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a b s t r a c t 

A series of branched polyethylenimine (PEI) modifications including PEGylation (PEG2k-PEI) 

for steric shielding, redox-sensitive crosslinking for synthesis PEG2k-PEI-ss nanogels and 

subsequent carboxymethylation (PEG2k-CMPEI-ss) for modulation of the polymer pk a have 

been introduced for cellular delivery of Anti-miR-21. The synthesis was characterized us- 

ing 1 H NMR, FTIR, TNBS, potentiometric titration, particle size and ζ potential. Loading of 

Anti-miR-21 at various N/P ratios was investigated by gel retardation, ethidium bromide dye 

exclusion, heparin sulfate competition and DNase I digestion experiments. The miR-21 si- 

lencing was measured by stem-loop RT PCR in A2780 ovarian cancer cell lines whether it is 

sensitive to resistant to cisplatin. It has been shown that PEG2k-CMPEI-ss was well suited 

for delivery of Anti-miR-21 in terms of nucleic acid loading, preservation against extracellu- 

lar matrix and nucleases and sequence-specific silencing of miRNA-21 in vitro . Moreover, it 

has been demonstrated that pre-treating cells with Anti-miR-21 loaded nanogels can sensi- 

tize them to cis-Pt even at non-toxic concentraions. The results indicate that PEG2k-CMPEI- 

ss mediated microRNA delivery can be considered as a novel strategy for ovarian cancer 

therapy. 
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. Introduction 

varian cancer is the 6th most common cancer in women 

1] . Major risk factors contributing to increase ovarian cancer 
ave been mentioned as hereditary, reproductive, hormonal,

nflammatory, dietary and surgical [2] . Indeed, it has been re- 
orted that hormone replacement therapy can be considered 

s the major risk factor for developing ovarian cancer [3] . Re- 
arding that only 30% of ovarian cancer patients at advanced 

tages can survive only 5 years after initial diagnosis [4] , so ur- 
ent needs for developing new therapeutic strategies seem to 
e undeniable. 

For almost 40 years, cisplatin (cis-Pt) has been the most ac- 
epted drug for treating ovarian cancer. It has been reported 

hat 80% −90% of patients with ovarian cancer respond to plat- 
num chemotherapy, however nearly about one third of them 

esist to cis-Pt [5] . Various mechanisms of cis-Pt resistance 
ave been studied which can be divided into pump (medi- 
ted by P-glycoprotein and multi-drug resistance proteins) 
nd non-pump mechanisms which are mainly due to anti- 
poptotic cellular defense activations mediated by Bcl-2 and 

urvivin [6,7] . Cis-Pt resistance can also occur by elevating 
etallothioneins and glutathione content of the cells. In ad- 

ition, increasing DNA repair can be considered as an antiap- 
optotic factor in cis-Pt resistant cells [8] . 

MicroRNAs (miRNAs), non-coding endogenous evolution- 
rily conserved ∼18–22 nucleotide single-stranded RNAs, were 
iscovered in 1993 [9] . It has been clear that miRNAs have 
ajor roles in gene expression regulation through base pair 

ormation with messenger RNAs [8] . miRNAs biogenesis and 

heir mechanisms of action have been well studied and it has 
een demonstrated that any changes in intracellular amounts 
f miRNA lead to severe diseases including autoimmune mal- 
unctions [10] , diabetes [11] , Parkinson’s [12] , fibrosis [13] and 

ardiovascular [14] abnormalities and cancers such as breast,
lioblastoma, liver, ovary, prostate, lung, gastric, colon, and en- 
ocrine pancreatic tumors [15] . 

MicroRNA-21 (miR-21) has been considered as an onco- 
enic miRNA that upregulates in almost all diseases, down- 
egulates tumor inhibitor proteins, leads to cell proliferation,

igration, invasion, metastasis, and apoptosis regulation [16] .
everal studies demonstrate that miR-21 overexpression leads 
o downregulation of critical tumor inhibitor proteins such 

s phosphatase and tensin homolog (PTEN), programmed cell 
eath protein 4 (PDCD4), hypoxia inducible factor–1 α (HIF-1 α) 
nd regulates drug resistance in ovary cancer cells [17–21] .
o, delivery of Anti-miR-21 to ovarian cancer cells seems to 
e a promising way to inhibit tumor cell proliferation and 

etastasis. 
It has been reported that upregulation of miR-21 in ovar- 

an cancer is responsible for cis-Pt resistance in cancer cells 
y PDCD4 upregulation via JNK-1/c-Jun/miR-21 pathway [22] .
he most important challenge to achieve convenient thera- 
eutic approaches for miR/anti-miR therapy is lack of suit- 
ble delivery system which can overcome the obstacles of 
ystemic delivery such as phagocytic elimination, renal fil- 
ration, nucleases degradation, cellular uptake and endo- 
omal release for possible translation to clinical practices 
23,24] . 
4
PEIs have wide applications for gene delivery because of 
heir controlled polycationic nature which allow them to 
ondense negatively charged oligonucleotide chains, protect 
hem against nucleases and facilitate nucleic acid entering 
fficiently via endocytosis [25,26] . Moreover, PEIs increase en- 
osomal escape attributed to the well-known proton sponge 
echanism [27,28] . Chemical modifications of PEI primary 

nd secondary amines can enhance endosomal release of ge- 
etic materials by decreasing pKa that makes the modified 

olymer more protonable at acidic than neutral pH [29,30] . In 

ddition, it has been shown that addition of carboxyl groups 
nduces proton sponge effect since ionized carboxylate groups 
erve as proton-acceptors and enhanced buffer capacity of 
anovectors [31] . Also, the nanogels composed of PEG-PEI can 

ffectively deliver drug or oligonucleotide due to the positively 
harged core of PEI and the shell of mPEG which leads to sol-
bility enhancement, rapid endosomal uptake, prevention of 
nwanted interactions of particles with plasma components 
nd nuclease protection [32–34] . In addition, these sterically 
tabilized nanoscale particles can easily provide a convenient 
nvironment for encapsulation of negatively charged biologi- 
al agents such as miRNAs to promote their resistance against 
hanges in pH, ionic strength and solvent [33,35] . Simultane- 
usly, biodegradable crosslinking provides the demanded sta- 
ility of a relatively new generation of nanovectors, also called 

anogels, that causes protection of loaded oligonucleotide 
hains. Furthermore, redox-sensitive disulfide linkages facil- 
tate their breaking down and intracellular release of encap- 
ulated contents in presence of glutathione and reducing en- 
ymes of the cells, but prevent pre-mature release and degra- 
ation in the extracellular milieu [34–37] . 

