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e PRIMEX (Plateforme de Radiobiologie et d’Imageries Expérimentales), SFR, Université d’Angers, 4208, Angers, France
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A B S T R A C T

RNA interference via small interfering RNA (siRNA) offers promising potential for treating glioblastoma (GB), the most common and aggressive primary brain tumor. 
While local siRNA delivery could bypass the blood-brain barrier and achieve high drug concentrations, challenges remain in developing effective delivery systems 
that ensure siRNA stability, efficient cellular uptake, endolysosomal escape, and long-term brain availability. The Argonaute-2 (Ago2) protein, a core component of 
the RNA interference machinery, naturally binds siRNA and protects it from degradation. Ago2 is also found in biological fluids, such as blood, and in extracellular 
vesicles, including exosomes and microvesicles, making it a potential natural vector for siRNA delivery.

This study explores Ago2 as a natural vector for siRNA in nanoparticle-based delivery systems to enhance siRNA transport and gene silencing in GB. Neutral 
polymeric siRNA/Ago2-loaded nanoparticles (NPs), around 300 nm in size, were formulated with high encapsulation efficiencies (85.1 % for protein and 57.5 % for 
siRNA). In vitro testing in U87MG GB cells stably expressing luciferase (U87MG Bml1) showed that, in contrast to free siRNA/Ago2 complexes, siRNA/Ago2-loaded 
NPs effectively reduced luciferase expression compared to scramble siRNA formulations, with no significant cytotoxicity at 48 h. Interestingly, the introduction of 
exogenous Ago2 into cells unexpectedly upregulated luciferase expression, suggesting that Ago2 may also influence global gene expression beyond its role in siRNA- 
mediated silencing.

These findings highlight the potential of siRNA/Ago2-loaded NPs for local siRNA delivery in GB and suggest that Ago2 could play a broader regulatory role in gene 
expression, in addition to enhancing siRNA activity. Further investigation is needed to explore Ago2’s impact on gene regulation and its potential as a therapeutic 
tool in GB treatment, particularly in combination with biocompatible hydrogels for sustained delivery.

1. Introduction

Glioblastoma (GB) is the most frequent and aggressive tumor of the 
Central Nervous System. Despite a combined approach based on sur
gery, radiotherapy, and chemotherapy with temozolomide, GB is still 
characterized by a very low median survival (12–18 months) and a high 
rate of tumor recurrences (>90 %) [1,2]. A significant advancement in 
recent decades is the antimitotic treatment using low-intensity alter
nating electric fields, known as Tumor Treating Fields (TTF, Optune®). 
While it extends survival by up to 21 months, it remains uncomfortable 
for patients and lacks curative potential [3]. Major obstacles to devel
oping effective therapies include treatment resistance phenomena, 

tumor heterogenicity, the blood-brain barrier (BBB) that hampers the 
efficient brain accumulation of drugs, and numerous genetic and mo
lecular alterations responsible for tumor growth and progression [4,5].

RNA interference (RNAi) is a potent biological mechanism that 
negatively regulates the expression of single or multiple genes into cells. 
RNAi molecules, including microRNAs and small interfering RNAs 
(siRNAs), have recently emerged as ideal therapeutic tools for GB [6]. 
siRNA nucleic acids work by entering the cell and specifically binding to 
its complementary messenger RNA (mRNA). This binding triggers the 
degradation of the targeted mRNA, preventing the synthesis of the 
corresponding protein [7]. In the context of GB, siRNA can be designed 
to silence genes that sustain tumor growth, survival, and 
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chemoresistance [8]. Local delivery of siRNA into the brain represents a 
promising strategy to ensure high siRNA concentrations at the target site 
by circumventing the BBB [9]. With surgery being the standard of care 
for most GB patients, there is the possibility to exploit the tumor 
resection cavity for local drug administration near the tumor site 
post-surgery. However, even when the drug is administered locally, a 
drug delivery system is essential to shield siRNA from endonuclease 
degradation, facilitate its uptake into cells, and ensure it can escape the 
endolysosomal compartment and function effectively within cells. [10]. 
Nanoparticles (NPs), including liposomes, polymeric NPs, polymer-lipid 
hybrid NPs, dendrimers, and polymeric micelles, have provided the 
opportunity for effective siRNA delivery [11–14]. They are usually 
formulated with cationic polymers or lipids ensuring effective siRNA 
binding onto the surface or encapsulation into NP core by electrostatic 
interactions with the anionic siRNA [15–18]. Alternatively, anionic 
polymers such as Poly Lactic-co-Glycolic Acid (PLGA) are used, where 
siRNA is loaded into the NP core after pre-complexation with poly
cationic molecules such as Polyethyleneimine [19,20]. However, syn
thetic biomaterials usually show low biocompatibility and toxicity, 
especially polycationic ones, while natural ones generally ensure low 
transfection efficacy [21].

To address these challenges, a novel siRNA delivery strategy has 
been developed using a “biomimicking approach” [22,23], which draws 
inspiration from the natural mechanisms of RNA trafficking into cells. 
Most of the natural RNA transport processes have been reported to be 
protein-associated or protein-mediated [21]. Thus, natural RNA-carrier 
proteins as delivery vectors for siRNA may be promising in terms of 
biophysical and biochemical properties, presenting interesting features 
that cannot yet be reproduced by rational design, such as low toxicity, 
efficient endolysosomal escape, and high biocompatibility [24].

Ago2 protein is a crucial factor for the formation of RNA-induced 
silencing complex (RISC), the multiprotein complex that miRNA and 
siRNA join into cells to mediate the RNAi mechanisms [25]. In the RISC, 
the guide strand of an RNAi molecule interacts with the complementary 
strand of target mRNA, followed by the Ago-2-mediated mRNA degra
dation and the suppression of the translation process [7]. Ago2 (97 kDa) 
can be extrinsically loaded with a required siRNA without the need for 
other protein partners, and the rigid conformation of the protein-nucleic 
acid complex makes it resistant to protease attack [26,27]. Interestingly, 
90 % of extracellular miRNAs internalized into cells for natural RNAi 
mechanisms have been estimated to be Ago2-bound. Abundant micro
RNAs are found in the bloodstream, associated either with extracellular 
vesicles (EVs) [28], lipoproteins [29], or circulating free Ago proteins 
[30], potentially serving endocrine signaling functions [31]. The asso
ciation of RNAi with Ago2 has already been shown to increase miRNA 
uptake in human endothelial cells and glioma endothelium [32]. 
Moreover, the transmembrane protein Neuropilin-1 (nrp-1) has been 
identified as a receptor for extracellular transport of Ago2. Since nrp-1 is 
broadly expressed in endothelial cells and GB cells such as the U87MG 
cell line, it could play a major role in the cell internalization of Ago2 
[33]. All this evidence suggests that siRNA/Ago2 complexes may be 
used as a potent, long-lasting delivery system for siRNA. Recent studies 
support this rationale; for instance, the use of miRNA/Ago2 complex as 
an extrinsic carrier for systemic miRNA delivery has been patented by 
Galas et al., in 2019 (patent #20190367918, 2019) to improve miRNA 
uptake in human endothelial cells. In another study, Li et al. demon
strated that preassembling siRNA with Ago2, followed by packaging 
with commercial transfection reagents or structurally defined poly
cations, enhanced siRNA-mediated gene silencing in cell lines and a 
melanoma mouse model [34]. In the case of siRNA, the affinity for Ago2 
for siRNA has been described as a long-lasting binding, with a complex 
half-life of days or weeks in vitro. However, it has still not been proven 
whether Ago2 can cross or not the BBB and efficiently deliver the drug in 
the context of a brain tumor [35]. Thus, encapsulating Ago2 with siRNA 
and loco-regionally delivering it to GB might be a pertinent strategy. 
This project aims to develop a siRNA nanodrug using Ago2 as a 

