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a b s t r a c t
Glioblastoma Multiforme (GBM) is one of the most aggressive forms of all cancers. The median survival with current standard-of-care radiation and chemotherapy is about 14 months. GBM is difﬁcult to treat due to heterogeneity in cancer cell population. MicroRNA-based drugs have rapidly become a vast and burgeoning ﬁeld due to
the ability of a microRNA (miRNA) to target many genes involved in key cellular pathways. However, in vivo delivery of miRNA remains a crucial challenge for its therapeutic success. To bypass this shortcoming, we designed
polymeric nanogels (NGs), which are based on a polyglycerol-scaffold, as a new strategy of miRNA delivery for
GBM therapy. We focused on miR-34a, which is known for its key role in important oncogenic pathways and
its tumor suppression ability in GBM and other cancers. We evaluated the capability of six NG derivatives to complex with miR-34a, neutralize its negative charge and deliver active miRNA to the cell cytoplasm. Human U-87
MG GBM cells treated with our NG-miR-34a nano-polyplexes showed remarkable downregulation of miR-34a
target genes, which play key roles in the regulation of apoptosis and cell cycle arrest, and induce inhibition of
cells proliferation and migration. Administration of NG-miR-34a nano-polyplexes to human U-87 MG GBM-bearing SCID mice signiﬁcantly inhibited tumor growth as opposed to treatment with NG-negative control miR
polyplex or saline. The comparison between different polyplexes highlighted the key features for the rational design of polymeric delivery systems for oligonucleotides. Taken together, we expect that this new therapeutic approach will pave the way for safe and efﬁcient therapies for GBM.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
MicroRNAs (miRNAs) are short noncoding RNA species, 19–24 nucleotides in length, which regulate gene expression via impaired sequence-speciﬁc base-pair hybridization to the sense mRNA [1]. As
such, miRNAs can target tens to hundreds of genes and lead to inhibition
of translation or mRNA degradation [2]. To date, more than 1500 human
miRNAs have been annotated and found to regulate at least 20–30% of
all protein-encoding genes [3,4]. Being implicated in the control of
many fundamental cellular and physiological processes, miRNAs affect
numerous cancer-related signaling pathways such as differentiation,
metabolism, proliferation, cell cycle control, migration and apoptosis
[5]. miRNAs have been widely associated with cancer events and
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progression for more than a decade [6,7]. In the last few years, several
reports indicated that the miR-34 family (including miR-34a, miR-34b
and miR-34c) inhibits the proliferation and migration of a broad range
of cancer cells, both in culture and in preclinical animal models [8,9].
Glioblastoma multiforme (GBM) is the most common form of primary
brain tumor and one of the most aggressive human cancers [10]. Current standard of care, involving surgery, irradiation and chemotherapy
[11], remains palliative, with a median survival of 14 months. Consequently, novel treatments are an urgent unmet medical need. Glioma
formation and growth have been associated with various molecular
dysfunctions involving genes like c-Met, Notch-1/2 and cyclin-dependent kinase 6 (CDK6), which are known as target genes of miR-34a
[12]. Overexpression of these oncogenes is recognized to play an important role in glioma cell survival, migration and proliferation [13]. This
laid the basis for our research to employ miR-34a as an anticancer
agent, which may lead to the inhibition of multiple survival pathways
in glioma cells. However, miRNA replacement therapy is hindered by
multiple physiological and cellular barriers. Due to their polyanionic nature, naked miRNAs display reduced uptake and poor intracellular trafﬁcking, where sequestration in endosomes is one of the major obstacles
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to RNA interference (RNAi) efﬁcacy [2]. Moreover, when administered
in vivo, miRNAs exhibit a poor pharmacokinetic proﬁle due to their
high susceptibility to serum nucleases, rapid renal clearance and nonspeciﬁc biodistribution [14]. To overcome these challenges, both viral
vectors and nonviral delivery systems have been developed. Viral vectors are efﬁcient delivery agents but may display toxicity and immunogenicity when introduced in vivo [15]. Most nonviral delivery systems,
composed of synthetic materials, although demonstrated great promise
as carriers for DNA [16], siRNA and miRNA, showed remarkable limitations when evaluated in vivo [17]. Polymer therapeutics have attracted
increasing attention over the last few decades; a broad range of modiﬁed polymers is constantly being developed to improve the delivery of
therapeutic agents to their target site [2,18]. In order to serve as a
drug delivery vehicle, a polymer needs to display some unique features
which taken together will improve the pharmacokinetic and pharmacodynamic proﬁle of the therapeutic agent. Polymer-based delivery systems can pursue these criteria by controlling their molecular
composition, particle size, and surface properties to achieve speciﬁc
biodistribution in vivo [19].
Nanogels (NGs) have emerged as a class of interesting polymeric
materials for the delivery of small molecules and biomacromolecules
[20–22]. NGs are nanosized hydrogel particles with three-dimensional
networks composed of water-soluble/swellable polymers [21]. They
have been recognized as promising drug delivery vehicles, owing to
their high degree of porosity to incorporate a wide variety of bioactive
molecules, desirable mechanical softness to positively affect cellular uptake and thereby biodistribution, large surface area for multivalent conjugation and high water content to ensure biocompatibility [23–26].
Recently, there has been a signiﬁcant increase in the applicability of
NGs for the delivery of therapeutic genes [27,28]. Raemdonck et al. reported the preparation of cationic dextran-based NGs to efﬁciently silence a luciferase gene in hepatoma cells with negligible toxicity [29].
Moreover, delivery of siRNA to a variety of tissues in vivo has been successfully achieved by NGs [30]. Loading of a biological agent, e.g., miRNA,
is usually achieved spontaneously through electrostatic interactions between the agent and the NGs matrix. As a result, the nano-structured gel
collapses, forming stable nanoparticles [26]. This unique feature of NGs
enables them to have relatively high loading capacity while keeping a
small particle size.
Although the crosslinked NG network has shown promising potential for DNA/siRNA delivery, the suitable release proﬁle in the speciﬁc locations is achieved by optimizing the structure of the NG network [23,
31]. Recently, the preparation of biodegradable disulﬁde crosslinked
NGs, based on dendritic polyglycerol for the successful delivery of hydrophobic drugs such as doxorubicin, has been efﬁciently accomplished
in our group using inverse nanoprecipitation [25]. These NGs can be efﬁciently internalized by tumor cells and thereafter, could be degraded/
cleaved making use of intracellular reductive conditions. In order to exploit these NGs for delivery of oligonucleotides (DNA/siRNA/miRNA),
cationic moieties were introduced into the predominant disulﬁde containing NGs for polyplex/complex formation. The resulting cationic
NGs provide hydrophilicity, biodegradability, optimized size of the matrix, efﬁcient miRNA complexation, intracellular delivery, and gene silencing. The primary amine groups in the NGs had a relatively high
pKa and were protonated at neutral pH, giving the nanogels positive
charge to bind miRNA and facilitating cellular uptake via endocytosis
[32]. The secondary amine groups in the NGs had a lower pKa and
were further protonated at endosomal pH, providing the nanogels
with endosomal escape capacities. Multiple amino groups were previously demonstrated to behave as endosomal buffering agents that facilitate the oligonucleotide's endosomal escape by a mechanism termed
“the proton sponge effect” [33]. We therefore evaluated the effect of
the addition of multiple amino groups to the nanogels on the efﬁciency
of the transfection. The disulﬁde groups are stable in extracellular media
but cleaved inside the cell cytoplasm due to the presence of glutathione
(GSH) [34], which is elevated in cancer cells as compared to normal cells