In this regard, we aimed to synthesis a series of branched 

EI modifications including PEGylation reaction (PEG2k-PEI) 
or steric shielding, redox-sensitive chemical crosslinking 
PEG2k-PEI-ss) for nanogel preparation and subsequent car- 
oxymethylation reaction (PEG2k-CMPEI-ss) for modulation 

f the polymer pk a , respectively. To investigate the possible 
ole of disulfide crosslinks and the carboxymethylation re- 
ction, the physicochemical and biological properties of the 
anogels were compared in terms of loading Anti-miR-21, for- 
ation of stable nanoplexes, cellular delivery and transfection 

fficiency. In addition, the therapeutic value of Anti-miR-21 
oaded PEG2k-PEI-ss nanogels was compared in A2780 sensi- 
ive (A2780S) and resistant (A2780R) cell lines to cis-Pt. 

. Materials and methods 

.1. Chemical 

olyethyleneimine 10 kDa (corresponding to M w 

/ M n of 1.4) 
nd methoxy polyethylene glycol 2 kDa (mPEG 2000 –COOH) 
ere purchased from Poly Sciences Inc. (Canada) and Jenkem 

USA), respectively. Dithiodipropionic acid (DTDP), 1-(3- 
imethylamino-propyl)-3-ethylcarbodiimide hydrochloride 

EDC), N-hydroxysuccinimide (NHS), 2,4,6-trinitrobenzene sul- 
onic acid (TNBS), disodium ethylenediaminetetraacetic acid 

EDTA), agarose, 4,6-diamidino-2-phenylindole (DAPI), fluo- 
escein isothiocyanate (FITC), sodium borohydride (NaBH 4 ),
-morpholineethanesulfonic acid (MES), cisplatin (cis-Pt) 
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and 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) were supplied from Sigma-Aldrich (USA).
ZnSO 4 .7H 2 O, dichloromethane (DCM), dimethylsulfoxide
(DMSO), triethylamine (TEA), ethidium bromide (EtBr) and
potassium bromide (KBr) were obtained from Merck (Ger-
many). A2780S and A2780R ovarian cancer cell lines were
purchased from Pasteur Institute (Iran, Tehran). Anti-miR-
21, scrambled and primer sequences were synthesized by
Macrogen (Korea). 

2.2. Synthesis of PEG2k-PEI-ss nanogels 

Coordination complex, micellar template-assisted synthesis
and characterization of PEG2k-PEI-ss was carried out accord-
ing to the previous method by Abolmaali et al. [33,38] . Briefly,
a solution of NHS-activated mPEG 2000 –COOH in methanol was
added to PEI solution in DCM at mPEG 2000 /PEI weight ratios
at 0.5. The medium was supplemented by 1% TEA as a pro-
ton quencher and the tubes were incubated for 3 h while stir-
ring. The product was concentrated using a rotational speed
vacuum (Christ RVC 2–18, Germany), diluted in 3 ml of deion-
ized water, dialyzed using a Float-A-Lyzer 6–8 kDa (Spectrum,
USA) and lyophilized (Christ alpha 1–2 LD, Germany). For the
crosslinking reaction, 30 mg of PEG2k-PEI dissolved in 100 mM
MES buffer pH 5.6, ZnSO 4 solution was added dropwise to
the polymer solution (Zn 

2 + /N ratio = 0.2) and stirred 30 min to
constitute a micellar template for the crosslinking reaction.
The crosslinking reaction was done by adding100 mM DTDP
solution in DMSO, EDC and NHS, at the molar ratio of 2:2:1
(NHS/EDC/COOH). The mixture was stirred overnight and then
the coordinated Zn 

2 + was removed by dialysis against HCl so-
lution (pH 3.0) using Float-A-Lyzer 3.5 kDa. 

2.3. Carboxymethylation reaction 

To carboxylate PEI primary and secondary amines buried in
the core of PEG2k-PEI-ss nanogels, a solution of 12 mg bro-
moacetic acid in 3 ml DMSO was added dropwise to 4 ml
nanogels (2.5 mg/ml). The product (PEG2k-CMPEI-ss) was then
stirred overnight at room temperature and then dialysis in
double distilled water for 3 d and stored in 4 °C before use. 

2.4. Characterization of the nanogels 

2.4.1. TNBS assay 
To calculate the amount of residual primary amines in PEG2k-
PEI copolymer, PEG2k-PEI-ss and PEG2k-CMPEI-ss nanogels,
TNBS assay was performed according to the method described
by Freedman and Radda [39] at polymer concentrations equal
to 0.75 mM PEI. To 0.5 ml of each standard and sample so-
lutions diluted in 0.1 M borate buffer (pH = 9.5), 2.6 μl TNBS
reagent was added. Following 45 min incubation at 25 °C, the
absorbance was read at λ = 420 nm using UV–visible spec-
trophotometer (ELISA reader, Biotek, USA). 

2.4.2. FTIR spectroscopy 
Infrared spectra were recorded on FTIR spectrometer (Vertex,
Bruker, Germany) to study spectral changes. Samples were
prepared by geometric dilution of an identical amount of the
lyophilized products with KBr and compression of the mix-
tures to form discs. Twenty scans were signal averaged with a
resolution of 4 cm 

−1 in range of 500–4000 cm 

−1 . 

2.4.3. 1 H NMR 

1 H NMR spectra was recorded on Bruker-400 MHz using D 2 O
as solvent. Proton integration method was used to estimate
average degree of PEGylation, disulfide crosslinking and car-
boxymethylation. 