protein-mediated siRNA vehicle for locoregional GB therapy. To this 
aim, siRNA/Ago2 complexes were developed and tested in vitro, either 
free or encapsulated into NPs formulated with Polyethylene Glycol-Poly 
Lactic-co-Glycolic Acid (PEG-PLGA) and PLGA with capped carboxylic 
acid terminals (PLGA-COOR) polymers. PLGA-based NPs have been 
previously studied by our group for the delivery of therapeutic proteins, 
demonstrating the possibility of achieving long-term protein release 
using NP-incorporating scaffold systems for GB locoregional therapy 
[36]. This technology may be extended to the delivery of siRNA/Ago2 
complexes, to achieve sustained release of siRNA and protect it into the 
core of NPs. In this study, the pre-complexation of anionic siRNA with 
the positive charges of Ago2 may play a key role in promoting the 
encapsulation of siRNA into NPs, as a safer alternative to polycationic 
materials commonly used to achieve this purpose (e.g. polyamines) 
[19]. In this work, siRNA/Ago2 NPs were formulated using a three-step 
process. First, a complex between a model siRNA (siRNA-NC) and Ago2 
protein was formed. This complex was then precipitated by the addition 
of water-miscible organic solvent [37], to preserve the protein structural 
integrity and enhance protein encapsulation into polymeric NPs [38]. 
The product was then loaded into NPs made of PEG-PLGA and 
PLGA-COOR NPs using a phase-separation method [39,40]. During this 
process, the correct complexation of siRNA and Ago2 was evaluated, 
together with protein precipitation and encapsulation efficiency of both 
siRNA and Ago2. The formulated nanoparticle stability was assessed 
before and after freeze-drying, as well as the protein release in a medium 
experiment. The functionality and efficiency of the siRNA/Ago2 com
plex, either free or in the form of siRNA/Ago2 NPs, was verified by 
characterizing its luciferase gene silencing activity in vitro on a luciferase 
gene expressing GB cell line (U87MG Bml1).

2. Materials and methods

2.1. Materials

Ester-capped PLGA (PLGA-COOR) (Mn = 5.5 kDa, PDI 2.0) and PEG- 
PLGA copolymer (MnPEG = 5 kDa, MnPLGA = 25.7 kDa, PDI 2.1) were 
synthesized using a ring-opening polymerization method as previously 
described [37]. U87MG (Bmi1-3′UTR) luciferase-expressing human 
glioblastoma cell line (HTB-14TM) was obtained from the American 
Type Culture Collection (Manassas, United States) and modified at the 
Vector Production Center, Inserm U1089, Atlantic Gene Therapies fa
cility in Nantes (FRANCE). Firefly luciferase custom-designed siRNA 
(Luc-siRNA) and MISSION® siRNA Universal Negative Control #1 
(Sigma: SIC001) (C-siRNA) were both obtained from Sigma®. Recom
binant human Argonaute 2 EIF2C2 protein (Cat# 11079-H07B) was 
obtained from Sino Biological (Beijing, China). Argonaute 2 ELISA kit 
from Bioassay Technology Laboratory (Shanghai, China), and D-Lucif
erin sodium salt were purchased from Abcam (Amsterdam, 
Netherlands). Glycofurol (tetrahydrofurfuryl alcohol polyethyleneglycol 
ether), isosorbide dimethyl ether (DMI), sodium chloride (NaCl), 
poloxamer 188 (Lutrol® F68), glycine, 37 % hydrochloric acid (HCl), 
sodium hydroxide (NaOH), tris(hydroxymethyl)aminomethane base 
(Tris, Trizma®), resazurin sodium salt, HEPES sodium salt, ethyl
enediaminetetraacetic acid disodium salt (EDTA), DL-Dithiothreitol 
(DTT), glycerol, puromycin, antibiotic-antimycotic solution and Dul
becco’s Modified Eagle’s Medium (DMEM, Gibco®) were obtained from 
Sigma-Aldrich® (Saint Quentin Fallavier, France). Blue/Orange Loading 
Dye, 6X (0.4 % orange G, 0.03 % bromophenol blue, 0.03 % xylene 
cyanol FF, 15 % Ficoll® 400, 10 mM Tris-HCl pH 7.5 and 50 mM EDTA 
pH 8.0) was purchased from Promega Corporation (Madison, Wisconsin, 
USA). Hydroxypropyl-β-cyclodextrin (HPBCD, Kleptose®) was 
purchaised from Roquette (Lestrem, France), Dulbecco’s 
phosphate-buffered saline (Biowhittaker®) from Lonza (Verviers, 
Belgium), and LipofectamineTM RNAiMAX reagent from Thermo Fisher 
Scientific (Villebon sur Yvette, France). Ultrapure water was dispensed 
from a Milli-Q® Advantage A10 system (Millipore, Paris, France), or 
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RNase-free water (Qiagen, Hilden, Allemagne) when specified, was used 
in all experiments.

2.2. Preparation and qualitative assessment of siRNA/Ago2 complexes

2.2.1. Preparation of siRNA/Ago2 complexes
To form a complex of siRNA with Ago2, a complexation buffer was 

prepared containing 0.01 M HEPES, 150 mM NaCl, 3 mM EDTA, 1 mM 
DTT, and 10 % glycerol in RNAse-free water was first prepared. Next, 

0.02 nmol control siRNA (siRNA-NC) was mixed with varying volumes 
of an Ago2 aqueous solution (0.5 mg/mL) to achieve various Ago2: 
siRNA molar ratios (0.03:1; 0.06:1; 0.12:1; 0.25:1; 0.5:1; 1:1, and 2:1). 
The complexation buffer was added to each sample to reach a final 
volume of 10 μL, and a final siRNA concentration of 2 μM. The mixture 
was left to incubate at room temperature for 30 min. For in vitro studies, 
siRNA/Ago2 complexes were prepared at the Ago2: siRNA molar ratio of 
1:1 using both siRNA-NC and Firefly luciferase siRNA (siRNA-Luc) tar
geting luciferase mRNA sequence.

2.2.2. Qualitative assessment of siRNA/Ago2 complex formation
To qualitatively assess the formation of complexes between siRNA 

and Ago2, an Electrophoretic Mobility Shift assay (EMSA) was per
formed. Complexes were prepared as previously described by tripling 
the quantity of Ago2, siRNA, and the volume of buffer to obtain 30 μL of 
the sample. Complexes were then mixed with Blue/Orange Loading Dye, 
6X, and then loaded onto a 3 % w/v agarose gel stained with ethidium 
bromide (0.5 μg/mL). Electrophoresis was conducted at 100 V for 45 
min in TBE buffer 1X using a horizontal electrophoresis apparatus 
(Elettrofor Horizontal Electrophoresis unit; MOD. OA-160; Elettrofor s. 
a.s., Borsea, Italy). The migration of siRNA was recorded by a gel imager 
(Amersham Imager AI680, GE Healthcare, ChicAgo, USA). The forma
tion of the siRNA/Ago2 complex was qualitatively assessed by observing 
the shift of the less mobile complex on the gel, compared to the mobility 
of a control spot obtained by running free siRNA in the absence of 
protein.

2.3. Preparation of Ago2 and siRNA/Ago2 precipitates (Ago2 NPR and 
siRNA/Ago2 NPR)

To precipitate siRNA/Ago2 complexes or Ago2 as a control, a tech
nique adapted from Giteau et al. was employed [38]. Firstly, a buffer 
solution named P188-NaCl-Tris HCl was prepared. To obtain it, a 0.2 M 
Tris-HCl aqueous solution was adjusted to pH 9.75, and NaCl was added 
until a final concentration of 0.45 M, 0.9 M, or 1.3 M NaCl was achieved. 
Then, P188 was dissolved in its respective NaCl-Tris-HCl solutions up to 
a 0.06 % (w/v) concentration. After the buffer solution was prepared, 
10 μL of Ago2 alone or siRNA/Ago2 complexes were added to 67 μL of 
the P188-NaCl-Tris HCl solution to create an aqueous phase. The 77 μL 
aqueous phase was added to 123 μL glycofurol (pH 5.5), the mixture was 
stirred, and then it was incubated at 4 ◦C for 30 min. This step was 
conducted by testing different stirring conditions (after 10 times pipet
ting, without any stirring, or after homogenizing at 10 min with a 
3-speed vortex for 10 s). The effect of the stirring condition on the 
precipitate size and morphology was analyzed to optimize the precipi
tation process. Mixing the Tris-HCl buffer solution with glycofurol 
resulted in a final precipitate suspension at pH 9.3, which is equivalent 
to the protein isoelectric point and helps enhance the precipitation ef
ficiency (PE). To evaluate the PE, the suspension of protein precipitates 

was centrifuged at 14,000g for 30 min. The supernatant was then 
removed, and the pelleted precipitates were dissolved in 1 mL of 0.05 M 
Tris-HCl buffer solution and diluted for further quantification. The 
concentration of Ago2 in the suspension was determined using an in
direct sandwich ELISA as described in section 2.5.8. (Ago2 quantifica
tion), to determine the mass of Ago2 recovered from the precipitate. PE 
was calculated using Eq. (1).  

