The collected cells were suspended in 100 μl of PBS 

and measured for cellular uptake by BD ACCURI C6 PLUS flow cytometer. Analysis of 

cellular uptake was performed by using Flowjo 7.6.1 single cell analysis software. At least 

10,000 cells were analyzed for each experiment. The flow cytometry data were presented 

as frequency distribution histograms. The uptake of maximum fluorescence NCs was set as 

100%, and the relative uptake of different treatments was presented as a percentage. The 

mean cell fluorescence was normalized to that of the untreated cells. All experiments were 

repeated at least three times.
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mTOR Gene Silencing Efficiency Analysis by Western Blot Analysis

Western blot analysis was performed in order to evaluate the mTOR gene silencing 

efficiency of mTOR siRNA-loaded mTS-mPAE-NPs in A549 and H460 cells. A549 and 

H460 cells were plated into 6-well plates at 2 × 105 and 2.5 × 105 cells per well, respectively 

and allowed to grow overnight. The cells were then transfected with mTOR siRNA or 

scrambled siRNA (SS) using Dharmafect (Dharmacon, GE lifesciences USA) (siRNA 

concentration 50 nM) for 48 h. The cells were also transfected with mTOR siRNA and 

SS siRNA containing MP-NPs (siRNA concentration 50 nM) for 48 h. The prepared NPs 

(200 μl) at the weight ratio of 45:1 were mixed with 1800 μl of RPMI (supplemented with 

10% FBS) and allowed to incubated with the cells for a period of 48 h to achieve a final 

concentration of 30 μg/ml.

The cells were collected and washed thrice with ice-cold PBS and then lysed by the cocktail 

containing RIPA buffer (cell signaling technology, Danvers, USA), protease inhibitor and 

phosphatase inhibitor using ultrasonication method (Qsonica Sonicators USA) for 3 s. 

The lysates were then centrifuged at 13,000 g at 4°C for 10 min. The supernatant was 

collected and the total protein concentration was determined using bicinchoninic acid (BCA) 

assay (Pierce, Rockford, IL). To confirm the mTOR protein (289 kDa) levels in A549 and 

H460 cell lines, 20 μg of protein were mixed with equal volumes of loading buffer (2X 

Laemlli sample buffer, 5% β-mercaptoethanol) and loaded in each lane and separated by an 

8% SDS-polyacrylamide gel electrophoresis. Electrophoresis was conducted in the running 

buffer (25 mM Tris base, 192 mM glycine, 0.1% SDS). For the first 45 min, the run was 

conducted under 90 V then it was increased to 130 V for 90 min. The proteins were then 

transferred to a PVDF membrane using Mini Trans-Blot® Electrophoretic Transfer Cell 

(Bio- Rad) at 300 constant mA. The PVDF membrane was then blocked with 5% milk in 

Tris-buffered saline with 0.1% tween 20(TBS-T) for 1 h at room temperature by stirring in a 

gyratory shaker to prevent nonspecific binding of the antibodies.

The PVDF membrane was then incubated with primary mTOR (7C10) Rabbit antibody 

(1:1000 dilution Cell Signaling Technology) in 5% BSA in TBST at 4°C overnight. The 

membrane was washed three times with TBST, followed by incubation with anti-Rabbit 

antibody [1: 10,000 Goat anti-Rabbit IgG (H&L)] secondary Antibody and imaged with 

Odyssey imaging system (LI-COR Biosciences). The membrane was washed three times 

with TBST and was incubated with β-Actin (13E5) rabbit antibody (1:1000 dilution, Cell 

Signaling Technology) prepared in 5% BSA in TBST for 3–4 h. The membrane was then 

washed three times followed by incubation with an anti-rabbit antibody (1: 10,000 Goat 

anti-Rabbit IgG (H&L) Secondary Antibody) and imaged using Odyssey imaging (LI-COR 

Biosciences). The quantitative amount of mTOR gene silencing was calculated using the 

densitometric analysis (Image J software) with β-Actin as the loading control.

Statistical Analyses

Results are expressed as means ± standard errors. Significant differences between two 

groups were determined using Student’s t-test and differences among multiple groups were 

determined using Analysis of Variance (ANOVA). We performed statistical analysis with 
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GraphPad Prism Version 5 software. The differences were considered statistically significant 

at a p-value <0.05 and p < 0.01 in all cases.

RESULTS

Synthesis and Characterization of Thiolated Polymer (mPAE)

The one-step reaction of PAE with Traut’s reagent resulted in the successful introduction of 

a thiol group, to produce mPAE [37, 51]. The introduction of the thiol group was confirmed 

using Ellman’s reagent. The Ellman’s test is based on the reaction of chromogenic reagent 

5,5′-dithiobis-(2-nitrobenzoic) acid (DTNB) with free thiol groups present in the polymer to 

produce one molecule of 5-thio-2-nitrobenzoic acid (TNB) [52]. The reaction of the mPAE 

free thiol with the highly oxidizing disulfide bond of DTNB will result in the release of one 

molecule of TNB. In particular, for every free thiol group, there is a release of one TNB 

group which can be detected spectrophotometrically. We found that the absorbance of the 

mPAE polymer was significantly greater (***p < 0.001) than the absorbance of parent PAE 

polymer.

mPAE Polymers Were less Cytotoxic than PEI-25

A549 and H460 cells were seeded and transfected with mPAE and PEI polymers as 

described in the experimental section. Cytotoxicity is an important evaluation parameter 

to determine the safety of gene delivery vehicle [53]. To ensure the safety of the polymeric 

vehicles being used in this study, the cytotoxicity of mPAE and 25kD PEI was investigated 

in A549 and H460 cells using the SRB assay. As shown in Fig. 3, mPAE and PEI 

exhibited cytotoxicity for both A549 and H460 lung cancer cells in a dose-dependent way. 