2.4.4. Potentiometric titration 

The potentiometric titration was performed to estimate the
degree of carboxymethylation. Briefly, aliquots of 20 μl of 1 M
NaOH solution were added to solutions of PEG2k-PEI, PEG2k-
PEI-ss and PEG2k-CMPEI-ss nanogels (equals to 1 mg PEI). Each
mixture was titrated with aliquots of 0.5 M HCl while shaking
at 25 °C. The titration curves were plotted and compared for
the nanogels. 

2.4.5. Ellman assay 
To determine the redox-sensitivity of the nanogels, either sim-
ple or carboxylated, Ellman assay was performed [40] . Briefly,
25 μl of the reagent (0.2 M NaBH 4 in 0.2% NaOH solution) were
mixed to 45 μl of samples containing 4 mM total amines and
incubated for 1 h. The volume reached to 90 μl with 300 mM
HEPES buffer (pH 8). Then, 10 μl of 4 mg/ml DTNB solution
(Ellman’s reagent) was added. After 15 min incubation, the
absorbance was read at 412 nm. The free thiol content was
calculated using a calibration curve plotted for reduced glu-
tathione standard solutions. 

2.5. Preparation and characterization of Anti-miR-21 

loaded nanogels 

2.5.1. Gel retardation assay 
Nanoplexes were prepared by simple mixing of Anti-miR-21
or scramble sequences with PEG2k-PEI copolymer, PEG2k-PEI-
ss and PEG2k-CMPEI-ss nanogels at various N/P ratios ranging
from 0 to 10 in deionized water. The products were further in-
cubated for 0.5, 3, 6 and 24 h at room temperature. Nanoplexes
were run in Bio-Rad electrophoresis apparatus at 60 V, 30 min
in 2.5% (w/v) agarose gel and visualized by UV transillumina-
tor (Syngene gel documentation system) [41] . 

2.5.2. Ethidium bromide (EtBr) dye exclusion assay 
EtBr dye exclusion assay was performed to determine the op-
timum N/P ratio for loading and condensation of nucleic acid
sequences [42] . Nanoplexes were prepared according to the
aforementioned method in 96-well plates. After 30 min incu-
bation at room temperature, 50 μl of 0.5 μg/ml of EtBr solu-
tion was added to each sample and mixed gently. The mix-
tures were incubated in dark condition for 15 min and the
fluorescence intensity was read at excitation and emission
λ = 510 nm and λ = 595 nm, respectively. Naked Anti-miR-21
sequence and deionized water were considered as positive
and negative controls, respectively. 

2.5.3. Heparin sulfate competition assay 
To investigate stability of the Anti-miR-21 loaded nanoplexes
against heparin sulfate (extracellular polyanion), agarose
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el electrophoresis was performed. In this condition, the 
anoplexes were prepared at various N/P molar ratios and the 
ixtures were incubated for 24 h at room temperature. Then,

 μl of heparin sulfate (2 U/μg oligonucleotide) was added to 
ach sample, pipetted several times and after 15 min incu- 
ation, they were run in 2.5% agarose gel at 60 V for 30 min.
he bands were visualized using Syngene gel documentation 

pparatus. In parallel, biological stability of the nanoplexes 
as investigated by measuring their resistance against hep- 

rin sulfate by the EtBr dye exclusion assay. Briefly, 0.1–2 IU 

eparin sulfate/μg oligonucleotide sequences were added to 
ach well of 96-well plate containing nanoplexes. After 15 min 

ncubation, 50 μl of 1 μg/ml EtBr was added to each well. Flu- 
rescence intensities were determined before and after addi- 
ion of heparin sulfate as mentioned before and any change 
n nucleic acid condensation (%) were calculated accordingly. 

.5.4. Stability of nanoplexes against DNaseI 
o investigate the biological stability of nanoplexes against 
ucleases, the nanoplexes at the N/P = 5 and also 3 μg of naked 

nti-miR-21 were mixed with 2 μl of reaction buffer and 2 U of 
NaseI, separately. The mixtures were incubated at 37 °C for 
ifferent times (0 min, 1, 3, 6 and 24 h). Aliquots at different 

ncubation times were run in 2.5% agarose gel electrophore- 
is and their stability against DNaseI was compared to naked 

nti-miR-21 [43] . 

.5.5. Determination of particle size and ζ potential 
article size was investigated by the dynamic light scattering 
pectrometry (DLS 180 °, Microtrac, Germany) using a patented 

ontrolled reference method which incorporates 180 ° hetero- 
yne detection by calculating signals of various scattered light 
requencies combined with the reflected signals of un-shifted 

requency of the original laser (780 nm) to generate a wide 
pectrum of frequencies. The power spectrum of Doppler fre- 
uency shifts was then applied for the multimodal and broad 

ize distribution measurements. The hydrodynamic diame- 
ers of the nanogels and their respective nanoplexes with 

nti-miR-21 were determined in 20 mM phosphate buffer 
pH = 7) at the effective N/P molar ratio = 5. The viscosity and 

efractive index of water at 25 °C were used for data analysis.
he intensity averaged diameters were reported for each sam- 
le. To calculate ζ potentials, the diluted samples underwent 
nalysis by calibrated Zeta-check (Microtrac, Germany) for os- 
illating zeta streaming potential. 

.6. Cell culture 

ellular studies were carried out using A2780S and A2780R 

varian cancer lines. The cells were cultured in RPMI medium 

upplemented with 10% fetal bovine serum (FBS; PAA, Aus- 
ralia) and 1% antibiotic (Penicillin–Streptomycin, Australia) 
n an incubator at 37 °C and 5% CO 2 . In order to preserve the
esistance phenotype, aliquots of 0.1 μM cis-Pt was added to 
2780 drug resistance cell line after each passage. 