PE was determined on precipitates prepared at different salt con
centrations (0.45 M, 0.9 M, or 1.3 M NaCl) in the P188-NaCl-Tris HCl 
solution, to select the optimal concentration ensuring the highest PE 
value.

2.4. Preparation of Ago2-loaded and siRNA/Ago2-loaded nanoparticles

NPs loaded with Ago2 only (Ago2 NPs) or with siRNA/Ago2 complex 
(siRNA/Ago2 NPs) were prepared by adapting a protocol from Mansor 
et al. [37]. Briefly, 100 μL of Ago2 or siRNA/Ago2 precipitates were 
mixed with 200 μL of a 12 % w/v PEG-PLGA solution and 100 μL of a 12 
% w/v PLGA-COOR solution, obtained by dissolving the polymers in 
isosorbide dimethyl ether. Control unloaded NPs and NPs loaded with 
siRNA but not Ago2 (siRNA-NPs) were prepared by replacing the protein 
precipitates with an equal volume of glycofurol or siRNA dissolved in 
glycofurol, respectively. Then, nanoprecipitates were formed by adding 
200 μL of a 0.05 M glycine-sodium hydroxide buffer aqueous solution 
under constant magnetic stirring at 1300 rpm. The pH of the glycine 
solution was set to the protein isoelectric point (pI 9.3) to enhance 
encapsulation efficiency. After 1 min, another 500 μL Gly-NaOH was 
added dropwise, and this step was repeated three times by waiting 30 s 
between each step. Subsequently, the formed NPs were washed with 
water up to 30 mL to remove any residual solvent out of the NPs. After 1 
h incubation at room temperature, the NP suspension was centrifuged at 
8,500g for 30 min at 25 ◦C. The supernatant was collected and stored at 
− 20 ◦C, while the NP pellet was re-suspended in 250 μL water and used 
for further analysis.

2.5. Nanoparticle characterization

2.5.1. Size, size distribution and zeta-potential
The size, Polydispersity Index (PDI), and Z-Potential of nano

precipitates and NPs were measured by diluting formulations up to 0.01 
mg/ml. Samples were analyzed by a Zetasizer Nano ZS (Malvern Pan
alytical Ltd., Malvern, UK) at 25 ◦C by Dynamic Light Scattering tech
nique. All measurements were performed at least in triplicate from three 
different formulations.

2.5.2. Weight yield (%)
To determine the weight yield of NPs, an aliquot of NP suspension 

was placed in a pre-weighted Eppendorf® tube and then freeze-dried 
using a Lyovax® GT freeze-dryer (Steris, Bordeaux, France) pre-cooled 
at − 35 ◦C for 2 h. The weight yield was calculated using Eq. (2). 

Weight Yield (%)=
mass (mg) of solid recovered after freeze − drying

initial mass (mg)of polymer
x 100

(2) 

Precipitation Efficiency (PE,%)=
mass (μg) of protein recovered from the precipiate

Initial mass (μg)of protein added to the precipitate x100
(1) 
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2.5.3. Nanoparticle stability to freeze-drying
An aliquot of purified NPs was mixed with an aqueous solution of 2- 

Hydroxylpropyl-beta-cyclodextrin (HPBCD) or sucrose in an Eppen
dorf® tube, to reach a cryoprotectant final concentration of 5 % (w/v) in 
the tube and a final nanoparticle concentration of 18 mg/mL. The 
mixture was then frozen in liquid nitrogen and lyophilized at − 20 ◦C and 
0.3 mbar overnight. A cryoprotectant-free NP sample was used as a 
control. After 24-h storage, freeze-dried NPs were re-suspended in the 
same initial volume of water as the one after NP purification. Then, the 
size and size distribution of NPs were measured before and after freeze- 
drying on NP suspension diluted up to 100 μg/mL. NPs were considered 
to be stable after the freeze-drying process if the ratio of final to initial 
size (Sf/Si) and polydispersity index (PDIf/PDIi) is close to 1 [37].

2.5.4. Morphology
The morphology of precipitates and precipitate-loaded NPs was 

evaluated by Transmission Electron Microscopy (TEM, JEM 1400, JEOL, 
Paris, France). Briefly, 2 μL of undiluted protein precipitates were 
deposited on a carbon-coated copper grid and the organic solvent (gly
cofurol) of the sample was washed out by dipping for a few seconds the 
grid on the sample side in a water droplet put on a paraffin layer. The 
excess water was absorbed using Kimtech® precision wipes and the grid 
was put back on a paraffin-covered Petri dish. The sample was let to dry 
overnight under a fume cupboard at room temperature. A TEM holder 
with a sloping plane was used to verify the surface morphology of the 
samples. For the NPs, samples were prepared via the same procedure as 
the precipitates, except that the NP suspension was first diluted (200 μg/ 
mL) in 0.01 M NaCl solution, and samples were let dry for 4h before TEM 
analysis. NPs were also analyzed by Scanning Electron Microscopy 
(SEM, JSM 6310F, JEOL, Paris, France). Briefly, water-diluted NP sus
pension (200 μg/mL) was added on a glass slide and left to dry overnight 
at R.T. The sample was coated with a gold layer of 5 nm thickness before 
observation.

2.5.5. Ago2 encapsulation efficiency
To evaluate the Ago2 encapsulation efficiency (EE), the supernatant 

obtained from Ago2 NPs or siRNA/Ago2 NPs during the purification step 
by centrifugation was collected as described in section 2.4. The same 
procedure was applied to unloaded NPs, used as control. The EE was 
calculated using Eq. (3). 

EE (%)=100

−

(
mass of protein recovered from the supernatant

initial mass of protein used to formulate NPs
x 100

)

(3) 

The mass of protein recovered from the supernatant was determined 
using an indirect sandwich ELISA as described in section 2.5.8. (Ago2 
quantification). To simulate the 100 % presence of the protein in the 
supernatant, an amount of protein precipitate equivalent to the initial 
mass used to formulate NPs was diluted in 30 mL of water (which is 
equivalent to the volume of supernatant collected) and quantified as 
well.

2.5.6. siRNA encapsulation efficiency
The 250 μL of purified siRNA/Ago2 NP suspension was mixed with 

750 μL acetonitrile (ACN) and vortexed for three cycles to solubilize 
NPs. Then, 100 μL of the mixture was transferred in a 96-well plate, and 
the amount of encapsulated siRNA was quantified by RiboGreen® Assay 
following the manufacturer’s protocol. i) Unloaded NPs, ii) Ago2 NPs, 
iii) siRNA NPs (formulated without Ago2) undergoing the same pro
cedure as siRNA/Ago2 NPs, and iv) ACN only were used as controls to 
perform the test. The EE was calculated using Eq. (4). 

EE (%)=

(
mass (μg) of recovered siRNA

initial mass (μg) of siRNA used to formulate NPs

)

x 100

(4) 

2.5.7. Ago2 release studies
After formulating NPs following the procedure previously described, 

NPs were centrifuged to collect them. The Ago2-loaded NPs pellet was 
resuspended in 2 mL Dulbecco’s phosphate-buffered saline (PBS) me
dium (pH = 7.4) and incubated at 37 ◦C. At pre-defined time intervals (0 
h, 24 h, 48h, 72h, and 96h), an aliquot of the release medium was 
collected, and an ELISA was performed on appropriately diluted samples 
to quantify Ago2 released from NPs with time.

The percentage of released protein was calculated following Eq. (5). 