[35]. After endosomal escape, these reduction-sensitive degradable NGs
can dissociate and release the miRNA in the cytoplasmic reductive
environment.
Herein, we investigated six polymeric NGs, based on a polyglycerolscaffold (referred as NG1, NG2, NG3, NG4, NG5, and NG6). We evaluated
the capability of these NGs to encapsulate miR-34a and neutralize its
negative charge in a dose-dependent manner. We have hypothesized
that miR-34a replacement therapy, delivered by our NGs, may inhibit
gliomas malignancy via downregulation of miR-34a target oncogenes.
We hereby show a proof of concept for miR-34a delivery and anticancer
activity in a human GBM mouse model. Human U-87 MG GBM cells
transfected with NG-miR-34a nano-polyplexes showed signiﬁcant
downregulation of miR-34a known target genes. Treatment of SCID
mice bearing human U-87 MG GBM with NG-miR-34a showed remarkable inhibition of tumor growth as opposed to treatment with NG-negative control miRNA and saline. This NG-miRNA platform may be the
basis for a new therapeutic approach for GBM and hopefully pave the
way in the future, for other types of cancer as well.
2. Materials and methods
2.1. Materials
Tissue culture reagents were purchased from Biological Industries
Ltd. (Kibbutz Beit Haemek, Israel), unless otherwise indicated. General
chemical reagents, including salts and solvents, were purchased from
Sigma-Aldrich Israel (Rehovot, Israel), Aldrich (Germany) and Fluka
(Germany). miR-34a mimic and negative control miRNA (NC-miR)
were purchased from BioSpring GmbH (Germany) according to the following sequences:
miR-34a guide strand: 5Ph/UGGCAGUGUCUUAGCUGGUUGU, passenger strand: CAAUCAGCAAGUAUACUGCCCU; Negative control (NC)
guide strand: 5Ph/TGGACTCTGAGAAAGGAGTATG, passenger strand:
TACTCCTTATCAGACTCCATA.
Disulﬁde crosslinked NGs (NG6) were synthesized according to the
previously reported technique [36]. Boc-glycine4-nitrophenyl ester, 4dimethylaminopyridine (DMAP), triﬂuoroacetic acid (TFA),
methanesulfonyl chloride (MsCl), ethylenediamine (EDA),
diethylenetriamine (DTA), 4-bromobutyryl chloride, and triethylamine
(TEA) were purchased from Aldrich (Germany). Dialysis tubes (molecular weight cut-off 2000) were obtained from Spectrum Laboratories,
Inc. (Rancho Dominguez, CA, US).
2.2. Characterization
1