.6.1. MTT cytotoxicity assay 
 cell count of 2.5 × 10 4 A2780R and A2780S cells was seeded 

n 96-well plates. After 24 h incubation at 37 °C and 5% CO 2 ,
he cells were treated with the culture medium containing 
arious concentrations of PEG2k-PEI copolymer, PEG2k-PEI-ss 
nd PEG2k-CMPEI-ss nanogels, at the concentrations ranged 

etween 0 and 100 μg/ml, to evaluate cytotoxicity of the 
olymeric biomaterials. Furthermore, the MTT assay was 
erformed to investigate the sequence specific cytotoxi- 
ity associated with Anti-miR-21 vs . scrambled sequence 
100 ng/ml) loaded with the nanogels at different N/P mole 
atios (1, 3, 5) for 72 h. The medium was replaced with 100 μl
TT (0.5 mg/ml) in PBS and incubated for a further 3 h. Finally,

he medium was aspirated and the remaining formazan crys- 
als were solubilized in 100 μl/well DMSO. Light absorbance 
as measured at 570 nm and corrected for the background 

bsorbance at 650 nm. Cell viability was calculated as per- 
entage relative to untreated control cells [44] . 

.6.2. Trypan blue membrane leakage assay 
2780R and A2780S cells were seeded (10 6 cells/well) in 

-well plates. After 24 h, the cells were incubated with so- 
utions of the polymers alone, PEG2k-PEI, PEG2k-PEI-ss and 

EG2k-CMPEI-ss nanogels at the concentration of 32 mg/l,
r the loaded nanoplexes prepared at the constant N/P = 5 

3 μg/l Anti-miR-21 or the scrambled sequence). Next, the cells 
ere trypsinized and suspended in PBS containing trypan 

lue and counted to determine the percentage of viable cells 
with clear cytoplasm) vs . non-viable cells (blue stained cy- 
oplasm). Cell membrane leakage was expressed as the per- 
entage of non-viable to total cells. Untreated cells served as 
ontrol [45] . 

.6.3. Cellular uptake and intracellular release by fluorescence 
icroscopy 
ellular uptake of the FITC-labeled nanogels was determined 

y fluorescence microscopy. First, to label the nanogels, 200 μl 
f 10 mg/ml FITC was added to 4 ml of the nanogels (1.3 mg/ml)

n 0.1 M borate buffer (pH 9.2) and the mixture was incubated 

or 2 h stirring. The excess FITC was removed by dialysis using 
loat-A-Lyzer (8–10 kDa) at 4 °C in dark. The degree of conjuga- 
ion was determined using standard curve plotted for FITC at 
= 495 nm. Then, 10 5 cells (A2780R and A2780S) were seeded 

n 6-well plates and treated for 0.5, 2 and 4 h with either 
0 μg/ml FITC-labeled nanogels. Following treatment, the cells 
ere washed with cold PBS and fixed with 2% paraformalde- 
yde in PBS at 37 °C for 10 min. After washing with cold PBS,
he cells were permeabilized with Triton X-100 (0.5% in PBS) 
or 10 min at 4 °C and washed with cold PBS. The nuclei were
tained with DAPI solution (10 μg/ml in PBS) for 5 min before 
isualized by the fluorescence microscope (Nikon Eclipse E400,
apan). 

.6.4. miR-21 expression assay by stem-loop RT PCR 

fter 24 h incubation of the seeded cells in 6-well plates,
he cells were treated by nanoplexes with N/P = 5 molar ra- 
ios for 72 h. Then, the cells were scrapped and total RNA 

as extracted according to Dena Zist Asia Kit procedure.
DNA synthesis was done using M-MuLV-Reverse Transcrip- 
ase and special stem-loop primer for microRNA-21 (30 min 

6 °C, 60 min 42 °C followed by 10 min 70 °C). Polymerase chain
eaction (PCR) was done with the following pattern: 94 °C for 
 min, followed by 40–60 cycles of 93 °C for 30 s, 58 °C for 1 min
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Fig. 1 – Back-titration curve of PEG2k-PEI copolymer, 
PEG2k-PEI-ss and PEG2k-CMPEI-ss nanogels at a quantity 

corresponding to 1 mg PEI after supplementing the medium 

(double distilled water, DDW) with 20 μl of 1 N NaOH. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

and 72 °C for 30 s. The products were run on 2.5% agarose gel
at 60 V for 30 min. Results were analyzed by ImageJ software. 

2.7. Interaction between miR-21 downregulation and 

cis-Pt resistance 

In order to evaluate the effect of treating cells with Anti-miR-
21 loaded nanoparticles on cis-Pt action, the sensitive and re-
sistant cells were pre-treated with Anti-miR-21 nanoplexes
for 48 h. Following the treatment, the media were aspirated
and replaced by a medium containing 5 or 10 μM cis-Pt. Af-
ter 24 h MTT assay was performed according to the aforemen-
tioned method. 

2.8. Live/Dead assay 

In order to discriminate live, apoptotic and necrotic cells un-
der fluorescent microscope, Acridine Orange (AO)/ Ethidium
Bromide (EtBr) double-staining assay was performed. 7 × 10 5 

cells/well of A2780S and A2780R cells were seeded in 24-well
plates, treated with the nanoplexes (N/P = 5) for 72 h. Then,
the cells were trypsinized, stained with AO/EtBr dye mix in
PBS (100 μg/ml) and observed under fluorescent microscope
(Nikon Eclipse E400, Japan) [46] . 

2.9. Statistics 

Statistical analysis was performed using Prism Software
version 5.0 (GraphPad, USA). P values less than 0.05 were
considered statistically significant. Data were expressed as
mean ± standard deviation. 

3. Results and discussion 

3.1. Physicochemical characterization of the nanogels 

In present study to investigate the effects of structural vari-
ation of PEG2k-PEI copolymer on transfection of Anti-miR-
21, synthesis of PEG2k-PEI-ss nanogels containing redox-
sensitive crosslinks [33] and the carboxymethylated nanogels
(PEG2k-CMPEI-ss) have been done. Synthesis of PEG2k-PEI
copolymer and the PEG2k-PEI-ss nanogels were confirmed by
1 H NMR, FTIR and DLS methods as reported previously [33] .
Following the carboxymethylation reaction, TNBS assay was
used in order to monitor changes in the concentration of pri-
mary amine residues [47,48] , considering that the reactions
involves often the PEI primary amines [49] . Using the calibra-
tion curve plotted for standard glycine solutions, it was found
that about 14.7% of the PEG2k-PEI primary amines were con-
sumed to produce simple nanogels and 87.0% of the remain-
ing amines were used to produce PEG2k-CMPEI-ss nanogels,
so less than 10% of the available primary amines were only
present in chemical structure of the resulting nanogels, but
still sufficient for the fluorescent labeling of nanogels [50] . 