Release drug=
(

mass of released protein
initial mass of protein

)

x 100 (5) 

Sampling was performed in triplicate. To normalize the percentage 
of protein release to the total amount of loaded protein (100 %), NPs 
were dissolved in 1 mL of dimethyl sulfoxide for 1 h, 3 mL of 0.01 M HCl 
was added to liberate the protein from the polymeric NPs, and the 
released Ago2 was quantified by ELISA assay as well.

2.5.8. Ago2 quantification
Ago2 protein in precipitates and NP dispersions was quantified 

following a sandwich indirect ELISA method using the Human Protein 
Argonaute-2, EIF2C2 ELISA kit obtained from BT Lab®. Briefly, kit 
components were reconstituted using their respective diluent and 
following the kit procedure. Ago2 standard serial dilutions were pre
pared and deposited alongside the precipitates and NP supernatant 
samples on a 96-well plate pre-coated with an anti-Ago2 capture anti
body. The biotinylated detection antibody anti-Ago2 was added to each 
well except for the standard, which already contained the antibody. 
Afterwards, streptavidin-HRP detection reagent was added to each well 
and the plate was left to incubate for 1h at 37 ◦C. After removing re
agents and performing 5 washing steps with PBS, the two substrates 
were added to each well, and the plate was incubated in the dark at 37 ◦C 
for 10 min. After adding stop solution, wells absorbance was read using 
continuous dual measurement mode at 450 nm and 580 nm with the 
Thermo Labsystems Multiskan Ascent 354 Microplate Reader (Thermo 
Fisher Scientific, Villebon sur Yvette, France). Absorbance at 580 nm 
was subtracted from the 450 nm one to eliminate any interfering signal. 
Samples were obtained from formulations prepared in triplicate.

2.6. In vitro analysis

2.6.1. Cell line generation and culture
The human glioblastoma cell line U87MG modified to stably express 

the luciferase gene (U87MG (Bmi1-3′UTR)) was generated as previously 
described [41]. Cells were maintained in complete DMEM, composed of 
Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma-Aldrich® Saint 
Quentin Fallavier, France) supplemented with 10 % heat-inactivated 
Fetal Bovine Serum (FBS, Roche Diagnostics, Mannheim, Germany) 
and 1 % antimycotic-antibiotic mix (Sigma-Aldrich®, Saint Quentin 
Fallavier, France) in a humidified 5 % CO2 incubator at 37 ◦C.

2.6.2. Luciferase gene silencing and cell viability studies
U87MG (Bmi1-3′UTR) cells were seeded at a density of 5000 cells/ 

well in a white μClear® 96 multiwell plate (Greiner Bio-one, Les Ulis, 
France). After 24 h, cells were treated with i) 20 nM free luciferase- 
specific siRNA (siRNA-Luc) or a negative control siRNA (siRNA-NC); 
ii) 20 nM free Ago2 protein; iii) siRNA/Ago2 complexes, by complexing 
the protein with both siRNA-NC and siRNA-FLuc, at an Ago2 equivalent 
concentration of 20 nM; iv) siRNA-Luc and siRNA-NC using Lipofect
amine™ RNAiMAX transfection agent (Thermo Fisher Scientific, Ville
bon sur Yvette, France) as a positive control, at a siRNA: RNAiMax ratio 
prepared according to the manufacturer’s protocol; v) NPs encapsu
lating precipitated Ago2 or vi) precipitated siRNA/Ago2 complexes 
(Ago2 NPs and siRNA/Ago2 NPs, respectively) to have 20 nM as final 
Ago2 concentration for each well; vii) unloaded NPs; viii) the medium 
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only. After 24 h incubation at 37 ◦C and 5 % CO2, the medium was 
replaced with 100 μL complete DMEM. After a total incubation time of 
48 h, the medium was replaced with 100 μL per well of a solution 0.15 
mg/mL of StayBrite™ D-Luciferin sodium salt (M.W. 302 g/L, Abcam, 
Amsterdam, Netherlands) in complete DMEM medium. The Lumines
cence signal per well was read within 15 min at 580 nm using CLAR
IOstar® Microplate Reader (BMG Labtech, Ortenberg, Germany) at 37 
◦C. A resazurin viability assay was then performed to normalize lucif
erase expression to the relative number of viable cells. Briefly, the D- 
Luciferin solution in each well was replaced with 100 μL of a solution of 
44 μM of resazurin in a complete DMEM medium. After 1 h incubation at 
37 ◦C, 5 % CO2, the fluorescence intensity of each well was measured at 
545 nm excitation and 600 nm emission. Each condition was performed 
at least in duplicate for each analysis, and each experiment was repeated 
in triplicate (n = 3). Luciferase expression normalized to the number of 
viable cells was calculated following Eq. (6). 

Relative Luciferase Expression (RLE%)=

(
ALU
RCN

)

per well
(

ALU
RCN

)

untreated cells
x 100 (6) 

ALU (Arbitrary Luminescence Unit) refers to the luminescence signal 
measured in each well. RCN (Relative Cell Number) corresponds to the 
percentage of viable cells for each well relative to non-treated cells, 
calculated using the following Eq. (7): 

Relative Cell Number (RCN,%)=
fluorescence per well

fluorescence from untreated cells
x 100

(7) 

2.7. Statistical analysis

Data are presented as the mean value ± standard deviation (SD) of at 
least three experiments (n ≥ 3). One-way ANOVA with post-Dunnet’s 
multiple comparison test with a threshold P-value of 0.05 was used to 
investigate any significant difference between multiple groups of data. 
GraphPad Prism 6 software was used (GraphPad Holdings, San Diego, 
CA, USA). In the figures, * indicates P ≤ 0.05, ** indicates P ≤ 0.01, *** 
indicates P ≤ 0.001 and **** indicates P ≤ 0.0001.

3. Results and discussion

Although the role of Ago2 as a protein vector for RNAi remains un
clear due to limited research, evidence indicates that Ago2-RNAi com
plex formation could stabilize and enhance RNAi delivery. This positions 
Ago2 as a promising RNAi vector candidate for RNAi-based therapies to 
improve siRNA delivery and gene silencing. In the context of locore
gional GB therapy, we first explored whether Ago2 could function as a 
protein carrier for siRNAs to GB cells per se in the form of siRNA/Ago2 
complexes. Still, we found that it does not naturally or trivially fulfill this 
role. Thus, leveraging Ago2’s ability to stabilize siRNAs and form a 
minimal RISC-like complex in vitro, we sought to optimize its potential 
as a natural vector by incorporating it into a nanoparticle (NP) -based 
delivery system for enhanced therapeutic efficacy. To this aim, siRNA/ 
Ago2 complexes were formed and tested in vitro, either in their free form 
or encapsulated within NPs.

3.1. Precipitation and encapsulation of Ago2 into PLGA-PEG/PLGA- 
COOR NPs to advance Ago2-based RNAi delivery strategies

To enhance Ago2-based RNAi delivery, an NP-based formulation was 
developed to deliver siRNA as siRNA/Ago2 complexes (siRNA/Ago2 
NPs). NPs were obtained by a three-step formulation process. First, a 
complex between a model siRNA (siRNA-NC) and Ago2 protein was 
formed. This complex was then precipitated by adding a water-miscible 
organic solvent (glycofurol) before encapsulation into NPs [37]. Finally, 

the resulting nanoprecipitates were encapsulated into NPs based on 
PEG-PLGA and PLGA-COOR polymers using a phase-separation method 
[39,40]. Before studying the co-encapsulation of Ago2 and siRNA as a 
complex, an optimization of the Ago2 precipitation process and encap
sulation into NPs was performed for formulations containing Ago2 only 
(Ago2 NPs). These steps are described in this section (3.1) and in section 
3.2. Once the formulation parameters were optimized, they were used to 
formulate and characterize NPs loaded with siRNA/Ago2 (section 3.3).

3.1.1. Development of Ago2 nanoprecipitates
Protein precipitation before encapsulation into polymeric NPs is a 

critical step to preserve protein structural integrity, enhance encapsu
lation into NPs, and minimize protein adsorption onto the polymer [38]. 
Thus, Ago2 protein precipitates were first prepared by dissolving the 
protein in an aqueous solution of salt and a surfactant, followed by 
addition to an organic solvent under stirring. Sodium chloride (NaCl) 
salt was used to neutralize the charged protein and promote attractive 
hydrophobic interactions, while P188 surfactant was added to reduce 
protein adsorption to the hydrophobic PLGA during encapsulation [42]. 
Evidence suggests that protein precipitation is strongly influenced by 
stirring conditions and the type of salt used [43]. Therefore, to optimize 
this process, the effects of these variables on the size and morphology of 
Ago2 precipitates were studied.

