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A B S T R A C T   

Hybrid self-assembling nanoparticles (SANPs) have been previously designed as novel drug delivery system that 
overcomes stability issues following long-term storage and with an easy scale-up. This system has been successfully 
used to deliver anionic-charged agents, e.g. bisphosphonates, in different types of tumors, such glioblastoma (GBM). 
Here, SANPs were tested and optimized for the delivery of nucleic acids, in particular of a specific microRNA, e.g. 
miR603, used for its potential role in controlling the chemoresistance in different forms of cancer, e.g. (GBM). 

To this aim, SANPs with different lipids were prepared and characterized, in terms of size, polydispersity 
index, zeta potential, miRNA encapsulation, stability in BSA, serum and hemolytic activity. Then, SANPs were 
tested in vitro on two different cell lines of GBM. Finally, miRNA biodistribution was tested in vivo in an or-
thotopic model of GBM. 

The majority of the formulations showed good technological characteristics and were stable in BSA and serum 
with a low hemolytic activity. The intracellular uptake studies on GBM cell lines showed that SANPs allow to 
achieve a higher miRNA delivery compared to others transfection agents, e.g. lipofectamine. Finally, in vivo 
biodistribution studies in an orthotopic of GBM demonstrated that the optimized SANP formulations, were able 
to deliver miRNA in different organs, e.g. the brain.   

1. Introduction 

Lipid nanocarriers have been largely proposed to overcome the bio-
pharmaceutical issues associated with the therapeutic use of non-coding 
RNAs (nc-RNAs) (Campani et al., 2016). The efficacy of this strategy is 
confirmed by current ongoing clinical trials using lipid nanoparticles to 
deliver ncRNAs in different forms of cancer (Kanasty et al., 2013; Xu 
et al., 2015) and with the recent approval of the first RNA-based therapy 
(ONPATTRO®). However, despite the significant efforts in the field of 
nanomedicine, the number products approved or in advanced stage of 
clinical trial remains very limited, especially for the delivery of nucleic 
acids. In addition, while the use of nanomedicine for the delivery of 
nucleic acids into the liver is not an issue, extrahepatic delivery in sites 
such as the brain remains a challenge. The clinical development of na-
nomedicine is the hampered by different issues, among them instability 
following long-term storage and the difficult scale-up (Etheridge et al., 
2013). Our group recently developed and patented lipid hybrid self- 

assembling nanoparticles (SANPs) for the delivery of bisphosphonates in 
the tumors (Salzano et al., 2011; Marra et al., 2012; Salzano et al., 2016). 
This formulation has been developed by combining PEGylated cationic 
liposomes and calcium/phosphate nanoparticles. Cationic liposomes are 
able to complex RNA promoting its delivery into the cells; PEGylation 
should assure long circulation into the blood; calcium/phosphate nano-
particles are known as transfection agent able to promote the endosomal 
escape (Li et al., 2010). This formulation has been designed to accelerate 
the scale-up process and to avoid issues due to the physical instability 
following long-term storage. Indeed, the nanoparticles are prepared be-
fore use by a self-assembling process starting from components easily 
prepared in pharmaceutical grade. These nanoparticles have been suc-
cessfully used to deliver bisphosphonates in brain tumours (Salzano 
et al., 2016; Porru et al., 2014). 

Here, we investigated the possibility to use SANPs for ncRNA de-
livery, e.g. microRNA (miRNA). Due the ability to deliver bispho-
sphonates in the central nervous system (CNS), SANPs have been tested 
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for their ability to deliver miRNA in an experimental model of brain 
tumor. Among the primary brain tumors, glioblastoma (GBM) is the 
highest aggressive one with very poor prognosis (about 14.6 months) 
(Stupp et al., 2009). GBM is currently treated with radiotherapy in 
combination with chemotherapy, namely temozolomide (TMZ). How-
ever, TMZ, especially after prolonged treatments, has only a very lim-
ited activity mainly due to the occurrence of chemoresistance mainly 
attributed to the activity of the O6-methylguanine methyl transferase 
(MGMT) (Pegg, 1990; Ochs and Kaina, 2000; Perazzoli et al., 2015). 
Recently, a microRNA (miRNA), namely miRNA-603, has been identi-
fied as powerful suppressor of MGMT expression in GBM (Kushwaha 
et al., 2014). These findings suggest the possibility to use miRNAs as 
powerful tool to enhance the efficacy on DNA alkylating agent, e.g. 
TMZ, in the treatment of GBM. 