Fundamentally, with the increase of mPAE and PEI concentration, the cytotoxicity increased 

accordingly in all tested cell lines. Compared with 5, 10 and 25 μg/ml concentrations of 

25-kD PEI, mPAE had no apparent cytotoxicity on A549 and H460 cell lines. The lethal 

dose 50 (LD50) of the two polymers is summarized in Table I. Lethal dose 50 (LD50) of 

the PEI was approximately 30 ± 5.4 μg/ml and 25 ± 5.2 μg/ml for A549 and H460 cells, 

respectively which was lower (2.33 times and 2.6 times) than the LD50 for the mPAE 

polymer (75 ± 6.2 μg/ml and 70 ± 3.4 μg/ml for A549 and H460 cells respectively). This 

suggests that on a weight basis, the mPAE polymer possesses less cytotoxicity compared to 

the PEI polymer. This property can be exploited to safely deliver genes to the lung cancer 

cells.

mPAE Polymers Possess Superior Buffering Capacity

The buffering capacity of the cationic polymer is responsible for the release of encapsulated 

siRNA from the endosome [54, 55]. To evaluate the potential of mPAE polymer to escape 

endosome via proton sponge effect, buffering capacity of mPAE and PEI polymers was 

assessed by measuring the change in pH of the solution by titrating with 0.01 M NaOH. 

From the titration graph presented in Fig. 4, it was observed that there was a small change 

in pH in mPAE curve compared to PEI curve when the same amount of 0.01 M NaOH 

was added to the polymer solution during titration. To change the pH 4.5 to pH 7.5 of the 

polymeric solution, a significant higher 5.8 ± 0.8 ml of 0.01 M NaOH was required for 

mPAE solution compared to 4.63 ml ± 1.2 ml 0.01 M NaOH for PEI solution (Fig. 4, *p 
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< 0.034). This indicates that mPAE polymer’s resistance to change in pH is higher than 

PEI, which further indicates that the mPAE has higher buffering capacity and high tendency 

to be protonated compared to PEI [56]. A polymer with high buffering capacity would 

undergo a small change in pH when the same amount of NaOH was added to the polymer 

solution during titration. The mPAE would be able to undergo proton sponge effect upon 

cell internalization in the acidic endosomal compartments of the cells thereby releasing the 

loaded siRNA in the cytoplasm.

mTS-mPAE-NP Encapsulated mTOR siRNA at 25:1 and Higher Polymer:siRNA Weight 
Ratios

We further investigated the ability of the mPAE polymer to encapsulate and form NPs 

with mTOR siRNA, as a function of weight ratio (w/w) of polymer weight to mTOR 

siRNA by gel electrophoresis method combined with an AccuBlue high sensitivity dsDNA 

quantification kit. The NPs were prepared by the nanoprecipitation method. We performed 

a gel retention assay at weight ratios of 1:1–300:1 of mPAE polymer to siRNA. The siRNA 

band is seen to disappear in Lane 4 of the gel (Fig. 5a) as the polymer to siRNA w/w ratio 

increases from 25:1 and higher, indicating that the siRNA was largely encapsulated within 

the mTS-mPAE-NP (compare lanes 5–7: mTS-MPAE-NP formed at w/w ratio of 100:1–

300:1, with lane 2–4: mTS-mPAE-NP formed at w/w ratio of 1:1–25:1). The entrapment 

efficiency calculated by image J software of the mPAE NPs to siRNA is seen to be below 

(< 60%) of the polymer to siRNA w/w ratio of 25:1 (Fig. 5b). However, at weight ratios 

higher than 100:1, the siRNA is completely encapsulated in the NPs and 100% entrapment is 

achieved.

mTS-mPAE-NPs Are Nano-Sized with a Positive Surface Charge

It is essential to optimize the physicochemical properties (particle size and surface charge) 

of mTS-mPAE-NPs to achieve high efficiency for mTOR siRNA delivery to NSCLC cells. 

Therefore, particle size and zeta potential of the mTS-mPAE-NPs were studied. Based on 

the gel retardation assay studies three different weight ratios of mPAE to mTOR siRNA­

based mTS-mPAE-NPs were investigated at constant siRNA weight. As shown in Table II, 

the hydrodynamic diameters of the NPs were between 112 nm and 122 nm for polymer to 

siRNA ratios ranging from 30:1 to 60:1. The hydrodynamic diameter of the NPs increased 

steadily from 112 nm to 122 nm with increasing ratio from 30:1 to 60:1, which is in 

good agreement with previous reports [57–59]. In addition, the relative homogeneous size 

distributions of mTS-mPAE-NPs are unimodal with a polydispersity index of 0.35 as shown 

in Fig. S1.

The surface charge of the NPs was also determined at various weight ratios (Table II). The 

zeta potential for all the NPs remained in the range of +26.5 – +32.2 mV except for the ratio 

of 30:1, where stable NPs of mTOR siRNA and mPAE NPs were not formed completely 

resulting in the negative surface charge. The concentration of mPAE in mTS-mPAE-NPs 

also influenced the surface charge of nanoparticles (Table II). Increasing the concentration 

of mPAE in nanoparticles increased the zeta potential of nanoparticles possibly because of 

the cationic charge of mPAE. We also found similar results with the gel electrophoresis 

experiment Fig. 5., wherein the increase in polymer concentration resulted in complete 
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encapsulation (beyond 100:1) thus increasing the zeta potential. The relative surface charge 

of the mTS-mPAE-NPs (45:1 ratio) also showed a unimodal distribution as shown in Fig. 