The effect of stirring was evaluated by preparing three samples of 
Ago2 precipitates under different stirring conditions: vortexing for 10 s, 
no stirring, and gentle pipetting immediately before incubation on ice. 
The salt concentration was kept constant at 0.3 M NaCl.

Among these, vortexing produced the smallest precipitates (208 ±
23) and offered better reproducibility due to its experimenter- 
independent nature, making it the chosen method for subsequent steps 
(Fig. S1). The impact of NaCl concentration was then assessed by pre
paring precipitates with different concentrations (0.15 M, 0.3 M, and 
0.45 M) and analyzing their size and morphology using TEM. TEM im
ages were acquired using a sloping plane, to observe the three- 
dimensional structure of the precipitates. The size of the precipitate 
was significantly affected by the concentration of NaCl, with increased 
precipitate sizes at the lowest and the highest salt concentrations. The 
precipitate size was 370 ± 36 nm at 0.15 M NaCl, 273 ± 23 nm at 0.30 
M NaCl, and 306 ± 30 nm at 0.45 M NaCl (Fig. 1a). By contrast, all 
samples exhibited a spherical morphology regardless of the salt con
centration (Fig. 1b). In the absence of NaCl, no effective precipitation 
occurred, and no precipitates were observed. The size of these nano
precipitates is crucial, as it may influence the size of loaded NPs and 
their cellular internalization pathway. To follow the literature-described 
clathrin-independent or clathrin-dependent endocytic mechanism, the 
size of NPs should not be higher than 500 nm [44,45]. Since the effect of 
salt concentration can also affect the correct protein precipitation [37], 
the Ago2 precipitation efficiency (PE) was evaluated using an indirect 
sandwich ELISA for the three NaCl concentrations (0.15, 0.3, and 0.45 
M). The PE values were found to be 49 ± 4 %, 51 ± 5 %, and 52 ± 5 %, 
for the 0.15 M, 0.3 M, and 0.45 M of NaCl, respectively. Thus, Ago2 PE 
was found not to be affected by the salt concentration (Fig. 1c). By 
contrast, the absence of salt prevented the salting-out process as previ
ously described and thus limited to effective precipitation of the protein.

Thus, 0.3 M NaCl was determined to be optimal for generating 
smaller, spherical Ago2 precipitates while maintaining high precipita
tion efficiency.

3.1.2. Encapsulation of Ago2 nanoprecipitates into NPs and NP 
characterization

After obtaining the Ago2 protein nanoprecipitate, it was encapsu
lated into NPs made of PLGA-COOR/PLGA-PEG polymers to enhance 
Ago2 potential as a natural vector for RNAi delivery. The NPs were 
prepared using a phase separation method described in the literature to 
encapsulate proteins [36]. The PLGA derivatives were selected due to 
their biocompatibility, biodegradability, and proven effectiveness in 
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Fig. 1. Characterization of Ago2 nanoprecipitates depending on the NaCl concentration as a formulation condition. a) Diameter of Ago2 nanoprecipitates 
observed on TEM at different NaCl concentrations (0.15, 0.3, and 0.45 M) used to precipitate siAgo2 complexes, and b) corresponding TEM images of Ago2 pre
cipitates acquired by using a sloping plane. Diameter values were measured using ImageJ software. All measurements were performed on a minimum of 50 
nanoprecipitates (n = 50); c) effect of NaCl concentration on Ago2 precipitation efficiency. Statistical analysis was conducted to investigate any significant difference 
between samples prepared at 0.15 M, 0.3 M, and 0.45 M NaCl (n = 3 for each precipitation condition). Unpaired t-tests with Welch’s correction were performed 
between each condition using GraphPad Prism 7.00 (****: p < 0.0001)—scale bars of TEM images: 0.5 μm. The absence of statistical signs indicates that no statistical 
difference was observed between graph bars.
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protein encapsulation, as demonstrated in our previous studies [37].
Thus, the precipitated Ago2 was then encapsulated into NPs. To 

ensure that the NaCl molarity of the nanoprecipitates did not affect the 
Ago2 encapsulation into NPs, the three Ago2 precipitates, prepared 
using a different salt concentration of 0.15 M (F1), 0.3 M (F2), and 0.45 
M (F3) NaCl, were encapsulated in the NPs. Then, the impact of this 
variable on NP characteristics was analyzed. Blank unloaded NPs (F4) 
were used as controls.

Dynamic Light Scattering (DLS) analyses yielded comparable mean 
diameters for F1-F4 formulations, being 494 ± 65 nm (F1), 328 ± 48 nm 
(F2), 343 ± 26 nm (F3), and 206 ± 4 nm (F4) (Fig. 2a). While the salt 
concentration used for precipitating Ago2 did not significantly affect NP 
size, the protein encapsulation notably increased NP sizes at all NaCl 
concentrations compared to the blank NPs (F4, Fig. 2a). This size dif
ference was not observed in prior studies with SDF1-alpha protein, 
where precipitated protein was encapsulated under similar conditions 
[37]. This is likely due to the lower molecular weight of SDF1-alpha (8 
kDa) compared to Ago2 protein (97 kDa), resulting in less polymer 
entanglement and smaller precipitates (<100 nm size). [37,46]. More
over, the large size variability observed in TEM measurements, also 

observed in previous studies, may be due to the presence of a mixture in 
the sample of both empty and Ago2-loaded NPs [47]. The NPs also 
exhibited a PDI lower than 0.4, consistent with previous studies using 
this encapsulation method [36]. The Zeta-potential values of NPs ranged 
from − 3.7 mV to − 2.0 mV, nearly neutral (Fig. 2a). To ensure adequate 
colloidal stability, Zeta-potential values of less than − 30 mV or more 
than +30 mV are typically considered optimal, as these values guarantee 
strong electrostatic repulsive interactions between NPs. However, con
cerns about their potential charge-related cytotoxicity have also been 
raised [48–51]. In this study, the inclusion of the exterior PEG layer and 
the end-capped PLGA in the nanosystem explained the almost neutral 
Zeta-potential observed for the developed NPs. Although the nano
particle suspension lost electrostatic stability, it could benefit from the 
higher colloidal stability imparted by the steric repulsion given by PEG 
chains [52,53]. As shown in Fig. 2b, TEM images acquired by using a 
sloping plane confirmed the nanoparticle size observed by DLS analyses; 
they also showed that the NPs had a spherical morphology, despite a 
partial fusion of the NPs due to the drying step of the sample preparation 
and the heat of the beam of electrons. The Ago2 encapsulation efficiency 
(EE) of F1-F4 formulations for each salt concentration was also 

Fig. 2. Characterization of Ago2-loaded NPs depending on the NaCl concentration used to prepare the encapsulated Ago2 nanoprecipitates. a) Size 
(measured by DLS technique), PDI, Zeta-potential and c) Ago2 encapsulation efficiency of NPs loading Ago2 precipitates prepared using the aforementioned NaCl salt 
concentrations:0.15 M (F1), 0.3 M, (F2), and 0.45 M (F3) NaCl). Blank NPs (F4), used as a control, were formulated by replacing Ago2 with glycofurol solvent. b) 
TEM images of Ago2-loaded (F1-F3) or blank (F4) PLGA NPs depending on the Ago2 precipitate salt concentration; In b), since no nanoprecipitates were formed in 
the absence of salt, the control prepared at a 0 M NaCl concentration was not included. d) Release study of Ago2 NPs loading Ago2 nanoprecipitates formulated with 
0.3 M NaCl concentration (optimized condition) in PBS buffer at pH 7.4. Data are given as mean ± SD.
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determined. EE values for F1-F4 formulations were high (90–95 %) and 
reproducible, indicating successful formulation (Fig. 2c). Overall, both 
the Ago2 precipitation and encapsulation efficiencies were not affected 
by the salt concentration. Therefore, a single condition could be chosen 
for further studies. As previously mentioned, 0.3 M NaCl was chosen for 

the protein precipitation process, as this experimental condition led to 
the smallest sizes of both the precipitates and the NPs.