The aim of this study was to propose and optimize SANPs for the de-
livery of miRNA in brain tumor. To this aim, SANPs with different lipid 
composition, i.e. different cationic lipids, neutral lipids, and type of 
PEGylated lipids, have been tested. All the prepared SANPs were char-
acterized in terms of size, zeta potential and miRNA encapsulation. 
Stability of SANPs have been tested in bovine serum albumin (BSA) or 
plasma; moreover, hemolytic activity of the formulations on red blood cells 
was investigated. Cytotoxicity of the different prepared SANPs was also 
tested on two different GBM cell lines. Then, formulations selected in the 
previous studies were tested for the delivery of the miR603 in two GBM 
cells. Finally, the biodistribution of the miRNA, when administered with 
SANPs was studied in different organs in an orthotopic model of GBM. 

The SANP composition, in terms of cationic lipids, presence of 
neutral lipids, and type of PEGylated lipids, was optimized to achieve 
the highest delivery of the miRNA. Thus, three different cationic lipids, 
namely 1,2-dioleoyl-3-trimethylammonium-propane chloride (DOTAP), 
N-[1-(2,3-dioleyloxy)propyl]-N,N,N-trimethylammonium chloride 
(DOTMA) or 3ß-[N-(N',N'-dimethylaminoethane)-carbamoyl]choles-
terol hydrochloride (DC-chol), two neutral lipids, namely cholesterol 
(CHOL) and dioleoylphosphatidylethanolamine (DOPE), and two 
PEGylated lipids, namely N-palmitoyl-sphingosine-1 {succinyl 
[methoxy(polyethylene glycol)2000]} (PEG2000-Cer16) (cer-PEG) and 
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(poly-
ethylene glycol)-2000] (DSPE-PEG2000) were tested in this study. 

2. Material and methods 

2.1. Material 

MicroRNA (miRNA), namely microRNA-603 (miR603) (5′-CACAC 
ACUGCAAUUACUUUUGC-3′), was synthesized by Tema Ricerca s.r.l. 
(Bologna, Italy). 1,2-dioleoyl-3-trimethylammonium-propane chloride 
(LIPOID DOTAP-CL or DOTAP) was kindly gifted by Lipoid GmbH 
(Ludwigshafen, Germany), N-[1-(2,3-dioleyloxy)propyl]-N,N,N-tri-
methylammonium chloride (DOTMA) or 3ß-[N-(N',N'-dimethylami-
noethane)-carbamoyl]cholesterol hydrochloride (DC-chol), cholesterol 
(CHOL), dioleoylphosphatidylethanolamine (DOPE), N-palmitoyl- 
sphingosine-1 {succinyl[methoxy(polyethylene glycol)2000]} (cer- 
PEG2000) (cer-PEG) and 1,2-distearoyl-sn-glycero-3-phosphoethanola-
mine-N-[amino(polyethylene glycol)-2000] (DSPE-PEG2000) were from 
Avanti Polar Lipids (Alabaster ,a Usa). Sodium chloride, calcium 
chloride, sodium phosphate dibasic, potassium chloride and bovine 
serum albumin (BSA), were obtained from Sigma-Aldrich Co. (Milan, 
Italy). Human plasma was obtained from healthy volunteers. 

2.2. Methods 

2.2.1. Preparation of hybrid self-assembling nanoparticles encapsulating 
miRNA (SANPs-miRNA) 

Hybrid self-assembling nanoparticles (SANPs) were prepared as pre-
viously reported (Salzano et al., 2011) with some modifications. In a first 
step, PEGylated cationic liposomes (PLs) consisting of DOTAP/chol/DSPE- 

PEG2000 (mM ratio 1:1.8:0.125), DOTAP/DSPE-PEG2000 (mM ratio 
1:0.125), DOTAP/DOPE/DSPE-PEG2000 (mM ratio 1:1:0.125), DOTMA/ 
chol/DSPE-PEG2000 (mM ratio 1:1.8:0.125), DOTMA/DSPE-PEG2000 (mM 
ratio 1:0.125), DOTMA/DOPE/DSPE-PEG2000 (mM ratio 1:1:0.125), DC- 
chol/chol/DSPE-PEG2000 (mM ratio 1:1.8:0.125), DC-chol/DSPE-PEG2000 