S2. The three ratios of 30:1, 45:1 and 60:1 were selected on the basis of gel electrophoresis 

experiment (between 25:1 and 100:1) Fig. 5. For enhanced cellular uptake of mTOR loaded 

mPAE NPs, positive surface charge and small particle size (< 150 nm) is necessary for 

reaching and binding to anionic cells surface of the NSCLC cells. We believe that the 

nano-sized mTS-mPAE-NPs charged positively have a potential as an efficiency mTOR 

siRNA delivery carrier.

mTS-mPAE-NP Protected mTOR siRNA against Nuclease Degradation

To achieve maximum delivery efficiency, the NP carrier must protect siRNA from 

degradation by nucleases in the biological systems. To evaluate the serum protection 

property of mPAE polymer, serum stability test was carried out for mTS-mPAE-NPs in 

10% FBS Fig. 6a. As can be seen in lane 2, the presence of RNase in 10% FBS resulted 

in nuclease-mediated degradation of the siRNA and thus disappearance of the siRNA band. 

In comparison to naked siRNA, lane 5 shows that mTS-mPAE-NP effectively protected 

siRNA from nuclease degradation as a brighter and dense band was observed in the NP well. 

mTOR siRNA encapsulated in the crosslinked NPs remained intact upon the treatment of 

RNase compared with the naked siRNA indicating that NPs was able to prevent nucleolytic 

degradation. The NPs were able to protect the siRNA from RNase degradation as can be 

seen in the lane 6 with lower intensity siRNA band. Glutathione-mediated cleavage of 

the siRNA resulted in a release of the protected siRNA from the mTS-mPAE-NPs. The 

mTS-mPAE-NP was incubated with GSH final concentration (10 mM) to verify intracellular 

release of mTOR siRNA by agarose gel electrophoresis. As shown in Fig. 6b (Lane-7) 
around 55 ± 3.6% of the siRNA release can be observed at elevated GSH concentrations of 

10 mM. This result suggests that bio-reducible nanoparticles can protect the siRNA against 

nuclease degradation as well as reductively disassemble by GSH to release the mTOR 

siRNA. The Lane 8 further shows that the mPAE-NP were able to protect the mTOR siRNA 

from degradation by nucleases and around 48% of mTOR siRNA was released from the 

NPs. The bands were not as intense as the non-treated free siRNA (control) because some 

siRNA might remain within the nanoparticles (could not be stained by ethidium bromide) or 

be degraded in small quantity.

mTS-mPAE-NPs Has High mTOR siRNA Entrapment Efficiency

Based on the results obtained from the gel retention assay, three different w/w ratios of 

mTS-mPAE-NPs were prepared (30:1, 45:1 and 60:1). The free siRNA was separated 

from the NP suspension by centrifugation using vivaspin column (MWCO size 50kD). 

The concentrations of siRNA were then measured using the AccuBlue high sensitivity 

dsDNA quantification kit by plotting a standard curve of mTOR siRNA at 0.65, 6.5 13, 

26, 65 and 130 ng/μl as shown in Supplementary Fig. S3. The results of the entrapment 

efficiency (%) are shown in Table II. siRNA entrapment efficiency in the range of 55.5 and 

100% was achieved for mTS-mPAE-NPs. In general, the entrapment efficiency decreased 

with a decrease in the weight ratio from 30:1 to 60:1 as shown in Table II. The higher 

concentrations of cationic polymer mPAE allowed better binding with the negatively 

charged mTOR siRNA resulting in almost 100% entrapment efficiencies for ratios 45:1 
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and higher. On the basis of entrapment efficiency, loading capacity (%) was also calculated 

as shown in Table II. The most optimum loading capacity was found for the polymer: mTOR 

siRNA weight ratio of 45:1 which indicates that for 100 μg of polymer 2.2 μg of siRNA 

(2.2%) can be entrapped or encapsulated.

Glutathione-Mediated Triggered Release of mTOR siRNA

The in vitro release profiles of siRNA-loaded mTS-mPAE-NPs were investigated for 7 d 

in PBS at pH 7.4 with varied glutathione (GSH) concentration. GSH is an intracellular 

reducing agent that is present in higher concentration inside the cells (2-10 mM) and 

significantly lower levels in the extracellular environment (2-20 μM) [20]. The release of 

siRNA was divided into 2 stages on the basis of release rate, which was calculated as the 

slope of the release profile. In the first stage (end of day 1), siRNA-loaded mTS-mPAE-NPs 

showed rapid release (58 ± 3%) in the presence of excess GSH (10 mM) while the siRNA 

was released at a slower rate (18.5 ± 1.7%) in lower GSH concentration (10 μM). At day 

1 Fig. 7b, there was a significant increase in the release of siRNA due to presence of the 

excess GSH (10 mM) compared to lower GSH concentration (10 μM) (p < 0.001). The 

second stage can be seen of as similar in both GSH concentrations with a steady release 

of siRNA from the NPs Fig. 7b. After a period of 7 d around 70% siRNA was released 

in presence of 10 mM GSH, compared to around 42% in 10 μM GSH. The initial burst 

release of siRNA from mTS-mPAE-NPs in PBS pH 7.4 10 mM GSH was expected due to 

the cleavage of disulfide bonds present in the mTS-mPAE-NPs compared to less or almost 

no cleavage of disulfide bonds in the mTS-mPAE-NPs in presence of lower concentration 

of GSH (10 μM). In the second stage, siRNA was released at a sustained constant rate from 

mTS-mPAE-NPs for up to 7 d. The sustained slow release of siRNA from the NPs at both 

conditions after day 1 can be attributed to the ionic interactions between the siRNA and the 

cationic polymer (mPAE) NPs.

mTS-mPAE-NPs Showed Increased Cellular Uptake in A549 and H460 Cells

In many cases, nucleic acid delivery vehicles encounter with low transfection efficiency 

as a consequence of low cellular uptake [37]. Hence, the efficacy of cellular uptake 

of the vehicles was determined using flow cytometry experiment. The mTS-mPAE NPs 

were prepared by the nanoprecipitation method as described above at a weight ratio of 