Following the carboxymethylation reaction, the chemi-
cal structure of nanogels were investigated by FTIR and 

1 H
NMR spectroscopy. The peaks at 3420, 1113 and 1669 cm 

−1

is attributed to N 

–H, C 

–O and amide C 

= O stretching of PEI,
PEG2k and the crosslinker DTDP in the PEG2k-PEI-ss nanogels,
respectively. After carboxymethylation reaction, the unique
broad peak at 2500––3000 cm 

−1 appears that is related to
the hydroxyl group of carboxylic acid moieties (suplementary
data) as reported before [51] . The degree of carboxymethyla-
tion was determined by 1 H NMR. The peaks at 3.4 and 2.3–
3.3 ppm are related to CH 2 –O of PEG and CH 2 –N of PEI in
the spectrum of the PEG2k-PEI-ss nanogel. The specific peak
of CH 2 –CH 2 –COOH in the PEG2k-CMPEI-ss nanogel structure
is also located at 2.3–3.3 ppm, so the area under the curve
of this range increased (suplementary data). Degree of car-
boxymethylation was estimated about 44% for total primary
and secondary amines. 

Potentiometric titration was performed to determine the
variation in buffer capacity of PEG2k-PEI copolymer following
synthesis of the nanogels at the concentration correspond-
ing to 3.3 mg/ml PEI ( Fig. 1 ). It was revealed that the titration
curves shifted to the right following the crosslinking reac-
tion (PEG2k-PEI-ss). A further shift in acidic pH occurred af-
ter carboxymethylation reaction that is responsible not only
for increasing the buffering capacity and endosomal escape
properties, but also for reducing the cytotoxicity induced
by the positively charged nanoparticles [51] . The maximum
buffer capacity was determined in pH 5.3 corresponding to
pKa of the carboxylic acid groups that exist in the core of
PEG2k-CMPEI-ss nanogels [52] . 

Ellman’s assay method was done for determination of free
thiols recovered after treating the nanogels with a reducing
agent (NaBH 4 ). Unlike untreated polymers, the free thiol con-
centrations were determined 0.14 ± 0.02 and 0.10 ± 0.01 mM
for PEG2k-PEI-ss and PEG2k-CMPEI-ss nanogels, respectively.
The concentrations of recovered free thiols were consistent
with estimated density of the crosslinks. 

3.2. Biological characterization of the nanoplexes 

Gel retardation assay was carried out to investigate the
nanoplex formation after adding Anti-miR-21 to PEG2k-PEI,
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Fig. 2 – Gel retardation assay at various incubation times and N/P ratios (lanes from left to right: 0, 0.5, 1, 2, 5, 10). 

Fig. 3 – Retardation of Anti-miR-21 loaded in the nanoplexes at various N/P ratios (lanes from left to right: 0, 0.5, 1, 2, 5, 10) 
with or without adding heparin sulfate. 
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EG2k-PEI-ss or PEG2k-CMPEI-ss nanogels using agarose gel 
lectrophoresis [53] . Retardation of the oligonucleotide band 

as noticed by increasing N/P ratios and the incubation time 
ntil no residual naked oligonucleotide band was seen in 

he gel as reported by others [54] . Depending on the chemi- 
al nature and structure of the polymers, the optimum N/P 
olar ratio was different [55] . In our experiment, at low N/P 

atios of 0.5–1, the cationic charge was insufficient to neutral- 
ze and condense the negatively charged Anti-miR-21 even af- 
er long incubation times as reported elsewhere [54] . However,
pon increasing N/P ratios as well as the incubation time, the 
igration of Anti-miR-21 was retarded in the gel so that no 
igration happens in the gel for N/P as low as 5 and a 

rolonged incubation time of 3–24 h, indicating a complete 
eutralization of Anti-miR-21 negative charge through a com- 
lete nanoplex formation ( Fig. 2 ). The nanoplexes formed 

lmost completely with PEG2k-PEI copolymer and PEG2k- 
EI-ss nanogels similarly at N/P ratio as low as 2, but the 
equired incubation times were different (3 h vs. 24 h for 
he uncrosslinked copolymer and the nanogel, respectively) 
 Fig. 2 ). The N/P ratio shifted to the higher value of 5 for PEG2k-
MPEI-ss nanogels. A relatively prolonged incubation time is 
equired for Anti-miR-21 loading into the nanogels possibly 
ue to crosslinks in the polycation network that can hinder 
NA penetration for subsequent complex formation as re- 
orted by Hartlieb et al. [56] . 
Biologic stability of nanoplexes is a pre-requisite for suc- 
essful transfection. It has been reported that biologic sta- 
ility of nanoplexes is related to polymer structure and N/P 
atio [50] . So, the nanoplexes were exposed to heparin sul- 
ate for determination of possible nucleic acid displacement 
57] . In this issue, the nanoplex structure can be disrupted 

nd Anti-miR-21 may be released following exposure to the 
xtracellular matrix due to the polyanionic nature of hep- 
rin sulfate [58] . As shown in Fig. 3 , unlike the PEG2k-CMPEI- 
s nanogels that resist against heparin sulfate-induced dis- 
lacement of oligonucleotides at N/P ratio = 10, no displaced 

ligonucleotide band was seen at N/P ratio as low as 5 
imilarly for the uncrosslinked PEG2k-PEI and PEG2k-PEI-ss 
anogels, indicating a complete protection against extracel- 

ular matrix. So, the results suggest that the crosslinking re- 
ction provides convenient networks to capture Anti-miR-21 
nd lessen displacement induced by heparin sulfate. Although 

here are generally more accessible cationic amines in the un- 
rosslinked polycation (PEG2k-PEI) than the nanogels (PEG2k- 
EI-ss and PEG2k-CMPEI-ss) to condense and neutralize neg- 
tive charges of Anti-miR-21, the instability is less prominent 
or PEG2k-PEI-ss nanogel possibly due to adequacy of the net- 
ork structure to prevent heparin sulfate interaction. 