Finally, the release of Ago2 protein from Ago2-loaded NPs was 
investigated by suspending the NPs in a pH 7.4 PBS buffer solution at 37 
◦C and quantifying the Ago2 released from NPs at specific time intervals. 

Fig. 3. Characterization of siRNA/Ago2 complexes and siRNA/Ago2 loaded NPs. a) Complexation of Ago2 with siRNA at different Ago2:siRNA molar ratios 
qualitatively assessed by Electrophoretic Mobility Shift Assays (EMSA). The control ratio 0:1 refers to siRNA alone in the absence of Ago2, while the ratio 1:0 refers to 
Ago2 not complexed with siRNA. b) Size, Polydispersity Index, Zeta-potential, and siRNA or Ago2 Encapsulation Efficiency (EE) of siRNA/Ago2 NPs versus Ago2 NPs 
and Blank NPs. Data are given as mean ± SD (n = 3). c) TEM Images of siRNA/Ago2 NPs acquired with (left) or without (right) the use on a sloping plane. Scale bar: 
0.5 μm. d) SEM Images of siRNA/Ago2 NPs. Scale bar: 1 μm. e) Characterization of PLGA/PEG-PLGA NPs before and after freezing or freeze-drying with 5 % (w/w) 
HPBCD or sucrose as cryoprotectant. Frozen or freeze-dried NPs were re-suspended in 2 mL water and diluted to 100 μg/mL in before measurement. Data are 
presented as mean ± SD, n = 3.
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The release profile revealed that approximately half of the encapsulated 
protein was released after 12 h (47 ± 8 %), followed by 71 ± 6 % release 
after 24 h, and 94 ± 3 % after 48 h (Fig. 2d). The initial burst release 
observed may be attributed to the leakage of the protein located near the 
surface of the NPs. The relatively short release duration aligns with 
findings from previous research [54,55]. However, a long-term purpose 
of this study is the integration of NPs into a hydrogel to be administered 
into the tumor resection cavity of GB patients after surgery, rather than 
direct suspension in physiological fluids. Extensive research indicates 
that the NP incorporation into the scaffold, if properly formulated, could 
prolong the protein release duration [56,57]. In our previous study, for 
instance, the integration of PLGA NPs containing the chemokine stromal 
cell-derived factor-1α (SDF-1α) into a chitosan-based electrospun 
nanofibrous scaffold extended release times up to five weeks, compared 
to free NPs that released the payload within three days [36].

3.2. Formation of siRNA/Ago2 complexes, precipitation, and 
encapsulation into NPs

After optimizing the precipitation and subsequent encapsulation of 
Ago2 alone into NPs, the optimal formulation conditions were used to 
prepare and characterize NPs loaded with siRNA/Ago2 complex. To this 
aim, the siRNA/Ago2 complex was first formed, followed by its encap
sulation into NPs and the characterization of the siRNA/Ago2-loaded 
NPs.

First, an Electrophoretic Mobility Shift Assays (EMSA) was used to 
qualitatively assess the complexation of Ago2 with siRNA at different 
Ago2:siRNA molar ratios (ranging from 0:1 to 2:1), as well as to select 
the Ago2:siRNA molar ratio to use for encapsulation into NPs. This 
technique has been previously used by Seo et al. to detect Ago2-RNA 
interaction [58]. The complex formation was suggested by the obser
vation of a shift of the siRNA band at the highest molar ratio tested (1:1) 
with respect to 0:1 ratio, corresponding to the migration of siRNA alone, 
and by the apparition of a band in the wells of the gel. This may be due to 
the formation of the complexes, which led to a retard in the migration of 
the bound siRNA (Fig. 3a). Higher Ago2:siRNA molar ratios could not be 
evaluated using this technique because the maximum loading capacity 
of each well in the electrophoresis gel was reached with the 2:1 M ratios. 
At the Ago2:siRNA ratio of 1:1, the presence of a residual band associ
ated to free siRNA may suggest that this complexation is only partial. 
However, a hypothesis is that the complexation with siRNA, which may 
also occur at lower ratios, may alter the protein charge and consequently 
influence its migration along with siRNA. This is suggested by the 
staircase-like shift of the siRNA bands observed with increasing Ago2 
ratios. As this technique enables to assess the complex formation only 
partially, it should be coupled with other techniques to validate its 
formation. However, a lack of adequate characterization of such com
plex is reported in the literature, mainly due to the difficulties related to 
inadequate sensitivity of most of the available techniques. The use of 
methods such as the Raman spectroscopy and the thermogravimetric 
analyses, for instance, are limited by the low amount of Ago2 protein 
used to formulate NPs or by the very high concentrations of siRNA and 
Ago2 protein necessary to perform the analysis, respectively. Moreover, 
in the case of Raman spectroscopy, the signals associated with the use of 
cryoprotectant by the manufacturer to lyophilize the protein, not spec
ified but included in the composition, can obscure the signals associated 
with the protein itself [59,60]. However, previous studies report a bio
logical effect of siRNA:Ago2 complex and an effective complex forma
tion when a 1:1 Ago2:siRNA molar ratio is used [34,61,62]. By 
integrating the observation of our study with this evidence, the Ago2: 
siRNA 1:1 M ratio was selected for our studies.

Following the formation of the siRNA/Ago2 complex, Ago2 was 
precipitated using previously optimized experimental conditions (NaCl 
concentration: 3.0 M; stirring method: vortexing), and then encapsu
lated into PLGA-PEG and PLGA-COOR NPs. The siRNA/Ago2 NPs were 
characterized for morphology by TEM, size (by using both TEM and DLS 

analyses), polydispersity index, Zeta-potential, and both Ago2 and 
siRNA encapsulation efficiencies (EE). Ago2 NPs, blank NPs, and NPs 
loading siRNA without Ago2 (siRNA NPs) were used as controls. 
Although the size and EE of siRNA/Ago2 NPs were found to be lower 
than those of Ago2 NPs, this difference was not statistically significant 
(Fig. 3b). The variation in size may be attributed to the lower EE effi
ciency of Ago2, resulting in an increased proportion of empty NPs that 
failed to incorporate Ago2, thus resulting in a smaller size. The siRNA 
encapsulation efficiency was determined to be 57.5 ± 11.4 % for siRNA/ 
Ago2 NPs and 7.3 ± 1.8 % for siRNA NPs, respectively (Fig. 3b). These 
results suggest the crucial role of Ago2 protein in enhancing the incor
poration of Ago2 into PLGA NPs by acting as a pre-complexing agent. 
This is particularly relevant as the negative charges of PLGA are known 
to be a significant factor limiting the effective encapsulation of siRNA 
into NPs. Moreover, TEM and SEM images revealed that siRNA/Ago2 
NPs exhibited a spherical shape (Fig. 3c and d).