45:1(mPAE: mTOR siRNA). The average hydrodynamic diameter of the NPs was about 114 

nm and zeta potential was around +26 ± 4.2 mV. Cellular uptake of mTS-mPAE NPs was 

evaluated by using flow cytometry in A549 and H460 cell lines. The mTS-mPAE-NPs were 

conjugated with FITC to determine their cellular uptake following incubation with cells at 

various time periods (0.5 h, 2 h and 24 h). As shown in Fig. 8a and b, the cellular uptake 

efficiency of mTS-mPAE-NPs at a fixed mTOR siRNA concentration (equivalent to 50 nM 

mTOR siRNA) was time dependent in A549, and H460 cells. Figure 8c shows relative 

cellular uptake of the cells that have taken up NPs. The mTOR siRNA encapsulated NPs 

showed quantified cellular uptake (%) 34.18 ± 3.2 (0.5 h), 49.6 ± 3.6 (2 h), 95.44 ± 7.6 

(24 h) and 40.42 ± 45 (0.5 h), 54.88 ± 2.98 (2 h), 100.15 ± 4.77 (24 h) in A549 and H460 

cells, respectively. Nearly 50% of the NPs were inside the A549 and H460 cells after 2 

h of transfection with NPs. As mentioned before, the mTS-mPAE NPs are nano-sized and 

possess positive charge which enables the NPs to get entry into the cells. The NPs did not 
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show any significant (p > 0.05) increase in the cellular uptake upon further incubation at 36 

h (result not shown here).

mTS-mPAE NPs Demonstrate High mTOR Gene Silencing Efficiency in Human NSCLC 
Cells

We investigated the mTOR silencing efficiency of mTS-mPAE NPs (using 50 nM siRNA) in 

human lung cancer cell lines A549 and H460 cells. The mTOR gene silencing ability was 

measured at the fixed weight ratio of 45:1 (mPAE: mTOR siRNA) the scrambled siRNA 

based mPAE NPs was also prepared as control. As shown in Fig. 9a and c the negative 

control (SS-mPAE NPs) did not show gene silencing effects in the A549 and H460 cell 

lines. Meanwhile, the expression of the mTOR protein was significantly decreased after 

treatment with mTS-mPAE-NPs in both A549 and H460 cells (**p < 0.01) Fig. 9a and c. 

Representative bands show the expression of mTOR protein (upper band) β-actin (lower 

bands). As shown in Fig. 9b and d the relative mTOR protein expression expressed as 

histograms (%) in mTS-mPAE NPs treated A549 and H460 cell lines (normalized to the 

β-actin expression) was significantly less (~60 and 64% mTOR knockdown) than SS-mPAE 

NPs (*p < 0.05). We found that the mTOR siRNA loaded NPs efficiently silenced the mTOR 

gene by using 50 nM siRNA concentrations compared to using Dharmafect (Transfection 

reagent) at 50 nM siRNA.

mTS-mPAE-NPs Induced Cell Growth Inhibition against NSCLC Cell Lines

mTOR siRNA-inhibition by siRNA has been reported to induce cell apoptosis [60, 61]. 

We performed cell growth inhibition studies to evaluate cell growth inhibitory property of 

the mTS-mPAE-NPs in A549 and H460 cells. Figure 10b and c shows the cell viability 

(%) of mTS-mPAE-NPs over the negative scrambled siRNA control based NPs (SS-mPAE 

NPs) and placebo NPs in both A549 and H460 cells. The cell viability (%) with 50 nM of 

siRNA concentrations of mTS-mPAE-NPs was significantly lower (p < 0.05) compared to 

both SS-mPAE-NPs and placebo NPs alone in A549 and H460 cells. The 100 nM siRNA 

concentration mTS-mPAE-NPs also induced significant cell growth inhibition compared to 

the controls. However, the placebo NPs and SS-mPAE NPs were cytotoxic to the cells and 

resulted in significant toxicity (*p < 0.05) to the cells themselves. These results demonstrate 

that the mTS-mPAE NPs induced inhibition was significantly larger than the inhibition 

observed in SS-mPAE NPs and placebo control treated A549 and H460 cells. The 50 nM 

of Dharmafect mTOR siRNA resulted in 36 and 42% decrease in cell viability in A549 

and H460 cells respectively (Fig. 10a and d). In comparison, the 50 nM concentration 

of mTS-mPAE NPs resulted in only 31 and 32% of cell growth inhibition of after 48 h 

treatment in A549 and H460 cells, respectively.

DISCUSSION

The ultimate goal of the present study was the development of a bioreducible delivery 

system capable of delivering mTOR siRNA to lung cancer cells. Non-specific drug 

deliveries using non-targeted drug delivery decreases the therapeutic efficacy of drugs and 

increase the risk of toxic effects, which remain a major challenge in the treatment of 

cancer [62]. Thus, targeted delivery of mTOR siRNA to lung cancer cells is critical for 
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efficient delivery of nucleic acid drugs provide anti-tumor effects. The mPAE NPs are 

passively targeted systems. The cationic NPs were reported to be internalized by direct 

translocation [63]. The passively targeted cationic mPAE NPs are expected to accumulate 

in the tumor tissue via enhanced permeation and retention (EPR) effect. In this study, we 

have successfully developed thiolated PAE (mPAE) by a one-step reaction with Traut’s 

reagent. We used –SH group attached mPAE to encapsulate mTOR siRNA and deliver to the 

NSCLC cell lines. Kommareddy et al. prepared thiolated gelatin with the 2-iminothiolane 

HCl reagent using a similar approach and used the thiolated cells [37, 64]. We selected 

2-iminothiolane concentration and the introduction rate based on this previously reported 

study [37]. We used polyaminoethers as the backbone to be converted to bioreducible 

polymer for effective gene delivery. These polymers exhibited effective transgene delivery 

capabilities and thus provide a strong advantage compared to conventional bioreducible 

systems with only bioreducible nature. The novelty of these PAE polymers is the presence 

of aminoglycosides as the backbone which provides the biodegradability and several amino 

groups to be easily converted to bioreducible polymer.