H NMR spectra were recorded on a Bruker ECX 400 operating at
400 MHz by using the residual deuterated solvent peaks as internal
standard. Dynamic light scattering (DLS) measurements were carried
out at 25 °C using a Zetasizer Nano-ZS from Malvern Instruments
equipped with a 633 nm He-Ne laser. Elemental analysis was performed
by Elemental Analyzer VARIO EL.
2.3. Synthesis of NG1 and NG2
NGs (1 g, 13.5 mmol OH groups, 1 eq.) were suspended in 50 mL anhydrous DMF and the suspension was cooled to 0 °C using an ice bath. A
catalytic amount of DMAP was added, followed by the addition of Bocglycine4-nitrophenyl ester (1.8 g or 3 g, for NG1 and NG2, respectively)
to the reaction mixture, which was stirred overnight. After being concentrated into a small volume, the suspension was dialyzed in methanol
for 3 days, and the Boc-protected products respectively with 30% (Bocprotected NG1) and 50% (Boc-protected NG2) functionalities were obtained by drying under high vacuum. Regarding the deprotection of
Boc-group, the excess methanol was evaporated to a volume of 5 mL
and an equal amount of TFA was added with continuously stirring.
After extensive dialysis in milli-Q-water, NG1 (functionality 30%, yield
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48%) and NG2 (functionality 50%, yield 40.5%) were obtained by lyophilization. All aqueous solutions were freeze-dried with a Martin Christ
Alpha 1–2 LD lyophilizer, for at least 12 h.
1
H NMR (Boc-protected NG1, 400 MHz; CD3OD): δ = 5.35–4.92 (0.3,
functionalized secondary PG groups in NG), 4.45–4.05 (1.55, functionalized primary PG groups in NG), 4.01–3.36 (13.29, PG backbone), 1.78–
1.15 (9.00, Me in Boc group).
1
H NMR (Boc-protected NG2, 400 MHz; CD3OD): δ = 5.35–5.08
(0.40, functionalized secondary PG groups in NGs), 4.52–4.09 (1.37,
functionalized primary PG groups in NGs), 4.07–3.41 (9.46, PG backbone), 1.59–1.12 (9.00, Me in Boc group).
1
H NMR (NG1, 400 MHz; D2O): δ = 5.56–5.23 (functionalized secondary PG groups in NGs), 4.65–4.29 (functionalized primary PG groups
in NGs), 4.25–3.41 (PG backbone).
1
H NMR (NG2, 400 MHz; D2O): δ = 5.51–5.26 (functionalized secondary PG groups in NGs), 4.67–4.22 (functionalized primary PG groups
in NGs), 4.18–3.36 (PG backbone).
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ﬁltrate was extensively dialyzed against milli-Q-water, followed by lyophilization to obtain NG5 (functionality 32%, yield 42%).
1
H NMR (NG5, 400 MHz; D2O): δ = 5.30–4.95 (0.80, functionalized
secondary PG groups in NGs), 4.46–3.88 (2.86, functionalized primary
PG groups in NGs), 3.85–3.40 (11.05, NG backbone), 3.363–3.065
(6.73, (CH3CH2)3NCH2CH2CH2-), 2.54 (2.04, − NCH2CH2CH2-), 1.99
(2.00, −NCH2CH2CH2-), 1.24 (7.52, (CH3CH2)3N-).
2.6. Cell culture
U-87 MG cells were obtained from the American Type Culture Collection (ATCC; Manassas, USA). Cells were maintained in Dulbecco's
modiﬁed Eagles's medium (DMEM) supplemented with 10% fetal
bovine serum (FBS), 100 IU/mL Penicillin, 100 µg/mL Streptomycin,
12.5 IU/mL Nystatin and 2 mM L-glutamine (Biological Industries,
Israel). Cells were incubated at 37 °C with 5% CO2.
2.7. NG Polyplex formation

2.4. Synthesis of NG3 and NG4
Mesylated NG (NG-OMs) was synthesized according to the following procedure. NG (1 g, 13.5 mmol OH groups, 1 eq.) was suspended
in 50 mL anhydrous pyridine in a 250 mL round bottom ﬂask having a
dropping funnel. The suspension was cooled at 0 °C using ice bath and
the solution of MsCl (1.5 eq. 2.32 g) in 10 mL anhydrous pyridine was
added dropwise with continuous stirring below 5 °C. The mixture was
then allowed to stir overnight in the thawing ice bath and then crushed
ice was added in the reaction mixture. A dark brown solid precipitated
which was washed with distilled water after decantation of the liquid
phase. The brown precipitate was dissolved and dialyzed in acetone to
obtain a brown semi-solid NG-OMs after drying under high vacuum.
NG-OMs (1 g, 11.36 mmol, 1 eq.) was then suspended in 20 mL DMF
in a 50 mL three-neck ﬂask. EDA (7.6 mL, 10 eq.) or DTA (12.2 mL,
10 eq.) were dropwise added via a syringe under the protection of
argon and the reaction mixture was left heating at 40 °C. After 2 days,
both the reaction mixtures were concentrated to smaller volume, and
subsequently dialyzed in methanol. Afterwards, the solutions were further concentrated to a volume of 5 mL by evaporating the excess methanol and 5 mL triﬂuoroacetic acid (TFA) was then added to these two
solutions, under extensive stirring. NG3 (functionality 83%, yield 71%)
and NG4 (functionality 80%, yield 67%) were obtained after dialyzing
in Milli-Q-water, followed by lyophilization.
1
H NMR (NG-OMs, 400 MHz; acetone-D6): δ = 5.15–4.79 (0.56,
functionalized secondary PG groups in NGs), 4.68–4.22 (0.89, functionalized primary PG groups in NG), 4.38–3.4 (3.58, NG backbone), 3.17
(3.00, Me in Ms. group).
1
H NMR (NG3, 400 MHz; CD3OD): δ = 3.12–2.41 (13.22,
−NH2CH2CH2NH2), 4.37–3.42 (30.28, PG backbone), 3.19 (3.00, Me in
EDA).
1
H NMR (NG4, 400 MHz; CD3OD): δ = 3.11–2.7 (11.55,
− NHCH2CH2NHCH2CH2NH2), 4.38–3.41 (26.78, PG backbone), 3.17
(3.00, Me in ETA).