EtBr dye exclusion assay was also carried out in order 
o analysis of the nanoplex formation and the resistance 
gainst heparin sulfate [59] . Intercalation of the EtBr with 
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Fig. 4 – ( A ) EtBr dye exclusion assay. ( B ). Polyanion competition assays after adding heparin sulfate. ∗, ∗∗ symbols represent 
statistically significant differences between treatments for each N/P ratio: ∗P < 0.05, ∗∗P < 0.01. 

Fig. 5 – DNase I digestion assay in agarose gel at various incubation times; lanes from left to right: 0, 1, 3, 6, 24 h. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

oligonucleotides results in fluorescence intensity enhance-
ment which decreases upon adding polycations as a result
of the fluorescent probe exclusion from their intercalation
sites [57,60,61] . The fluorescence intensity of intercalated EtBr
was determined at different N/P ratios. As shown in Fig. 4 A,
by increasing the N/P ratios, the fluorescence intensity de-
creased, indicating oligonucleotide sequestration by the poly-
cations. However, PEG2k-PEI-ss nanogel was the most efficient
polymer in capturing Anti-miR-21 oligonucleotide, the differ-
ence was more recognized at N/P = 2. For further characteri-
zation of the nanoplexes, polyanion (heparin sulfate) compe-
tition assay was performed. Fig. 4 B shows that heparin sul-
fate triggered the release of Anti-miR-21 oligonucleotide from
the nanoplexes. PEG2k-PEI-ss nanogels show a better con-
densation of Anti-miR-21 than uncrosslinked PEG2k-PEI and
less efflux of the loaded Anti-miR-21 following heparin sulfate
treatment. It was believed that introduction of carboxylate
negative charge through carboxymethylation of the nanogels
(PEG2k-CMPEI-ss) may decrease competitive binding of the
nanogels to condense and protect Anti-miR-21. Therefore at a
sufficient nanogel concentration (N/P = 5), no practically sig-
nificant efflux of the oligonucleotide was seen. 

3.3. Stability of nanoplexes against DNase I 

DNase I digestion assay was done to evaluate Anti-miR-21 pro-
tection provided by the polycations against nucleases at N/P
of 5. Fig. 5 shows that although all polycations can protect the
oligonucleotide against enzymatic degradation, PEG2k-PEI-ss
and PEG2k-CMPEI-ss nanogels were more efficient than un-
crosslinked PEG2k-PEI copolymer in protecting Anti-miR-21
after prolonged incubation times. This might be as the result
of slow penetration of high molecular weight nucleases into
the PEGylated nanogel network provided by crosslinking re-
actions [62] . 

3.4. Particle size and ζ potential 

Colloidal properties (particle size and ζ potential) of the
nanogels and the resulting nanoplexes are among the factors
that determines stability, transfection activity and biocompat-
ibility. Particle size and ζ potential values were determined be-
fore and after loading Anti-miR-21 at N/P = 5. 

As presented in Table 1 , ζ potentials of the nanogels are
inversely correlated with the protonable amine density. Al-
though less aggregation may occur for the higher ζ zeta-
potentials due to greater electrostatic repulsion, no colloidal
instability was determined for PEG2k-CMPEI-ss. Moreover, the
particle sizes was determined less than those of PEG2k-PEI-
ss possibly due to salt bridges between amines and carboxy-
late moieties resided within the nanogel structure. Follow-
ing polyplex formations, reduction of the sizes and ζ poten-
tials probably arises from the formation of tight complexes
with Anti-miR-21 [63] that were determined identical for the
uncrosslinked copolymer and the nanogels at N/P ratio of 5.
Although the mechanism by which oligonulcoetide interacts
with PEG2k-PEI may differ from the crosslinked structures, no
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Table 1 – Z-average, polydispersity index (PDI) and ζ potential (mean ± SD) of the polycations alone and after loading with 

Anti-miR-21 at N/P = 5. 

Polycation Z-average (nm) PDI ζ potential (mV) 

Alone + Anti-miR-21 Alone + Anti-miR-21 Alone + Anti-miR-21 

PEG2k-PEI ND 

∗ 270 ND 

∗ 0.23 + 27.3 ± 0.83 – 20.23 ± 0.61 
PEG2k-PEI-ss 366 289 0.31 0.35 + 18.3 ± 2.28 – 30.97 ± 1.95 
PEG2k-CMPEI-ss 234 234 0.60 0.57 + 12.2 ± 0.99 – 34.27 ± 2.05 

∗ Not determined. 

Fig. 6 – MTT-based cytotoxicity of PEG2k-PEI, PEG2k-PEI-ss and PEG2k-CMPEI-ss nanogels alone in A2780S ( A ) and A2780R 

( B ) cell lines at various concentrations. ( C ) and ( D ) the respective viability of A2780S and A2780R cells following treatment 
with the Anti-miR-21 nanoplexes prepared at various N/P mole ratios for 72 h. The symbols denote statistically significant 
differences from the least cytotoxic treatment: ∗P < 0.05, ∗∗P < 0.01 and 

∗∗∗P < 0.0001. 
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ignificant effect was found on the size and ζ potential possi- 
ly due to presence of the stabilizing PEG shell. 