(mM ratio 1:0.125), DC-chol/DOPE/DSPE-PEG2000 (mM ratio 1:1:0.125), 
DOTAP/chol/cer-PEG (mM ratio 1:1.8:0.125), DOTAP/cer-PEG (mM ratio 
1:0.125), DOTAP/DOPE/cer-PEG (mM ratio 1:1:0.125), DOTMA/chol/ 
cer-PEG (mM ratio 1:1.8:0.125), DOTMA/cer-PEG (mM ratio 1:0.125), 
DOTMA/DOPE/cer-PEG (mM ratio 1:1:0.125), DC-chol/chol/cer-PEG 
(mM ratio 1:1.8:0.125), DC-chol/cer-PEG (mM ratio 1:0.125), DC-chol/ 
DOPE/cer-PEG (mM ratio 1:1:0.125) were prepared by hydration of a thin 
lipid film followed by extrusion. Briefly, the thin film was obtained by a 
rotary evaporator (Laborota 4010 digital, Heidolph, Schwabach, Ger-
many) and then hydrated with RNAse free water for 2 h. The liposome 
suspension was then extruded using a thermobarrel extruder system 
(Northern Lipids Inc., Vancouver, BC, Canada) passing repeatedly the 
suspension under nitrogen through polycarbonate membranes with de-
creasing pore sizes from 400 to 100 nm (Nucleopore Track Membrane 
25 mm, Whatman, Brentford, UK). After preparation, liposomes were 
stored at 4 °C. Separately, calcium-phosphate colloidal dispersion (CaP 
NPs) were prepared. Briefly, an aqueous solution of dibasic hydrogen 
phosphate (10.8 mM) at pH 9.5 was added 1:1 v/v, dropwise and under 
magnetic stirring at about 1500 rpm, to an aqueous solution of calcium 
chloride (18 mM) at pH 9.5 for 10 min and filtered with cellulose filter 
(0.22 μm filter membranes of regenerate cellulose). CaP NPs were pre-
pared before the use. The colloidal dispersion was then mixed with an 
aqueous solution of miRNA (0.2 mM of miRNA in RNAse free water cor-
responding to 1.4 mg/ml of miR603) by vortex for 10 s in a ratio of 50:1 
v/v and allowed to react for 10 min, resulting in CaP/miRNA NPs. Finally, 
SANPs-miRNA (Fig. 1), were prepared by mixing, in equal volume, CaP/ 
miRNA NPs and different PLs by vortex for 10 s and allowed to react for 
25 min. The concentration of miR603 in the final formulations was 35 μg/ 
ml. Plain SANPs, without miRNA, were prepared similarly. Each for-
mulation was prepared in triplicate. 

2.2.2. Physical-chemical characterisation of self-assembling nanoparticles 
encapsulating miRNA (SANPs-miRNA) and plain SANPs 

PLs, plain SANPs (without miRNA) and SANPs-miRNA were char-
acterized in terms of mean diameter, polydispersity index (PI), and zeta 

Fig. 1. Preparation of hybrid self-assembling NPs encapsulating miRNAs 
(SANPs-miRNA). CaP NPs = calcium phosphate nanoparticles. 
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potential (ζ). In particular, mean diameter was determined at 20 °C by 
photon correlation spectroscopy (PCS) (N5, Beckman Coulter, Miami, 
USA) while zeta potential (ζ) was measured in deionized and filtered 
water by the Zetasizer Nano Z (Malvern, UK). For each formulation, the 
mean diameter, the PI and the ζ were calculated as the mean of mea-
sures carried out on at least three different batches. 

2.2.3. miRNA encapsulation into SANPs 
Moreover, in the case of SANPs-miRNA, the miRNA encapsulation 

efficiency was also determined in the different formulations. Briefly, the 
amount of miR603 encapsulated in the final SANPs-miRNA was de-
termined by indirect measure of unencapsulated miRNA, separated by 
ultracentrifugation (Optima Max E, Beckman Coulter, USA) at 
80000 rpm, 4 °C, for 40 min. The supernatants were analyzed by UV 
(UV-1800, UV Spectrophotometer) at the wavelengths of 260 nm and 
the concentration of miRNA was calculated by a calibration curve of 
miR603 (R2 = 0,999) in H2O. Each analysis was carried out in dupli-
cate. 