Finally, the storage stability of siRNA/Ago2 NPs was evaluated. 
Polyesters, such as PLGA, are prone to degradation due to the hydrolysis 
of their ester bonds. This can cause the payload, encapsulated within 
polyester-based NPs, to leak out [63–65]. Our previous studies on NPs 
made up of PLGA-COOR/PLGA-PEG polymers have shown that the 
Zeta-potential of NPs became more negative over time in 0.05 M 
Tris-HCl buffer. This was attributed to the gradual hydrolysis of PLGA 
ester bonds, resulting in the exposure of negatively charged carboxylic 
acid terminals [37]. The use of a cryoprotectant to preserve the for
mulations from freeze-drying stresses is important to store them 
correctly [66,67]. In this study, hydroxypropyl cyclodextrin (HPBCD) 
and sucrose were used as cryoprotectants to assess their protective effect 
on freeze-dried formulations. The size and PDI of NPs before and after 
storage were measured after reconstitution under two conditions. NPs 
were considered stable throughout the freezing or freeze-drying process 
if the ratio of final to initial size (Sf/Si) and polydispersity index 
(PDIf/PDIi) was close to 1, where final and initial refer to parameters 
after and before storage, respectively [66]. Cryoprotectant-stabilized 
product could be fully reconstituted by sonication, and the size was 
preserved when using both HPBCD and sucrose, with Sf/Si ratios of 1.04 
and 1.12, respectively. However, the PDIf/PDIi ratio was almost four 
times higher when using sucrose (4.29) than when using HBCD, indi
cating the superior ability of HPBCD to preserve the correct size distri
bution of NPs (Fig. 3e). Better results were obtained when using both 
cryoprotectants compared to the storage of NPs without cryoprotec
tants, which could not be resuspended completely even after 10-min 
sonication. This confirms the protective roles of these excipients. The 
superior protection ability of HBCD excipients may be explained by the 
experimental conditions used during the drying phase. During this step, 
the temperature should be kept below the collapse temperature (Tc) of 
the cryoprotectant to prevent the “collapse” of the freeze-dried products 
[68,69]. In this study, the minimal pressure and temperature that could 
be reached by the freeze-dryer used was 0.3 mbar and − 20 ◦C, respec
tively. This temperature is below the Tc of HBCD, in the range between 
− 15 ◦C and − 30 ◦C [70], but not below the one of sucrose, whose Tc was 
found to be between − 25 ◦C and − 35 ◦C [71]. This may lead to higher 
residual humidity in the sample when using sucrose. Furthermore, the 
collapse of sucrose might induce a decrease in volume, narrowing the 
gap between the NPs, and thereby facilitating interactions among NP 
polymer chains and the formation of stable crystalline connections [72,
73].

3.3. siRNA/Ago2 NPs as an effective and safe gene silencing system in GB 
cells

3.3.1. Luciferase gene silencing assay
To evaluate the ability of formulations to transfect siRNA into cancer 

cells and achieve efficient siRNA-mediated gene silencing in vitro, a 
luciferase gene reporter assay was used. Therefore, siRNA/Ago2 com
plexes were formulated using a siRNA targeting firefly luciferase mRNA 
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sequence (siRNA-Luc). Luciferase gene silencing after 48-h transfection 
was evaluated in vitro on U87MG (Bmi1-3′UTR), a human GB cell model 
constitutively expressing the luciferase gene. Final concentration in vitro 
of 20 nM for siRNA and 20 nM for Ago2 was used. The gene silencing 
was evaluated by measuring the reduction in the Relative Luciferase 
Expression (RLE %) induced by each sample compared to an equivalent 
sample prepared using a siRNA negative control (siRNA-NC). Results 
were reported relative to viable cells and compared to non-treated cells. 
Blank NPs (unloaded), Ago2 NPs (without siRNA), free Ago2, and free 
siRNA were included as controls. Additionally, an industrial 
lipofectamine-based siRNA transfection agent (RNAiMax™) was used to 
verify the correct functionality of the assay. Results are shown in Fig. 4a.

When using the transfection agent RNAiMax™, the RLE with siRNA- 
Luc decreased significantly (from up to 8 ± 6 % compared to 73 ± 11 % 
using siRNA-NC), confirming the functionality of the test. As expected, 
free siRNA-Luc led to an RLE of about 100 %, confirming that naked 
siRNA-Luc itself cannot successfully silence the luciferase gene expres
sion. However, no difference in the RLE between siRNA-Luc and siRNA- 
NC was observed even when delivering them as siRNA/Ago2 complexes. 
This suggests that siRNA/Ago2 per se was not an effective siRNA delivery 
system in the tested cell line and experimental conditions, despite the 
existence of literature describing Neuropilin-1 receptors, also expressed 
in U87MG cells, for Ago2 extracellular transport [74–76].

Leveraging Ago2’s ability to stabilize siRNAs and form a minimal 
RISC-like complex in vitro, we sought to optimize its potential as a nat
ural vector by incorporating it into NPs. Previous studies showed that 
polymeric NPs with a similar composition to the ones tested in this study 
could efficiently be internalized into U87MG cells [77,78]. Interestingly, 

the encapsulation of such complexes into siRNA/Ago2 NPs led to a 
significant downregulation of luciferase expression (115 ± 28 %) when 
carrying siRNA-Luc, compared to NPs formulated with the control 
siRNA (200 ± 34), confirming the effectiveness of such NP-based system 
in stabilizing the siRNA and induce a gene silencing effect.

In addition, an interesting effect could be observed in these experi
mental conditions (Fig. 4a): when Ago2 was incorporated into NPs, both 
in the presence of siRNA-NC (siRNA/Ago2 NPs) or in its absence (Ago2 
NPs carrying Ago2 only), RLE values higher than 150 % were observed. 
This increase was also observed for NPs delivering siRNA-Luc, but the 
siRNA-mediated gene silencing effect reduced the RLE compared to the 
siRNA-NC-based counterparts. This effect was not statistically signifi
cant in the case of free Ago2 and blank NPs. Moreover, when cells were 
treated with NP formulations delivering half the dose of Ago2 (10 nM), 
the RLE did not exceed 110 % for any samples. This suggests that the rise 
in the RLE could be given the introduction of exogenous Ago2 into cells 
induced by the Ago2 NP-mediated uptake and in an Ago2 dose- 
dependent manner (Fig. 4b). Although recent evidence shows the ef
fects of Ago2 overexpression into cells, it is not yet established whether 
the extrinsic administration of Ago2 leads to the same effects, due to 
differences in subcellular trafficking, distribution, and post-translational 
modifications. Our evidence raises the hypothesis that the delivery of 
exogenous Ago2 into GB cells could potentially stabilize RNAi molecules 
by facilitating the formation of a minimal RISC complex, and may also 
harness additional properties of Ago2 that extend beyond RNAi delivery 
[26,79]. These functions, likely not exclusive to RNAi-related processes, 
may involve interactions with the cellular machinery—both in the 
cytoplasm and possibly the nucleus, which remains to be fully explored 

Fig. 4. Percentage of luciferase expression relative to non-treated cells in U87MG (Bmi1-3′UTR) cells 48 h after transfection with siRNA/Ago2 complexes delivering a 
siRNA-Luc (specific to luciferase) or siRNA-NC (non-targeting control), both free or encapsulated into NPs. Cells were incubated with Ago2 and siRNA/Ago2 
complexes, both free or encapsulated into NPs, to achieve a final concentration of Ago2 per well of a) 20 nM or b) 10 nM. The final concentrations of siRNA were 20 
nM and 10 nM, respectively, for the two concentrations of Ago2. NP concentration: 7.2 mg/mL. The final concentrations of siRNA were 20 nM and 10 nM, 
respectively, for the two concentrations of Ago2. siRNA/Ago2 complexes were prepared at an Ago2:siRNA molar ratio of 1:1. Data are given as the mean ± SD (*p <
0.05, **p < 0.01 and ***p < 0.001, one-way ANOVA and Post hoc analysis, n = 3. In a), the green symbol “ns” indicates no significant difference between the bar and 
non-treated cells. 
siRNA-Luc = anti-luciferase siRNA; siRNA-NC = scramble negative control siRNA; BlankNPs = unloaded NPs; Ago2 NPs = NPs loaded with Ago2 only; free Ago2 and 
free siRNA = Ago2 and siRNA not loaded into NPs; RNAiMax™ = lipofectamine-based siRNA transfection agent.
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[80,81]. While our findings were not anticipated, they raise interesting 
questions that may inspire further research in this direction. Although 
still hypothetical at this stage, various studies in the literature echo the 
observation that Ago2 mays lift endogenous interference mechanisms 
that inhibit luciferase expression. For instance, studies have shown that 
Ago2 overexpression can enhance the cellular RNAi machinery, poten
tially altering miRNA availability [82,83]. Upon cellular uptake, exog
enous Ago2 may interact with endogenous miRNAs that normally 
downregulate the luciferase gene expression. This interaction might 
alter the availability of these miRNAs to bind to target mRNA, thereby 
disrupting the normal miRNA-mediated gene silencing process [84]. 
Various mechanisms could be involved in this reduced miRNA avail
ability, such as the squelching of endogenous miRNA or its 
Ago2-mediated differential compartmentalization, including sequestra
tion within stress granules [85] or P-bodies (Processing bodies). 
P-bodies are cytoplasmic foci in various aspects of post-transcriptional 
gene regulation, including miRNA-mediated gene silencing, degrada
tion of mRNAs that are faulty or no longer required for cell functions, or 
mRNA storage [86]. Studies have shown that a fraction of Ago2 in the 
cytoplasm can bind miRNAs and direct them to the P-bodies. Once 
within the P-body, the ribonucleoprotein system can target a specific 
mRNA for breakdown or keep it in a translationally repressed state for 
temporary storage [87,88]. To further explore the role of Ago2 in the 
RNAi regulatory machinery, future studies could replicate this experi
ment using the same cell line while targeting different gene expressions. 
A comprehensive transcriptomic analysis would help determine whether 
the observed overexpression phenomenon is a consistent outcome of 