.5. Cytotoxicity 

.5.1. MTT assay 
ytotoxicity of polycations is almost a challengeable factor 

or successful gene delivery [64] . To investigate first the cyto- 
ompatibility of nanogels, the cell viability was determined by 
a) MTT assay of the intracellular metabolic activity and (b) try- 
an blue exclusion assay that depends on the integrity of the 
ellular membrane. Then, the sequence-specific cell growth 

nhibition induced by the Anti-miR-21 loaded nanogels was 
nvestigated as a function of N/P mole ratios (N/P = 1, 2 and 

) in A2780S and A2780R cell lines. As shown in Fig. 6 A and
 B, neither PEG2k-PEI copolymer nor the nanogels showed any 
ignificant cytotoxicity at concentrations as low as 10 μg/ml 
 P < 0.05). However, their cytotoxicity increased by the poly- 
er concentration so that the cell viability decreased signif- 
cantly at 50 and 100 μg/ml in both A2780S ( P < 0.0001) and
2780R ( P < 0.01) cells. In addition, it was revealed that the
ytotoxicity of PEG2k-CMPEI-ss nanogels at the concentra- 
ion of 100 μg/ml was significantly lower than PEG2k-PEI-ss 
anogels in A2780S and A2780R ( P < 0.0001). The cytotoxicity 
esults can be explained according to primary amine contents 
f the polycations [51,65] which cause interactions with nega- 
ively charged molecules located on the cell surface [64] . It has 
een shown that crosslinking of PEG2k-PEI reduces cell toxi- 
ity significantly due to core-shell structure of the nanogels 
hat provides a better PEG shielding [33] . On the other hand,
arboxymethylation of the nanogels further improves the cell 
ompatibility which may be due to reduced pK a of PEG2k-PEI 
nd higher buffer capacity of PEG2k-CMPEI-ss in acidic pH as 
emonstrated in Fig. 1 . The lower pK a leads to reduced proto- 
ation of the nanogels and the lower positive ζ potentials at 
hysiologic pH ( Table 1 ) that lessons the cell toxicity [51,66] . 
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Table 2 – Trypan blue assay of the cell membrane leakage 
induced by the polymers either alone or in combination 

with Anti-miR-21 (N/P = 5). 

Polycation Condition Membrane leakage (%) 

A2780S A2780R 

PEG2k-PEI alone 21.9 ± 7.6 ∗ 19.7 ± 4.0 
+ Anti-miR-21 26.9 ± 3.6 ∗ 25.5 ± 5.3 ∗

PEG2k-PEI-ss alone 14.3 ± 4.7 17.6 ± 3.1 
+ Anti-miR-21 36.8 ± 6.1 ∗ 43.9 ± 3.4 ∗∗

PEG2k-CMPEI-ss alone 12.2 ± 4.7 13.1 ± 3.6 
+ Anti-miR-21 50.0 ± 1.8 ∗∗∗ 54.2 ± 2.7 ∗∗∗

Symbols denotes significant differences within each column: 
∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6 C and D shows that Anti-miR-21 loaded nanogels ap-
plied significant effects on the cells viability in comparison
to either naked Anti-miR-21 or the empty nanogels. Indeed,
it was found that the nanoplexes did not show practically
significant cytotoxicity at N/P = 1 and 2, however at N/P = 5,
A2780R was more sensitive in response to the Anti-miR-21
treatment than A2780S ( P < 0.05). Treatment of A2780S cells
with PEG2k-PEI, PEG2k-PEI-ss and PEG2k-CMPEI-ss nanogels
loaded with Anti-miR-21 at N/P = 5 led to cell viability decre-
ment (if compared to unloaded nanoparticles) by 4% ( P < 0.05),
24% ( P < 0.0001) and 35% ( P < 0.0001), respectively; while the
decrements were determined more in A2780R cell lines, 11%
( P < 0.01), 28% ( P < 0.0001) and 47% ( P < 0.0001), respectively.
The nanogels loaded with the scrambled sequence did not
show any significant effect on the cell viability. Treating
A2780S cells with PEG2k-PEI, PEG2k-PEI-ss and PEG2k-CMPEI-
ss nanogels loaded with Anti-miR-21 at N/P = 5 led to cell via-
bility decrement while the decrements were determined more
in A2780R cell lines which can be explained by the abbarent
expression of miR-21 in A2780R compared to A2780S cell lines.

3.5.2. Cell membrane leakage assay 
Trypan blue membrane leakage assay was done in order to ex-
amine whether the nanogels either alone or after loading with
Anti-miR-21 at N/P = 5 brought about toxic effects on A2780
cell lines that led to the cell membrane leakage and the cell
death. Table 2 shows the cell viability changes when incu-
bated with the nanogels for a prolonged period of 24 h. Unlike
the nanogel treatment alone that showed a modest toxicity,
the Anti-miR-21 nanoplexes prepared at the corresponding
nanogel concentration (N/P = 5) produced significant toxicity
( P < 0.05). The effect was more pronounced for PEG2k-CMPEI-
ss nanogels similarly in A2780S and A2780R cells that may
be due to efficient delivery of Anti-miR-21 causing loss of cell
membrane integrity [67] . 

3.6. Cellular uptake and intracellular release 

Following nanoplex formation, the oligonucleotide charge
neutralization and condensation happens that can promote
oligonucleotide interaction with the negatively charged cell
membrane and cause cellular internalization especially at
high N/P ratios [68,69] . The cellular uptake of nanoplexes
is mainly energy dependent through different mechanisms
such as clathrin-mediated endocytosis [38] . After having incu-
bated the cells for 1 h with FITC-labeled polycations, the flu-
orescence microscopy experiment was performed that shows
green fluorescence in cytoplasm due to cellular binding and
endosomal uptake in A2780 cell lines ( Fig. 7 A). The fluores-
cence was more intense in A2780R than A2780S cells. Cyto-
plasmic localization of the polycations was found after stain-
ing the nuclei by DAPI (blue color) to make the required
contrast. The green dotted pattern was noticed in the prox-
imity of cell membranes for the polycations having co-treated
the cells with dextran-FITC. More uniform green fluorescence
was observed 4 h after treating the cells, indicating endoso-
mal release into cytoplasm ( Fig. 7 B). The release was more
around the cell nuclei for PEG2k-CMPEI-ss in comparison to
PEG2k-PEI and PEG2k-PEI-ss nanogel. Carboxymethylation of
PEG2k-PEI nanogels lowers pka and increases buffer capacity
of the nanogels in more acidic pH of late endosomes ( Fig. 1 );
therefore, the endosomal escape can occur more effectively
far from the cell membrane and more close to the nucleus pos-
sibly through well-known proton sponge mechanism [27] . To
further investigate the endosomal release, co-localization ex-
periment of the FITC labeled nanogel with Lysotracker is sug-
gested. 