Six newly synthesized NG derivatives (referred as NG1, NG2, NG3,
NG4, NG5, NG6) were evaluated for their ability to form a polyplex
with miRNA. Each polyplex sample was prepared by mixing miRNA
(miR-34a or the non-targeting miR (NC-miR)) and the NG speciﬁed at
an indicated N/P ratio (ratio of nitrogen groups (N) on NGs to phosphate
(P) of miRNA) in water solution for 20 min at room temperature (RT).
For the evaluation of the formed complexes, as examined by electrophoresis mobility shift assay, the six NGs were allowed to form complexes
with miR-34a at a ﬁnal concentration of 0.083 μmol/L miR/water. We
initially screened for a wide range of N/P ratios for each NG compound
in order to ﬁnd the minimal ratio which best stabilizes the miR. The ratios examined were: NG1 (N/P 0, 25, 50, 100), NG2 (0, 2.5, 5, 10, 25, 50),
NG3 (0, 2, 5, 10), NG4 (0, 2, 5, 10, 50), NG5 (0, 2, 5, 10, 25), *NG6 (0,
100%, 20%, 5%, 2%). *N/P ratio of NG6 could not be determined due to
the absence of amines on the molecule. Therefore, values of NG6 are
presented as percentage from a concentration of 10 mg/mL.
2.8. Physico-chemical characterization of obtained polyplexes
2.8.1. Evaluation of polyplex formation by electrophoretic mobility shift assay (EMSA)
Formation of complexes between miR-34a and the different NG derivatives was conﬁrmed by electrophoresis mobility shift assay (EMSA).
Different N/P ratios were evaluated in a dose-dependent manner. The
formed polyplexes were loaded on a 2% agarose gel. Electrophoresis
was performed (100 V for 30 min) and visualized by ethidium bromide
staining. In each gel, free miRNA was loaded as a reference.

2.5. Synthesis of NG5

2.8.2. Polyanion competition assay
The relative stability of the polyplexes was evaluated by measuring
miRNA release in the presence of a competing polyanion, heparin [37].
Polyplexes were incubated in the presence of increasing amounts of
heparin (0, 0.1, 0.15, 0.2, 0.25, 0.3, 0.8 IU) per 20 μL ﬁnal volume of
water for 15 min, then loaded on a 2% agarose gel, evaluated by electrophoresis at 100 V for 30 min and visualized by ethidium bromide staining. In each gel, free miRNA was loaded as a reference.

NG5 was synthesized by the following two step reactions. Firstly, NG
(1 g, 13.5 mmol OH groups, 1 eq.) was suspended in 50 mL anhydrous
pyridine and the suspension was cooled to 0 °C by ice bath. 4bromobutyryl chloride (1.5 eq. 1.17 mL) was added dropwise into the
reaction mixture followed by continuous stirring for 24 h. Then, the
mixture was dialyzed in methanol and the NG-Br was obtained. Secondly, 800 mg of NG-Br was suspended in 30 mL acetonitrile in the presence
of 1 g of sodium iodide, and then an excess amount of TEA was added
dropwise into the reaction system. The reaction was left stirring at
70 °C for 3 days. Afterwards, the reaction mixture was ﬁltered and the

2.8.3. Size distribution and surface charge measurement (zeta potential) of
polyplexes
DLS and zeta-potential measurements were performed on miR/NG
nanoparticles using Zetasizer Nano ZS analyzer with an integrated
4 mW He-Ne laser (λ = 633 nm; Malvern Instruments Ltd.). Samples
were prepared by dissolving 0.125 mg/mL NG in 4-(2-hydroxyethyl)1-piperazineethanesulfonic acid (HEPES) buffer (10 mM) at pH 7.4
and RT. miRNA was incubated with the selected NGs at the indicated
N/P ratios for 20 min. Particles size and surface charge analyses were
conducted only on the NG derivatives that efﬁciently formed complexes
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with miR-34a. DLS analysis results are speciﬁed according to intensity
distribution.
2.8.4. Scanning electron microscope (SEM) images of polyplexes
Scanning electron microscopy (SEM) micrographs of the polyplexes
were acquired using a Quanta 200 FEG Environmental SEM, in high vacuum and accelerating voltage of 5.0 KV. Each NG solution of 0.3 mg/mL
was mixed with miR-34a (N/P = 5) and incubated at RT for 20 min. The
polyplex solution was placed onto the surface of Silicon (Si) wafer, airdried for 20 min and then covered with a 4 nm layer of Chromium
(Cr). Analysis of polyplexes size was acquired with measureIT® software and determined by the average of 3 ﬁelds, 40 particles per ﬁeld.
2.8.5. Evaluation of polyplexes' cellular uptake and intracellular trafﬁcking
by confocal microscopy
U-87 MG mCherry-labeled GBM cells were seeded on cover slides
and grown overnight (1 × 10^5 cells/slide). Cy5-labeled miR-34a
(50 pmol, 100 nM ﬁnal concentration) (Integrated DNA Technologies)
was complexed with NG2 (N/P = 25), NG3 and NG4 (both N/P = 5)
and then added to the cells. Cells were incubated with miRNA alone or
with NG/miRNA polyplexes for 30 min, 2, 4, 8 and 24 h. Following exposure to treatment, cells were washed three times with PBS, ﬁxed with
4% paraformaldehyde (PFA) solution for 20 min at RT and washed
again with PBS. Cover glasses were then mounted with VECTASHIELD®
DAPI-containing medium (Vector Laboratories, USA). Confocal images
were acquired with a Leica TCS SP8 confocal imaging system (Leica
Microsystems, Wetzlar, Germany).