Bioreducible polymers have been extensively studied during past decades due to their 

attractive structural advantages [25, 65]. They possess unique features of high stability 

in extracellular physiological condition and immediate cleavage of disulfide linkages in a 

reductive intracellular environment, lower cytotoxicity due to the avoidance of accumulation 

of the high molecular weight polycations and triggering controlled delivery of genetic 

materials from the polyplexes. Further, to confirm the siRNA release ability from the 

NPs through the cleaved disulfide bond of mTS-mPAE, GSH was used to simulate the 

intracellular reducing environment. As shown in Figs. 6 and 7, the cleavage of disulfide­

linked mTS-mPAE-NPs with GSH resulted in increased siRNA release in presence of 10 

mM GSH. This significant release can be beneficial for improved siRNA release on reaching 

the cytosol and thus improved gene silencing efficiency. The differential level of GSH 

provides a high-redox potential that provides a highly reducing environment inside the 

cells for disulfide bonds [66]. The high-redox potential gradient between the extracellular 

and intracellular environments provides the ability for disulfide cleavage inside the cells 

resulting in fast siRNA release from the cationic mPAE based siRNA NPs [47, 67]. Others 

have also reported a similar mechanism of improved gene silencing efficiency with increased 

GSH mediated siRNA release in the cytoplasm from cationic polymeric NPs [68–71]. In 

a recent study by Breunig et al., disulfide-linked PEI-based siRNA delivery showed an 

improved release of siRNA in the cytosol and resulted in improved accessibility of siRNA 

for the gene silencing complex. Once released from the NPs, the double-stranded siRNA is 

loaded into the RISC complex and it results in degradation of the mRNA.

In addition to bioreducibility, the polymer must also demonstrate low cytotoxicity. To 

evaluate this property, we performed a cell cytotoxicity study in A549 and H460 cells 

to compare the LD50 values of mPAE and PEI. Results suggest that the mPAE polymer 

exhibited less cytotoxicity (LD50 70 ± 6.2 and 65 ± 3.4 μg/ml) compared to the PEI polymer 

(LD50–30 ± 5.4 and 25 ± 5.2 μg/ml) in A549 and H460 cells, respectively Fig. 3. Cationic 

polymers like PEI have been extensively studied for their high gene transfection efficiency 

to deliver nucleic acids such as DNA [72–74], siRNA [75–78] miRNA [79, 80] both in 
vivo and in vitro. However, their use is limited due to a significant toxicity which causes 
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significant cell damage to the normal cells due to various cellular mechanisms [81, 82]. In 

a recent study by Moghimi et al., PEI-induced membrane damage and initiated apoptosis 

in different cell lines including Jurkat T cells, umbilical vein endothelial cells, and THLE3 

hepatocyte-like cells [83]. In addition, recently a study by Beyerle et al., showed that PEI-25 

kDa caused severe toxicity at concentrations of 50 μg/ml and higher, rendering the cell 

viability levels below detection [53]. Thus, newer, less cytotoxic, biodegradable polymers 

which possess high gene transfection efficiency as well as better safety than polymers like 

PEI are needed. This study demonstrates the relatively less cytotoxicity of mPAE polymer to 

PEI polymer.

To effectively escape from the endosome, polymers must possess high buffering capacity 

in the range of pH 4.5 to pH 7.5 [41]. Polymers containing primary and secondary amines 

groups such as native PEI and mPAE exhibited considerable buffering capacity over a 

wide pH range of 4.5 to 7.5 due to a proton sponge effect [84]. The buffering capacity of 

mPAE polymers and PEI determined by the acid-base titration method, show that mPAE 

polymer possesses a higher proton capturing tendency compared to PEI alone Fig. 4. This 

may be due to the presence of the different ratios of primary, secondary and tertiary 

amine groups present in the mPAE and PEI polymer. In a similar study, Singh et al. 
concluded that the lower the amine groups present in the polymers, the lower the buffering 

capacity [41]. The presence of amine group along with other moieties contribute to the 

endo/lysosomal membrane destabilization [85]. Pinchon et al., clearly demonstrated in a 

study using confocal microscopy the protonated amine groups in PEI helped in membrane 

destabilization of the acidic components and deliver the DNA inside the cytosol. This study 

clearly demonstrated the effectiveness of the mPAE polymer’s buffering capacity compared 

to the PEI. This provides a rationale for the formulation of siRNA encapsulated mPAE-based 

NPs to deliver mTOR siRNA to the NSCLC cells for therapeutic effect by endosomal escape 

mechanism. The cationic NPs were reported to be internalized by direct translocation [63]. 

The cationic mPAE showed superior buffering capacity compared to PEI (Fig. 4, *p < 

0.034). Thus, it is expected that the mPAE will exert the proton sponge effect mediated 

endosomal escape.