2.2.4. Stability of SANP-miRNA in biological media 
The stability of SANPs and SANPs-miRNA was tested in bovine 

serum albumin (BSA), (1% w/v in 20 mM phosphate buffer saline, 
isosmotic with NaCl 0,9% w/v physiological solution)) and human 
plasma. To recover human plasma, human blood was centrifuged at 
2000 rpm for 15 min to separate the erythrocytes from the plasma. 
Human plasma was withdrawn and diluted at 1% v/v in 20 mM 
phosphate buffer pH 7,4 and NPs were added (1% w/v). The interaction 
with SANPs or SANPs-miRNA with serum proteins as well as the NPs 
aggregation were evaluated by monitoring the mean size of the both 
SANPs and SANP-miRNA formulations in BSA and human plasma up to 
4 h at 37 °C. Each analysis was prepared in duplicate. 

Hemolysis assay on SANPs and SANPs-miRNA has been performed 
on fresh human blood as previously reported by Mahmoud et al. (2014), 
with slight modifications. Briefly, the erythrocytes were collected from 
the plasma by centrifugation at 2000 rpm for 15 min, and then re-
constituted in aqueous solution of NaCl 0,9% w/v. This step was re-
peated three times. The erythrocytes were diluted 1:10 with the solu-
tion of NaCl 0.9% (w/v) and then 0.2% (w/v) of formulations were 
added, mixed at 600 rpm for 30 s by vortex and incubated in a shaker 
bath at 37 °C for 4 h. The negative control (0% hemolysis) was obtained 
by diluting 1:10 human blood in NaCl 0.9% (w/v), whereas the positive 
control (100% hemolysis) was prepared by adding an excess of water to 
human erythrocytes, to induce lysis. Afterwards, the samples were 

withdrawn, placed on ice for 2 min to quench erythrocyte lysis and 
centrifuged (3000 rpm for 5 min) to separate the supernatant from the 
pellet, consisting of intact red blood cells. The obtained supernatant 
was centrifuged another time (3000 rpm for 5 min) and the content of 
hemoglobin was determined by spectrophotometer Thermo Fisher Sci-
entific 1510 Multiskan Go measuring the absorbance (ABS) at 
λ = 540 nm. The percentage of hemolysis was calculated using the 
formula:  

Hemolysis %= ((ABSsample – ABS0)/(ABS100 – ABS0))*100                  

where ABS0 was the absorbance of the negative control and ABS100 the 
absorbance of the positive one. 

2.2.5. Real-time quantitative PCR 
Human GBM cell Lines LN229, U87MG were purchased by the 

American Type Culture Collection (ATCC). U87MG cells were cultured 
at 37 °C in a 5% CO2 atmosphere in RPMI 1640 medium containing L- 
glutamine (Gibco®, Life Technologies, Carlsbad, CA) with the addition 
of 10% fetal bovine serum (FBS) decomplemented in the bath at 56 °C 
for 20 min (Lonza Group Ltd, Switzerland), 1% of a solution of peni-
cillin and streptomycin (Gibco®, Life Technologies). LN229 cells were 
grown at 37 °C in a 5% CO2 atmosphere, in a DMEM medium (Gibco®, 
Life Technologies, Carlsbad, CA), with the addition of 10% fetal bovine 
serum (FBS) added to bath at 56 °C for 20 min (Lonza Group Ltd, 
Switzerland), 1% of L-glutamine, 1% of penicillin and streptomycin 
(Gibco®, Life Technologies). Cell transfection efficiency was evaluated 
by Real-time quantitative PCR using ViiA 7 System (Applied 
Biosystems, California, USA). Cells were transfected or not with miR603 
or treated with different formulations of nanoparticles containing 
miR603 at a concentration of 50 nM. After 24, 48, 72 h, total RNA from 
suspension cell line LN229 and U87MG (5 × 105 cells) was obtained by 
mirVana miRNA Isolation Kits (Ambion, Life Technologies, California, 
USA) according to manufacturer’s instructions. The integrity, quality 
and quantity of RNA were assessed by the NanoDrop ND-1000 
Spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, USA). 
Oligo-dT-primed cDNA was obtained using the High Capacity cDNA 
Reverse Transcription Kit (Applied Biosystems). The single-tube 
TaqMan miRNA assays (Ambion, Life Technologies, California, USA) 
was used to detect and quantify mature miR603 according to the 
manufacturer’s instructions by the real-time PCR ViiA7 (Applied 
Biosystems, California, USA). MiR603 expression was normalized on U- 
6 (Ambion, Life Technologies, California, USA). Comparative real-time 
PCR (RT-PCR) was performed in triplicate, including no template 

Table 1 
Composition of the different formulations of hybrid self-assembling nanoparticles (SANPs) prepared plain or complexed with miR603.            