Ago2 addition, either alone or in complex with siRNA. Such an approach 
would provide deeper insights into the mechanistic impact of Ago2 on 
gene regulation, reinforcing the significance of our findings and 
expanding our understanding of its broader functional implications. 
Given that siRNAs alone have no detectable biological effect, and that 
Ago2 is indeed present in the particles (cf. release profile and proper 
effect of vectorized Ago2), our in vitro observations indicate that siRNAs 
nanovectorized via Ago2 NPs exhibit biological activity. This suggests 
that siRNAs and Ago2 remain co-encapsulated within the nanocarrier 
during transfection. However, the precise subcellular trafficking of these 
two entities (Ago2 and siRNA) remains to be elucidated.

3.3.2. Cancer cell viability
The resazurin viability assay results are presented in Fig. 5. The cell 

viability is expressed in terms of Relative Cell Number (RCN) compared 
to non-treated cells. No difference in cell viability was observed after 
48h cell transfection with free siRNA and free Ago2, while a modest but 
significant decrease in cell viability was observed for Ago2-containing 
NPs, both Ago2 NPs (74 ± 5) and siRNA/Ago2 NPs, in this last case 
with comparable results regardless of the use of control or luciferase 
siRNA (77 ± 8 for siRNA-NC and 75 ± 11 for siRNA-Luc) (Fig. 5a). 
Moreover, no significant decrease in cell viability was observed when 
using half of the NPs and Ago2 equivalent dose (Fig. 5b).

4. Concluding remarks and perspectives

This study introduces a novel delivery system based on the co- 

Fig. 5. Relative Cell Number obtained with a resazurin viability assay 48 h after U87MG (Bmi1-3′UTR) cell transfection with siRNA/Ago2 complexes delivering a 
siRNA-Luc (specific to luciferase) or siRNA-NC (non-targeting control), both free or encapsulated into NPs. Cells were incubated with Ago2 and siRNA/Ago2 
complexes, both free or encapsulated into NPs, to achieve a final concentrations of Ago2 per well of a) 20 nM or b) 10 nM. The final concentrations of siRNA were 20 
nM and 10 nM, respectively, for the two concentrations of Ago2. NP concentration: 7.2 mg/mL siRNA/Ago2 complexes were prepared at an Ago2:siRNA molar ratio 
of 1:1. Data are given as the mean ± SD (*p < 0.05, **p < 0.01 and ***p < 0.001, one-way ANOVA and Post hoc analysis, n = 3). Asterisks refer to significant 
statistical differences between each bar and the control bar of non-treated cells. The absence of asterisks in b) indicates no statistical difference between compared 
bars. 
siRNA-Luc = anti-luciferase siRNA; siRNA-NC = scramble negative control siRNA; BlankNPs = unloaded NPs; Ago2 NPs = NPs loaded with Ago2 only; free Ago2 and 
free siRNA = Ago2 and siRNA not loaded into NPs; RNAiMax™ = lipofectamine-based siRNA transfection agent.

A. Rinaldi et al.                                                                                                                                                                                                                                 Journal of Drug Delivery Science and Technology 114 (2025) 107459 

11 



delivery of siRNA and Ago2, a natural protein well known for its role in 
the RNAi machinery. As a pioneering approach, it exploits the docu
mented ability of Ago2 to enhance the stability of RNAi molecules in 
cells, offering new opportunities for advancing siRNA delivery in RNAi- 
based therapies.

The system was tested both in its free form and encapsulated within 
NPs. After optimizing the Ago2 precipitation and encapsulation process, 
successful co-encapsulation of Ago2 and siRNA into the NPs was ach
ieved. We found that Ago2 was crucial in promoting siRNA encapsula
tion into NPs.

Unlike free siRNA/Ago2 complexes, which were not effective for 
gene silencing on their own, the siRNA/Ago2-loaded NPs demonstrated 
significant gene silencing in a luciferase-expressing GB cell line. This 
suggests the potential of siRNA/Ago2 NPs as an efficient delivery system 
for GB cells, with potential application in local siRNA delivery strategies. 
Hence, future studies investigating the tissular and cellular fate of siR
NAs from siRNA/Ago2-loaded NPs using in vivo nuclear imaging [92] or 
reporter systems [93] could provide valuable insights into their sub
cellular distribution, including their localization in cytoplasmic com
partments relevant to RNA silencing such as GW or P-bodies [94]. In 
addition, this study envisions a long-term strategy where these NPs will 
be incorporated into a hydrogel scaffold for direct administration into 
the tumor resection cavity, enabling in situand sustained siRNA avail
ability within the brain. Further optimization of the formulation would 
be important to enhance the initial amount of Ago2 and siRNA, optimize 
the Ago2:polymer weight ratio, and minimize NP administration 
amounts.

Interestingly, we found that introducing exogenous Ago2 into cells 
via NPs produces effects beyond the expected RNAi delivery and gene 
silencing. These functions, likely not exclusive to RNAi-related pro
cesses, may involve interactions with the cellular machinery—both in 
the cytoplasm and possibly the nucleus. These findings encourage 
further investigation into the impact of exogenously introduced Ago2 on 
cells, particularly to explore whether its external administration elicits 
similar effects as endogenous overexpression, potentially influenced by 
differences in subcellular trafficking, distribution, and post-translational 
modifications.

Overall, this study represents a promising first step toward devel
oping an innovative siRNA delivery system with potential therapeutic 
applications for locoregional GB treatment. Moreover, it lays the foun
dation for further exploration of the yet-undiscovered functional roles of 
exogenous Ago2 in cancer cells, extending beyond its currently known 
involvement in RNAi delivery.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.jddst.2025.107459.

5. Appendix

A. Structures of PLGA, PLGA-PEG, and PLGA-COOR

Two types of polymers were used for the formulation of NPs, PEG-PLGA and R-PLGA. PLGA is a copolymer made up of glycolic and lactic acid 
monomers in a 50:50 ratio, which form aliphatic polyester (A.1). Its synthesis occurs through a ring-opening co-polymerization method of both 
glycolic and lactic acids, then monomeric units are linked by ester linkages. PEG-PLGA (MnPEG = 5 kDa, MnPLGA = 25.7 kDa) is an amphiphilic 
polymer whose structure is shown in A.2. R-PLGA (Mn = 5.5 kDa) is a PLGA with capped carboxylic acid terminals. Its carboxylic acid terminals are 
capped with an alkyl end-group, as shown in A.3. 
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A.1: Poly-(D,L-Lactic-co-Glycolic) acid structure. Reproduced from Gentile et al., 2014 [89].

A.2: Poly Ethylene Glycol-Poly Lactic-co-Glycolic Acid structure. Reproduced from Sigma- Aldrich® [90].

A.3: Poly Lactic-co-Glycolic Acid with capped carboxylic acid terminals structure. Where R represents an alkyl end group. Reproduced from Sequeira et al., 
2020 [91].

B. siRNA-Luc sequence

The following information is about Firefly Luciferase siRNA, which is a custom design siRNA from Sigma®. It is a double-stranded RNA consisting 
of 42 nucleotides with two nucleotide overhangs. The molecular mass of the RNA is 12,722 g/mol. The sequence of the RNA from 5′ to 3′ is available in 
B.1. In Luciferase knockdown assays, MISSION® siRNA Universal Negative Control #1 (Sigma: SIC001) was used (sequence information not 
available).

CCGCAAGAUCCGCGAGAUU[dT][dT]: guide strand.
AAUCUCGCGGAUCUUGCGG[dT][dT]: passenger strand.
B.1: Luciferase siRNA sequence
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