Various studies have shown that at certain weight ratios the positively charged cationic 

polymer encapsulates the siRNA and form stable NPs [86–88]. We formulated the NPs with 

mPAE polymer and mTOR siRNA to deliver to NSCLC cell lines (A549 and H460). The 

encapsulation of mTOR siRNA to form mTS-mPAE-NP is via binding and subsequently 

coating by the positively charged cationic mPAE to form nanoparticles. A recent study by 

Shen et al., showed that Fe3O4@SiO2 coated with cationic PEI resulted in the successful 

encapsulation of VEGF siRNA at weight ratios of 30:1 and higher [89]. In another study, 

Read et al. recently reported successful nucleic acid encapsulation by versatile reducible 

polycation (consisting of histidine and polylysine residues) (RPC) based NPs at various 

weight ratios (4–7% w/w) [90]. Agarose gel electrophoresis study confirmed that DNA 

was partially retained by RPC at (w/w) ratio of 2 and completely retained at w/w ratio 

of 4 and higher [20]. Similarly, in our study from gel electrophoresis of mTOR siRNA 

and mPAE polymer at different weight ratios, we found that at a weight ratio of 25:1 and 

higher the siRNA was being successfully encapsulated in the MP-NP (Fig. 5). Further, 

the % encapsulation efficiency experiment proved that at a concentration of 45:1 and 
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higher we were able to successfully encapsulate 100% of the mTOR siRNA Table II. 

Further increasing the concentration of polymer will lead to unwanted polymer related 

cytotoxicity and thus it was necessary to use optimum amount of mPAE polymer to 

encapsulate the mTOR siRNA. Also by taking into consideration of the cytotoxicity and 

the entrapment efficiency, a weight ratio of 45:1 was selected for further experiments. 

Thus, the data indicates that mPAE polymer was capable of successfully binding and 

encapsulating mTOR siRNA and could be employed as a gene delivery carrier to NSCLC 

cells. In addition, the strong positive charged nanoparticles interact with negatively charged 

serum proteins leading to their rapid removal from the circulation by macrophages and 

the reticuloendothelial system (RES). The interaction can be avoided to certain extent 

by introducing a polyethylene glycol molecule on the surface of positively charged 

nanoparticle, which renders it a stealth property [91].

RNases degrade siRNA in biological systems [92], but nanoparticles can protect siRNA 

against degradation by these nucleases. In this study, we also showed that at an mPAE 

polymer to mTOR siRNA weight ratio of 45:1, the NPs successfully protect the mTOR 

siRNA against nuclease degradation. We found that at least 45% of the siRNA was 

released following the incubation with RNase and GSH for a period of 4 h each at 

37°C (Fig. 6). The systemic administration of siRNA is required to achieve therapeutic 

effect for cancer treatment. However, several obstacles limit the systemic administration of 

therapeutic siRNA including the extremely low plasma half-life of siRNA due to degradation 

by serum nucleases [93]. The determination of stability of siRNA therapeutics in serum­

containing media is important, mainly due to the reported interaction of siRNA therapeutics 

with blood before the distribution to target tissues [94]. Several studies have shown the 

potential of cationic polymer based NPs to successfully protect the therapeutic siRNA 

against serum nuclease-mediated degradation [88]. In a recent study by Shen et al., PEI­

based nanoparticles were shown to successfully protect siRNA from degradation by serum 

enzymes at a weight ratio of 15:1 (polymer: siRNA) [88]. In another study, by Mokhtarieh et 
al., cationic lipids based NPs successfully protected the siRNA against RNase A degradation 

for a period of 4 h [95]. The circulating NPs must extravasate through the leakycapillaries to 

reach and accumulate in the tumor tissues [96, 97]. Therefore, in present study, we focused 

to generate the NPs with a size range of <150 nm. For all three formulations prepared, 

nanoparticle diameter remained between 111 nm and 125 nm, which fall in the appropriate 

size range for efficient cellular uptake [44, 98]. The surface charge also falls in the range for 

efficient cellular uptake (+27 mV) as reported previously with the cationic polymer based 

NPs.

Free siRNA cannot passively diffuse across the cell membrane due to its high molecular 

weight, hydrophilicity and an overall net negative charge [99]. In such cases, cationic 

polymers based NPs can facilitate their enhanced association with the anionic cell 

membrane and subsequent internalization by one of the several internalization mechanisms 

[99]. In this study, we found an increase in mTOR siRNA loaded mTS-mPAE-FITC-NPs 

cellular uptake with increasing incubation time up to 24 h (Fig. 8a and b). This mPAE­

sIRNA NP system relies on the passive targeting to the cancer cells. As mentioned above, 

the mTS-mPAE-NPs prepared at a weight ratio of 45:1, (mPAE: mTOR siRNA) formed 

a nano-sized particle and has a positive surface charge. The small size (~115 nm) and a 
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positive surface charge (~ +27 mV) is a very important characteristic for the efficient siRNA 

delivery into the cells as observed in this study. Several studies reported that small sized 

and positively charged carriers can facilitate better uptake by the cell in comparison with 

both large sized and negatively charged carriers [100–103]. The nano-sized particles can 

preferentially accumulate at the tumor site via the EPR effect and tend to circulate for longer 

times when injected via intravenous injection [103]. Various other studies demonstrated the 

ability of a cationic polymer to form nanoparticles and increase the cellular uptake. In a 

recent study, PAM-ABP polymer formed compact nanoparticles which showed enhanced 

cellular uptake of about 5 fold more than ABP at a weight ratio 5 [104]. Generally, 

cationic polymers are well known in assisting enhanced adsorptive endocytosis, membrane 

permeability and facilitating nuclear localization [105, 106]. This study further confirms the 

ability of the bioreducible polymer to escape the endosomes and release the nucleic acid in 

the cytoplasm.

To effectively perform their action of gene knockdown, nucleic acid (siRNA) must be 

delivered into the cancer cell and released into the cytoplasm. Transfection of mTOR 

siRNA using mTS-mPAE-NPs at a polymer concentration of 30 μg/ml and mTOR siRNA 

concentration of 50 nM produced mTOR gene silencing monitored by Western blotting two 

days’ post-transfection. Approximately 60 and 64% knockdown was observed with at 50 

nM concentration of mTOR siRNA with mTS-mPAE-NPs when compared with control SS­

MP-NPs in A549 and H460 cells, respectively (Fig. 9). Thus, these data confirm that mTS­

mPAE-NPs suppressed the targeted mTOR gene specifically through RNAi mechanism. 