3.7. miR-21 expression 

Cellular uptake and endosomal release of Anti-miR-21 can
result in miR-21 knockdown as reported elsewhere [70] . Rel-
ative expression levels of miR-21 after treating A2780S and
A2780R cell lines with Anti-miR-21 and the scrambled se-
quence, either naked or loaded in the nanogels, are shown in
Fig. 8 A. The results clearly demonstrate that the loaded Anti-
miR-21 downregulated miR-21 expression whereas the loaded
scrambled sequence or the naked Anti-miR-21 did not show
any significant effects as reported elsewhere [71] . This result
indicates the gene knockdown is sequence-specific and needs
neutralization of the negative charge of Anti-miR-21 for a
successful transfection [71] . The efficiency of gene silencing
was absolutely more remarkable in A2780R than A2780R cells.
Moreover, the downregulation of miR-21 was more evident
in the cell lines treated with Anti-miR-21 loaded in PEG2k-
CMPEI-ss nanogels. No changes in ß-actin expression (the
housekeeping gene as shown in Fig. 8 B) was detected. As re-
ported in literature, the positive charges enhance cells inter-
actions, cellular uptake and endosomal release [70] that might
result in miR-21 knockdown. On the other hand, enhanced
endosomal release as presented in Fig. 7 B might have signifi-
cant effects in cytoplasmic release of Anti-miR-21 and conse-
quently microRNA-21 down-regulation. 

3.8. Effect of miR-21 downregulation on cis-Pt resistance 

It has been revealed that miR-21 overexpression is di-
rectly related to drug resistance [17,20,72–75] . cis-Pt treat-
ment alone did not exert any significant cytotoxicity ei-
ther in A2780S or A2780R in the concentrations below 20 μM
( Fig. 9 A). As shown in Fig. 9 B, treating cells with cis-Pt af-
ter 48 h incubation with Anti-miR-21 loaded nanogels sensi-
tized cells remarkably to cis-Pt, even in its low concentrations
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Fig. 7 – Images of the internalized FITC-labeled polymers in A2780R and A2780S cell lines: cellular uptake after 1 h 

incubation ( A ) and endosomal release of FITC-dextran co-treated with the polymers after 4 h incubation ( B ) at 37 °C (all 
figures were overlaid with DAPI stained cell nuclei). 

Fig. 8 – ( A ) Expression of miR-21 in A2780S and A2780R cell lines 72 h after treatment with Anti-miR-21 (A) or the scrambled 

sequence (S) either naked or the nanoplexes prepared with PEG2k-PEI copolymer, PEG2k-PEI-ss and PEG2k-CMPEI-ss 
nanogels. ( B ) Expression of ß actin. 
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Fig. 9 – ( A ) Viability of A2780S and A2780R cell lines after 
treatment with cis-Pt in the range of 2–200 μM. ( B ) Viability 

of the cells pre-treated with Anti-miR-21 loaded nanogels 
(N/P = 5) and after treatment with cis-Pt. Abbreviations: R 

and S represent A2780R and A2780S cells, respectively. The 
symbols denote statistically significant differences from the 
least cytotoxic treatment: ∗ P < 0.05, ∗∗P < 0.01, ∗∗∗

P < 0.001 and 

∗∗∗∗ P < 0.0001. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10 – Fluorescence microscopy images of the cells treated wit
vs. untreated control cells. Green live cells showed normal morph
nuclear margination and chromatin condensation, while late ora
apoptotic bodies. 
(5 and 10 μM). This observation can be explained by the re-
search finding that down-regulation of miR-21 could sensitize
A2780R to cis-Pt through down-regulation of PTEN expression
and JNK-1/c-Jun/miR-21 pathway [18] . Indeed, it has been re-
vealed that A2780R is more sensitive in response to Anti-miR-
21 treatment than A2780S at N/P = 5 that may be due to the
aberrant miR-21 expression in A2780R compared to A2780S
( Fig. 9 B) [18] . 

3.9. Live / dead assay 

As demonstrated in Fig. 10 , live cells with normal mor-
phology can be observed in the untreated control or the
scrambled sequence loaded nanogels. On the other hand,
early and late apoptotic cells were recognized in the cells
treated with Anti-miR-21 loaded PEG2k-CMPEI-ss nanogels
(42% ± 6.4% and 56% ± 1.6% of live cells in A2780R and A2780S,
respectively). Thus, cellular DNA damage mediated by apop-
tosis and secondary necrosis, was remarkably induced af-
ter Anti-miR-21 loaded PEG2k-CMPEI-ss nanogels treatment
( Fig. 10 ), probably because of enhanced endosomal release of
Anti-miR-21 as presented in Fig. 7 B, which can potentiate the
expression of tumor suppressor PDCD4 and revoked apoptosis
inhibitor c-IAP2 [22] . 

4. Conclusion 

Various PEI modifications including PEG2k-PEI copolymer,
PEG2k-PEI-ss and PEG2k-CMPEI-ss nanogels have been pre-
pared to improve transfection of Anti-miR-21. Although the
h Anti-miR-21 and Scrambeled sequence loaded nanogels 
ology; yellowish-green early apoptotic cells showed 

nge apoptotic cells showed fragmented chromatin and 
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ross-linking and carboxymethylation reactions decrease pri- 
ary amine contents of the PEG2k-PEI needed for oligonu- 

leotide charge neutralization and condensation, protonation 

f primary amines at physiologic pH and the general cytotox- 
city are diminished. Moreover, the nanogels can effectively 
rotect Anti-miR-21 against extracellular matrix and also 
Nase digestion. Notably, an enhanced endosomal escape 
nd transfection efficiency are determined for the nanogels.
herefore, PEG2k-CMPEI-ss nanogels is proposed as a poten- 

ial nano-vector for Anti-miR-21 delivery and a basis for future 
ual delivery with chemotherapeutic agents. Investigation of 
ellular trafficking of the nanogels, the biologic consequences 
f miR-21 down-regulation and molecular mechanisms of cis- 
t chemosensitization by the nanoplexes are suggested for 
urther study. 
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