2.9.2. In vivo studies
All in vivo procedures were performed in accordance with the National Institutes of Health (NIH) animal care guidelines and approved
by Tel Aviv University institutional animal care and use committee
(IACUC). All animals were allowed free access to food and water during
the experiments.
2.9.3. Evaluation of the anticancer efﬁcacy of the polyplex using a U-87 MG
GBM xenograft model
U-87 MG GBM cells were inoculated subcutaneously in the ﬂank of
SCID mice (6–8 weeks old, male, 20 to 25 g body weight) (Harlan Laboratories, Israel). Tumor volume was monitored and calculated as
length x width2 × 0.52. When the tumor reached a volume of
~ 70 mm3, mice were randomly divided into the experimental groups
(n = 5–6/group). Mice were injected intratumorally (30 μL per injection) with saline (control), miR-34a or NC-miR (4 mg/kg miR complexed with the speciﬁc NG at N/P = 5) on days 0, 3, 7 and 10. Tumor
volume, body weight, behavior and general health were monitored
twice a week.
2.10. Statistical methods
For in vitro assays, data was expressed as mean ± standard deviation
(s.d.) and statistical analysis was performed using a student's t-test. For
in vivo assays, data was expressed as mean ± standard error of the
mean (s.e.m.) and statistical analysis was performed using an ANOVA
with repeated measures. Signiﬁcance was deﬁned as p b 0.05.
3. Results

2.8.6. Evaluation of miRNA levels by real-time quantitative PCR (RT-qPCR)
Expression levels of miR-34a and its target genes were assessed by
RT-qPCR following treatment with miR/NG polyplexes. U-87 MG GBM
cells (3 × 10^5 cells/well) were seeded in 10 cm plates (37 °C; 5%
CO2). Twenty-four hours later U-87 MG cells were transfected with
200 nM miR-34a or NC-miR complexed with the indicated NGs [NG3/
miR-34a and NG4/miR-34a both N/P = 5] or left untreated. Total RNA
was extracted (EZ-RNA II, Biological Industries) from each sample and
subjected to reverse transcription into cDNA (miSCript II RT, Qiagen).
Samples were evaluated for the expression levels of miR-34a and its target genes using SYBR green real-time qPCR (StepOne plus, Life Technologies). miR-34a expression levels were evaluated by miSCript miRNA
primer assays (Qiagen, USA) according to the manufacturer's protocol
and were normalized to RNU6. Expression levels of miR-34a target
genes were assessed using custom made primers (Syntezza Bioscience,
Israel) and SensiFAST™ SYBR green (Bioline, United Kingdom) according to manufacturer's protocol, and were normalized to Actin. Target
genes primers pairs were:
C-MET:
F
–
CAGTGGTGGGAGCACAATAA,
R
–
TGTAAAGTTCCTTCCTGCTTCA; CDK6: F – TCACGAACAGACAGAGAAACC,
R – CTCCAGGCTCTGGAACTTTATC; Notch1: F – CCCACAAGGTGTCTTCCAG,
R – AGGATCAGTGGCGTCGTG; Bcl-2: F – GGCCAGGGTCAGAGTTAAATAG,
R – GGAGGTTCTCAGATGTTCTTCTC; Actin: F – CCAACCGCGAGAAGATGA,
R - CCAGAGGCGTACAGGGATAG.

3.1. Synthesis of NGs
Disulﬁde crosslinked NGs, which are degradable under intracellular
reductive conditions, were prepared by a published inverse
nanoprecipitation technique [36,38]. Five cationic NGs, NG1–5, were
synthesized by introducing amino containing functionalities as shown
in Scheme S1, Table S1 and summarized in Fig. 1. The functionalization
percentages were calculated by the integral ratio between the aminobearing moieties and dendritic polyglycerol in the 1H NMR spectra.
Zeta potential and hydrodynamic diameter of the polyplexes were measured under pH 7.4 at 37 °C (Table S2). We used a 21-mer doublestranded DNA for measuring the size and charge of the colloidal solutions of NGs-polyplex in the present study. This 21-bp DNA molecule
has been used in previous studies as an appropriate general model for
physicochemical characterization of polyamine polyplexes [39–43]. At
all the N/P ratios evaluated (Table S2), the polyplexes had an approximate size of 200 nm with positive charge and zeta potential that

2.9. Evaluation of the anticancer activity of the polyplexes
2.9.1. Evaluation of U-87 MG cells viability following treatment with the
polyplexes
U-87 MG GBM cells (8 × 10^3 cells/well) were seeded in 24 well
plates (37 °C; 5% CO2). Twenty-four hours later, cells were transfected
with 50, 100, 200 nM miR-34a or NC-miR complexed with the indicated
NGs [NG3/miR-34a and NG4/miR-34a both at N/P = 5] or left untreated.
NG/miR-34a or NG/NC-miR polyplexes. Following 120 h incubation, the
number of viable cells was counted by a Z1 Coulter Counter® (Beckman
Coulter).

Fig. 1. Schematic representation of the degradable nanogels bearing different aminebearing moieties.
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increased in parallel to the N/P ratio. Notably, no large aggregates were
formed for all the evaluated N/P ratios, since the electrostatic repulsion
induced by the high zeta potential could keep the colloidal stability.

Table 1
Hydrodynamic diameter and zeta potential measurements of NG2/miR-34a NG3/miR-34a
and NG4/miR-34a polyplexes.
N/P ratio

3.2. Formation of NG/miR-34a polyplexes
The capability of six NGs (referred to as NG1-NG6) to form self-assembled complexes with miR-34a was examined by an electrophoresis
mobility shift assay (Fig. 2). Different amounts of NGs were incubated
with a ﬁxed amount of miR-34a and the ability to assemble a complex
was monitored via the delayed mobility of the miRNA in an agarose
gel. As shown, only NG2, NG3 and NG4, which contained sufﬁcient
amine end groups, were able to bind miRNA and neutralize its negative
charge in a dose-dependent manner (Fig. 2B, C, D). NG2 formed a
polyplex with miRNA in a relatively high N/P ratio, compared to NG3
and NG4, probably due to its lower amine content. No mobility shift of
miRNA was observed following incubation with carriers NG1 and
NG5, probably due to their low amine contents and the steric hindrance
that resulted from the triethyl amine linker of NG5 (Fig. 2A and E). NG6
did not form a complex with miR-34a, presumably due the lack of free
amine residues which are essential for the binding of the miRNA (Fig.
2F). Based on the electrophoretic mobility shift assay results, we continued our research with NG2, NG3, and NG4 nanocarriers.
3.3. Physico-chemical characterization of NG/miR-34a polyplexes
Size and surface charge of the three selected NGs were determined
by DLS and zeta potential measurements (Table 1). As can be seen, the
polyplexes NG2/miR-34a, NG3/miR-34a and NG4/miR-34a formed
nano-sized particles (NG2 polyplex: 160 nm, NG3 polyplex- 168 nm
and NG4 polyplex- 141 nm). Based on these ﬁndings, we speculated
that these NGs formed a stable supramolecular structure with miRNA
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NG2
NG3
NG4