There may be two factors that might contribute to the mTOR gene silencing efficiency 

observed in this study. First the improved siRNA release due to the degradable disulfide 

linkage present in the mTS-mPAE-NPs. Secondly, degradation of the biodegradable cationic 

polymer in the presence of enzymes, resulting in deprotonation and loss of siRNA binding 

ability and thus release into the cytoplasm [107].

A significant role for mTOR is also to promote cell growth and proliferation by regulating 

protein synthesis in NSCLC cell lines [60]. Therefore, it can be conceived that mTOR 

knockdown may control or alter cell proliferation to some extent [108]. Suppression of 

cell proliferation is shown after A549 and H460 cell transfection with mTOR siRNA 

via mTS-mPAE-NPs (Fig. 9b and d). Nearly 31 and 32% decrease in cell viability in 

after mTS-mPAE-NPs treatment is observed compared to SS-mPAE-NPs transfections, 

supporting that mTOR function specifically, not cytotoxicity was responsible for the tumor 

cell growth inhibition. Several studies have reported delivery of mTOR siRNA to different 

cell lines (fibroblasts and human pulmonary arterial cells - PASMC) with the help of NPs 

which resulted in reduced cell proliferation [109, 110]. You et al., administered mTOR 

siRNA in a DNA nanotubes to the pulmonary artery smooth muscle cells and found that 

mTOR siRNA resulted in 47% reduction in cell viability after 48 h treatment [110]. In 

another study, Takahashi et al., treated fibroblasts with mTOR siRNA loaded branched 

cationic polyethyleneimine (bPEI) nanoparticles. The mTOR siRNA knockdown by the 

bPEI nanoparticles resulted in 70% inhibition of fibroblast proliferation [109]. We also 

observed significant cancer cell growth inhibition (in vitro) with higher concentrations 

of mTS-mPAE-NPs (mTOR siRNA 100 nM) compared to SS-mPAE-NPs, however, the 

negative control based NPs also showed significant cytotoxicity to the cells (*p < 0.05). 
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Unfortunately, such higher concentrations of NPs resulted in significant cytotoxicity in both 

A549 and H460 cells. As indicated by the SRB assay results obtained using placebo NPs 

and SS-MP-NPs, concentrations higher than 30 μg/ml reduced the cell viability below 80% 

and are thus not suitable to load mTOR siRNA for further investigation. Consequently, the 

proposed mTS-mPAE NPs provided for an effective intracellular delivery of mTOR siRNA 

in the required compartments of cancer cells and delivered components were capable of 

performing their major functions – cell growth inhibition and silencing of targeted genes 

specifically in lung tumor cells.

The polymer mPAE possess several advantages compared to conventional bioreducible 

system. In addition to possessing the bioreducible property, they also undergoes proton 

sponge effect. This lead to a faster release of the siRNA, which is an advantage over several 

other bioreducible polymers.

CONCLUSIONS

In this study, we have developed and accessed the potential of bioreducible cationic polymer 

mPAE as an mTOR siRNA delivery carrier for lung cancer therapy. This targeted delivery 

of mTOR siRNA will allow the decreased probability of treatment failure and reduced 

adverse effects. The mPAE polymer was found to be less cytotoxic than the gold standard of 

cationic polymer based gene delivery carrier, i.e. PEI. The mPAE polymer formed nanoscale 

(114 nm), positively charged (+27 mV) particles when complexed with mTOR siRNA and 

the mTOR siRNA were prevented from degradation by the nuclease action. The release 

of mTOR siRNA was also accelerated in presence of 10 mM GSH. The mTS-mPAE-NPs 

showed inhibition of cell proliferation at an siRNA concentration of 50 nM. In addition, 

the mTS-mPAE-NPs showed increase cellular uptake due to cationic nature of the polymer 

and effective mTOR gene silencing. Our results demonstrated that the newer cationic mPAE 

polymer consisting of disulfide bonds is an effective mTOR siRNA carrier for lung cancer 

therapy applications. While our results are exciting, the nanoparticles were found to be toxic 

at higher concentrations limiting the ability to deliver higher concentrations of siRNA. Our 

results also provide an avenue for developing poly (ethylene glycol) (PEG)ylated receptor 

targeted NPs for lung cancer treatment using mTOR siRNA to achieve serum stability, 

targeting effect and limiting the cytotoxicity to the visceral organs.
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Fig. 1. Illustrated Scheme for modification of polyamino-ether (PAE):
The PAE polymer was dissolved in water and allowed to react with iminothiolane 

hydrochloride overnight. The resulting modified PAE or mPAE was collected after extensive 

dialysis and freeze dried for future use. The modification of amino groups (−-NH2) is shown 

as representative scheme. In this polymer, R1: neomycin R2: glycerol diglycidyl ether. 

Please note that this schematic is only an illustration and not an exact representation of how 

the polymerization proceeds.
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Fig. 2. Scheme for the formation of disulfide cross-linked mTS-mPAE-NPs.
The NPs are formed by a nanoprecipitation method. The first step involves the formation of 

mPAE-mTOR siRNA nanoparticles with thiol groups. In the second step, the mTS-mPAE­

NPs are formed after cross-linking via oxidation with glyoxal. The final formulation was 

collected by centrifugation for future studies.
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Fig. 3. Cytotoxicity analysis of mPAE and PEI polymers.
(a) Cell viability (%) of “mPAE and PEI” polymers at various log concentrations in 

(μg/ml) A549 cell line (b) Cell viability (%) of “mPAE and PEI” polymers at various log 

concentrations (μ/ml) in H460 cell line (c) Cell viability (%) after treatment of mPAE and 

PEI at concentrations (2.5, 5, 10, 25, 50, 100 and 200 μg/ml) in A549 cell line. and (d) Cell 

viability (%) after treatment of mPAE and PEI at concentrations (2.5, 5, 10, 25, 50, 100 and 

200 μg/ml) in H460 cell lines. The cytotoxicity was determined using SRB assay after 48 h 

polymer exposure (n = 3, error bars represent standard deviation).
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Fig. 4. 
Determination of the buffering capacity of mPAE and branched PEI (Mw =25,000 g/mol) by 

acid-base titration; NaCl were used as control. Solutions were titrated with 0.01 M NaOH 

from pH 4.5–7.5. (n = 3, error bars represent standard deviation).
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Fig. 5. 
(a) Agarose gel electrophoresis result of the mTS-mPAE nanoparticles. NPs formed from 

polymer to siRNA at w/w ratio of 1:1, 10:1, 25:1, 100:1, 200:1 and 300:1. Samples were 

prepared at room temperature before being loaded onto a 1.0% w/v agarose gel (75 V, 45 

min). (b) Densitometric analysis of the siRNA bands performed using Image J software. The 

experiments were repeated at least thrice. The best representative images are shown.
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Fig. 6. 
(a) Serum stability and glutathione-mediated siRNA release from mTS-mPAE NPs using gel 

retardation assay. A Gel electrophoresis of mTS-mPAE NPs prepared at weight ratio 45:1 

with (mPAE: mTOR siRNA). The NPs were incubated with 10%FBS containing RNase and 

glutathione 10 mM for a period of 4 h at 37°C. Samples were prepared at room temperature 

before being loaded onto a 1% w/vol agarose gel (75 V, 45 min). (b) Densitometric analysis 

of the siRNA band using Image J analysis software. Abbreviations: RNase – 10%FBS 

containing RNase, GSH – Glutathione, MS -NPs – mTOR siRNA – mPAE NPs. The 

experiments were repeated at least thrice. The best representative images are shown.
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Fig. 7. 
In vitro release of siRNA from the nanoparticles. (a) Profile of siRNA release from mTS­

mPAE-NPs prepared at a weight ratio of 45:1 in presence of GSH 10 mM and GSH 10 μM 

for a period of 7 d (a) and 1 d (b). (n = 3, error bars represent standard deviation).
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Fig. 8. Cellular uptake analysis of mTS-mPAE-NPs analyzed using flow cytometry.
mTS-mPAE NPs were formed at a weight ratio of 45:1 siRNA (1.33 μg). FITC was 

conjugated to the surface of NPs using a one-step reaction before the flow cytometry 

experiment to form mTS-mPAE-FITC-NPs. After certain time intervals (0.5 h, 2 h and 24 h) 

the cells were washed trypsinized and collected to perform the flow cytometry experiment. 

The fluorescence intensity of MS-MP-FITC-NPs in (a) A549, (b) H460 cells (2 × 105 cell/

well). (c) Bar graph representing the mean percentages of cellular uptake. The results are 
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presented as mean ± SD (n = 3). Analysis of cellular uptake was performed by using Flowjo 

7.6.1 single cell analysis software.
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Fig. 9. Silencing efficiency of MS-DF (mTOR-siRNA Dharmafect transfection reagent complex) 
transfection reagent and mTS-mPAE NPs at 50 nM concentration.
Expression of mTOR protein determined using Western blot in A549 and H460 cells (2× 

105 cell/well). mTS-MPAE NPs/mTOR siRNA and SS-MP NPS/scrambled siRNA prepared 

at weight ratio 45:1 (siRNA concentration 50 nM or 1.33μg per well) (a) Western blot 

showed a marked reduction in the mTOR protein levels after treatment with mTS-mPAE 

NPS at 50 nM concentrations in A549 cells. (c) Western blot showed a marked reduction 

in the mTOR protein levels after treatment with mTS-mPAE NPS at 50 nM concentrations 

in H460 cells. (b) mTOR protein silencing was calculated using the densitometric analysis 

and β-Actin as loading control in A549 cells and (d) mTOR protein silencing was calculated 

using the densitometric analysis and β-Actin as loading control in H460 cells. The results 

are presented as mean ± SD (n = 3). (* p < 0.05, ** p < 0.01).
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Fig. 10. 
Cell viability (%) of mTOR siRNA with commercial transfection reagent Dharmafect (DF) 

and mPAE based NPs in A549 cells (a and b) and H460 cells (c and d) seeded at density 

of (5 × 103 cell/well and 6 × 104 cells / well for A549 and H460 cells respectively) at 48 

h incubation. mTS-mPAE-NPs(mTOR-siRNA – mPAE nanoparticles) and SS-mPAE-NPs 

(Scrambled-siRNA – mPAE nanoparticles) prepared at 45:1 weight ratios were incubated 

with cells at a concentration of 30 and 60 μg/ml of mPAE polymer to achieve 50 nM and 100 

nM siRNA concentration, respectively. Figure (a) and (c) indicates the cell viability (%) of 

the A549 and H460 cells after transfection with scrambled siRNA and mTOR siRNA using 

DF reagent. Figure (b) indicates the cell viability (%) of the scrambled siRNA and mTOR 

siRNA encapsulated mPAE NPs in A549 cells and (d) indicates the cell viability (%) of the 

scrambled siRNA and mTOR siRNA encapsulated mPAE NPs in H460 cells The results are 

presented as mean ± SD (n = 3). A value of p less than 0.05 was accepted to be significant 

(**p < 0.01, *p < 0.05) and the statistics were performed with Student’s t test.
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Table I
LD50 Values of PEI and mPAE Polymers in A549 and H460 cells

(n = 3, ± Represent Standard Deviation)

A549 cells (μg/ml) H460 cells (μg/ml)

PEI-LD50 30 ± 5.4 25 ± 5.2

mPAE – LD50 70 ± 6.2 65 ± 3.4
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