25:1
5:1
5:1

DLS
Hydrodynamic diameter [nm]

PDI

160 ± 45
168 ± 76
141 ± 61

0.371
0.178
0.168

Zeta potential
[mV]
27.9 ± 7.36
46.2 ± 7.3
50.5 ± 7.06

such as those formed with DNA (Table S2). Similarly to recent studies
that demonstrated increase in zeta potential in correlation to the
amine content of polyplexes [44], the transition from ester bond
(NG2) to secondary amine (NG3), and the addition of another secondary amine (NG4), resulted in an increased zeta potential. It has been
considered that when the zeta potential (absolute value) is above
30 mV, the nanoparticles are physically stable due to the presence of
electrostatic repulsion [45]. The zeta potential of polyplexes NG2 was
27.9 ± 7.36 mV, which is much lower than that of polyplexes NG3
(46.2 ± 7.3 mV) and NG4 (50.5 ± 7.06 mV). Therefore, it could be presumed that more aggregation occurred in polyplexes NG2, resulting in
the considerable polydispersity index of NG2 compared to NG3 and
NG4.
Interestingly, we observed an inverse correlation between the size of
the nanoparticles and the length of the aminated linkers on NG3 and
NG4 (see NGs chemical structure in Table S1). Based on that, we postulated that the amine modiﬁed linker on NG3, composed of
ethylenediamine, led to the formation of relatively larger particles in
size, compared to the ones formed by NG4 (contains diethylenetriamine
linker), as the longer chain resulted in more closely packed complexes.
Zeta potential measurements revealed that all polyplexes exhibited
positive surface charge.

Fig. 2. Electrophoresis Mobility Shift Assay of six evaluated NGs complexed with miR-34a. Migration of NGs/miR34a polyplexes at different N/P ratios. A. NG1/miR-34a. B. NG2/miR-34a. C.
NG3/miR-34a. D. NG4/miR-34a. E. NG5/miR-34a. F. NG6/miR-34a. * N/P ratio of NG6 could not be determined due to the absence of amines on the molecule. Therefore, values of NG6 are
presented as percentage from a concentration of 10 mg/mL.
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Fig. 3. SEM micrograph of NG/miR-34a polyplex. A. NG3/miR-34a polyplexes. B. NG4/miR-34a polyplexes.

SEM micrographs of NG3/miR-34a and NG4/miR-34a polyplexes
(Fig. 3A and B, respectively) revealed a spherical shape of the nanoparticles. Size obtained from the SEM data was similar to the size trend observed from the DLS measurements, as NG3 formed a larger complex
than NG4 (181 ± 33 versus 137 ± 39 nm in diameter, respectively).
Size measurements are expressed as mean ± SD.

3.4. NGs enable internalization of miR-34a into mCherry-labeled U-87 MG
GBM cells
In order to investigate the uptake and intracellular localization of the
polyplexes, we used Cy5-labeled miR-34a. mCherry-labeled U-87 MG
cells were incubated with the indicated polyplexes for 2, 8 and 24 h.

Fig. 4. Intracellular uptake of NG/miR-34a in mCherry-labeled U-87 MG GBM cells. Confocal microscopy analysis of U-87 MG GBM cells after treatment with NG2/miR-34a (N/P = 25),
NG3/miR-34a and NG4/miR-34a (both N/P = 5). Confocal images indicate that all NG/miR-34a polyplexes internalized in a time-dependent manner. Cy5-labeled miR-34a complexed
with NG3 and NG4, but not NG2, is localized at the cytoplasm of cells. Images were taken with a Leica SP8 confocal microscope. Scale bars represent 50 μm.
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Minor internalization of NG2/miR-34 was detected within the cytoplasm of the cells, mostly 24 h following treatment. In contrast, remarkable internalization of miR-34a was observed following complexation
with NG3 and NG4 2 h following treatment. miR-34a internalization increased within 8 h with maximum accumulation achieved 24 h post-incubation (Fig. 4). Intracellular localization of naked miR-34a was hardly
observed. Based on these ﬁndings demonstrating poor internalization of
NG2/miR-34a polyplexes, we did not continue further research with
this carrier.
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We evaluated the expression levels of miR-34a following treatment
of U-87 MG cells with NG/miR-34a polyplexes by qRT-PCR analysis.
NG3/miR-34a and NG4/miR-34a polyplexes showed relatively similar
transfection efﬁciency, leading to high expression levels of miR-34a,
whereas NC-miR and untreated cells exhibited only low basal levels of
miR-34a (Fig. 5A). Treatment with NG3/miR-34a further induced
downregulation of the miR-34a target genes C-MET, CDK6, Bcl-2 and
Notch-1 (Fig. 5B–E). Interestingly, transfection with NG4/miR-34a did
not result in a similar downregulation of these target genes (Fig. 5B–
E), despite the notable transfection efﬁcacy of the NG4 carrier (Fig. 5A).

3.5. Delivery of miR-34a by NGs to U-87 MG GBM cells leads to upregulation of miR-34a and downregulation of its target genes

3.6. NG/miR-34a inhibits proliferation of U-87 MG GBM cells

The tumor suppressive properties of miR-34a are attributed to downregulation of multiple oncogenes including c-MET [46], CDK6 [47],
Notch1 [48] and Bcl-2 [49]. Overexpression of these oncogenes was reported to be associated with increased tumorigenicity of brain tumors including gliomas, and to correlate with poor prognosis [12,50]. This
suggests that forced expression of miR-34a may lead to downregulation
of its target oncogenes, resulting in a potent anticancer effect on GBM.

In order to establish a proof-of-concept for NG/miR-34a anticancer
effect, we next treated U-87 MG cells with NG3/miR-34a and NG4/
miR-34a polyplexes and evaluated the effect on cells viability in vitro.
U-87 MG cells treated with NG/miR-34a polyplexes displayed a decrease in cell viability in a dose-dependent manner (Fig. 6). In agreement with the qRT-PCR results, NG3/miR-34a induced a more potent
anti-proliferative effect than NG4/miR-34a. While NG3/miR-34a

Fig. 5. Quantitative RT-PCR analysis of miR-34a levels and its target genes in U-87 MG cells following treatment with NG/miR polyplexes. Transfection of miR-34a (200 nM) complexed
with NG3 and NG4 nanocarriers downregulates miR-34a target genes. A. miR-34a expression levels. B–E. miR-34a target genes expression levels. Expression levels of C-MET, CDK6, Bcl-2
and Notch1 were normalized to Actin gene expression. *p value b 0.05, **p value b 0.03, ***p value b 0.01.
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was strongly condensed when complexed with NG4 carrier as opposed
to the polyplex formed with NG3 carrier.
3.8. NG3/miR-34a polyplexes inhibit tumor growth in a xenograft mouse
model of GBM

Fig. 6. NG/miR-34a inhibits U-87 MG cells viability. The cytotoxic effect of miR-34a
treatment was measured by direct cell counting 120 h following transfection of cells
with NG3/miR-34a and NG4/miR-34a compared to NG3/NC-miR, NG4/NC-miR or
untreated control. Each value represents the mean ± SD from triplicate determinations.
***p value b 0.01.

exhibited an IC50 of 100 nM, the IC50 of NG4/miR-34a was higher than
200 nM (miR-34a equivalent dose).

3.7. NG/miR-34a polyplexes differ in their ability to release miRNA
In order to compare the stability of NG3/miR-34a and NG4/miR-34a
polyplexes, we incubated the polyplexes in the presence of heparin as a
competing polyanion to miRNA. As shown in Fig. 7, the amount of heparin required to release miR-34a from NG4 was about 3-times higher
compared to NG3 complex. Based on NG3 and NG4 chemical structure
(Fig. 1, Table S1), the size of the polyplexes (Table 1, S2) and the difference in the stability of the two (Fig. 7), we hypothesized that miR-34a

Fig. 7. Polyanion competition assay. Relative stability of NG3/miR-34a and NG4/miR-34a
polyplexes was determined by gel electrophoresis. The release of miR-34a from the
carriers was evaluated in the presence of increasing amounts of a competing polyanion
heparin. Following the formation of the polyplexes, they were incubated in the presence
of increasing concentrations of heparin (IU = international units).

We next studied the potential anti-tumor efﬁcacy of NG/miR-34a
polyplexes using a xenograft model of GBM, established by injection
of U-87 MG cells to the ﬂank of SCID mice. Once tumors reached the
size of ∼ 70 mm3, mice were randomized into treatment groups and
comparative efﬁcacy studies began. Mice were injected intratumorally
with NG3 and NG4 polyplexes (complexed with miR-34a or NC-miR)
or with saline and tumor volume was measured twice a week by caliper.
Dose (4 mg miRNA/kg mouse) was determined following a preliminary
maximal tolerated dose (MTD) study (data not shown). NG3/miR-34a
showed remarkable antitumor activity (Fig. 8) in contrast to NG4/
miR-34a. Local administration of NG3/miR-34a signiﬁcantly inhibited
tumor growth, as opposed to NG3/NC-miR and the control group treated with saline. The average tumor volume of the NG3/miR-34a treated
group was substantially reduced (379 ± 175 mm3) versus the NG3/
NC-miR (883 ± 580 mm3) or the saline-treated group (1197 ±
359 mm3) on day 20. NG4-based nanoparticles exhibited non-speciﬁc
toxicity towards tumor cells, causing tumor growth inhibition when
complexed with either miR-34a or NC-miR. Results clearly indicated
that NG3/miR-34a polyplexes are substantially more speciﬁc and effective as anticancer therapy for GBM xenografts than NG4/miR-34a. These
ﬁndings are in agreement with the in vitro observations, which demonstrated the clear advantage of NG3/miR-34a polyplex downregulating
miR-34a target genes and inhibiting cell viability in comparison with
NG4/miR-34a polyplex.
4. Discussion and conclusions
miRNAs' therapeutic potential highlights the need to design systems
that will deliver miRNA to the target cells at the diseased tissue at clinically-relevant levels. A variety of nano-sized delivery systems has been
developed to improve miRNA delivery and uptake both in vitro and in
vivo, including liposomes [51], peptides, antibodies [52], small molecule
ligands [53] and polymeric nanoparticles [54]. In spite of all current attempts, there is no FDA- or EMA-approved RNAi-complex yet. Investigating the relationship between the carrier and the cargo, and their
physico-chemical properties, structure, and biological function is fundamental in designing an adequate miRNA delivery system. miRNA has a

Fig. 8. NG/miR-34a polyplexes exhibit a substantial anti-tumor effect in U-87 MG
xenograft model of GBM. Mice (N = 6/group) were injected intratumorally with miR34a or NC-miR (4 mg/kg) complexed with NG3 or NG4, or saline. Mice were
administered four consecutive treatments (on days 0, 3, 7 and 10, marked by black
arrows in the graph). Data presented as mean ± s.e.m. *p value b 0.01. ANOVA repeated
measures statistical analysis displayed time by group interaction for the control treated
saline group in comparison with NG3/miR-34a, NG4/miR34a and NG4/NC-miR groups.
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negatively-charged phosphodiester backbone which allows it to interact electrostatically and be condensed when complexed with a cationic
agent into a small nanoparticle [19]. The formed polyplex ensures that
the miRNA is encapsulated and protected against enzymatic degradation and facilitates its cellular uptake and intracellular trafﬁcking [55].
By virtue of their size and surface properties, nanoparticles can accumulate in the tumor site due to the enhanced permeability and retention
(EPR) effect that allows extravasation-dependent accumulation across
leaky vasculature [56].
The continuous need for functional polymeric systems which
exhibita well-deﬁned, monodispersed, stable nanostructure leads to
the development of new methodologies and biomaterials in this ﬁeld
[57]. Among them are the NGs that came into view as polymeric scaffolds that ﬁll the size gap between dendrimers/polymers, with diameters ranging from 10 to 20 nm, and the macroscopic hydrogels [20].
NGs are macromolecular architectures made of polymeric units crosslinked to each other in a supramolecular framework. These polymeric
materials emerged due to their controllable size, shape, functionality,
good mechanical properties, and the presence of a big void for the encapsulation of therapeutic cargo. The nanoscale mainly provides a
large surface area for bioconjugation, long circulation time in the
blood, and tunable size from nanometers to micrometers with the possibility of being actively- or passively-targeted to the desired site of action, e.g., tumor sites [22,58].
In the present work, a novel approach for miR-34a delivery through
the complexation of miR-34a with polyglycerol-based NGs has been
established. A facile surfactant-free method, so-called inverse
nanoprecipitation was used to synthesize redox-sensitive NGs, which
are degradable under intracellular reductive conditions. Different
amine-bearing moieties were attached to the polyglycerol units included within the NGs structure. Using the variable amine modiﬁed linkers
on the NGs (refer to Fig. 1 and Table S1 for NGs chemical structure) as
tools to control the interactions between the NGs and the miRNA, we
synthesized and characterized six potential nanocarriers for miR-34a
delivery. We selected the nanocarriers according to their ability to
bind miRNA in a stable manner, demonstrate enhanced cellular uptake,
high transfection efﬁcacy and downregulation of miR-34a target genes,
leading to inhibition of proliferation and migration of GBM cells.
Nanocarriers NG3 and NG4 demonstrated high capability to complex
miR-34a and neutralize its negative charge in a dose-dependent manner (Fig. 2). In accordance with previous studies, cationic surface charge
of nanoparticles plays a crucial role in the internalization capability of
nanoparticles [59–61], thus explaining the lower uptake of the less positively charged NG2 compared with NG3 and NG4 polyplexes. in addition, the high polydispersity of NG2 polyplex indicates the formation
of aggregates, that interfere with the cellular uptake [57]. In addition,
both NG3 and NG4 carriers were successful in delivering miR-34a to
U-87 MG cells, as they were able to rapidly internalize into cells (Fig.
4) and to signiﬁcantly increase miR-34a levels following transfection
(Fig. 5). However, NG3/miR-34a polyplexes were superior to NG4/
miR-34a polyplexes in their ability to knockdown miR-34a target oncogenes (Fig. 5), to inhibit the proliferation of U-87 MG cells (Fig. 6) and to
inhibit U-87 MG tumor growth in mice (Fig. 8). To explain these ﬁndings, we rationalized that those differences may result from the distinct
intracellular fate of the two polyplexes following internalization, which
is, among other parameters, governed by the afﬁnity of each NG with
miRNA. We next evaluated the stability of NG3/miR-34a and NG4/
miR-34a polyplexes by a polyanion competition assay (Fig. 7). Results
showed a remarkable difference between the capabilities of the two
nanocarriers to release the miRNA, with an increased stability of NG4/
miR-34a complex. The high stability of NG4/miR-34a polyplex can explain the discrepancy between the high level of cellular uptake of NG4
carrier and the nonspeciﬁc anticancer activity of the polyplex in vitro
and in vivo. We hypothesized that the miRNA is not successfully released from the NG4 carrier, leading to its reduced activity in vitro.
Taken together, we concluded that the non-speciﬁc activity of NG4/NC
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miR complex in vivo resulted from increased toxicity which is not related to miR-34a oncogenic pathways.
In contrast, NG3/miRNA polyplex is less stable, but apparently, it is
stable enough to allow efﬁcient delivery of miR-34a to the cell cytoplasm following polyplex decomplexation. Therefore, NG3/miR-34a
polyplex demonstrated potent and speciﬁc anticancer effect both in
vitro and in vivo, wherease the NG3/NC miR polyplex was almost not active, as expected.
In conclusion, we have demonstrated a concept of biodegradable
NGs designed to deliver miR-34a to target GBM cells. NG3/miR-34a
polyplex was able to restore the tumor suppressor role of miR-34a in
U-87 MG GBM xenograft leading to remarkable inhibition of tumor
growth. The comprehensive comparison between NG3/miR34a and
NG4/miR34a polyplexes in vitro and in vivo provides new insights to
some of the key features such as the ﬁne balance between stability
and activity that should be taken into account when designing an optimal delivery system for oligonucleotide-based therapeutics to tumor
cells.
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