Lipid composition of the formulation (mM ratio) Formulation legend 

DOTAP DOTMA Dc-Chol CHOL DOPE DSPE-PEG cer-PEG Cationic liposome SANPs SANPs encapsulating miR603  

1 – – 1.8 – 0.125 – PL-DOTAP C1 SANPs-DOTAP C1 SANPs-603-DOTAP C1 
1 – – – – 0.125 – PL-DOTAP 1 SANPs-DOTAP 1 SANPs-603-DOTAP 1 
1 – – – 1 0.125 – PL-DOTAP D1 SANPs-DOTAP D1 SANPs-603-DOTAP D1 
– 1 – 1.8 – 0.125 – PL-DOTMA C1 SANPs-Dotma C1 SANPs-603-Dotma C1 
– 1 – – – 0.125 – PL-DOTMA 1 SANPs-Dotma 1 SANPs-603-Dotma 1 
– 1 – – 1 0.125 – PL-DOTMA D1 SANPs-Dotma D1 SANPs-603-Dotma D1 
– – 1 1.8 – 0.125 – PL-DCchol C1 SANPs-Dcchol C1 SANPs-603-Dcchol C1 
– – 1 – – 0.125 – PL-Dcchol 1 SANPs-Dcchol 1 SANPs-603-Dcchol 1 
– – 1 – 1 0.125 – PL-DCchol D1 SANPs-Dcchol D1 SANPs-603-Dcchol D1 
1 – – 1.8 – – 0.125 PL-DOTAP C2 SANPs-DOTAP C2 SANPs-603-DOTAP C2 
1 – – – – – 0.125 PL-DOTAP 2 SANPs-DOTAP 2 SANPs-603-DOTAP 2 
1 – – – 1 – 0.125 PL-DOTAP D2 SANPs-DOTAP D2 SANPs-603-DOTAP D2 
– 1 – 1.8 – – 0.125 PL-DOTMA C2 SANPs-DOTMA C2 SANPs-603-DOTMA C2 
– 1 – – – – 0.125 PL-DOTMA 2 SANPs-DOTMA 2 SANPs-603-DOTMA 2 
– 1 – – 1 – 0.125 PL-DOTMA D2 SANPs-DOTMA D2 SANPs-603-DOTMA D2 
– – 1 1.8 – – 0.125 PL-DCchol C2 SANPs-DCchol C2 SANPs-603-DCchol C2 
– – 1 – – – 0.125 PL-DCchol 2 SANPs-DCchol 2 SANPs-603-DCchol 2 
– – 1 – 1 – 0.125 PL-DCchol D2 SANPs-DCchol D2 SANPs-603-DCchol D2 
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controls, and relative expression was calculated using the comparative 
cross-threshold (Ct) method. 

2.2.6. Cell viability assay 
We assessed the viability of the cell lines using a colorimetric assay 

that measures the ability of viable cells to transform a soluble tetrazolium 
salt (MTT) to an insoluble purple formazan precipitate. Cells were plated 
at the appropriate density in 96-well microtitre plates. After 24 h, cells 
were exposed to various concentrations of different formulations of na-
noparticles to test their cytotoxicity. After 72 h, 10 μL of MTT (1 mg·mL-1) 
and 200 μL of medium were added to the cells in each well. After 4 h 
incubation at 37 °C, the medium was removed, then the formazan crystals 
were solubilized by adding 100 μL of DMSO and by mixing it in an orbital 
shaker for 20 min. Absorbance at 570 nm was measured using a plate 
reader. Experiments were performed in triplicate. As a control, 0.5% 
DMSO was added to untreated cells. Data were expressed as mean  ±  SD. 

2.2.7. In vivo experiments 
SCID male mice (5–6 weeks old) purchased from Charles River 

(Calco, Italy) were injected intracranially with U87MG human GBM 
line at 2.5 × 105 cells/mouse and after two weeks mice were treated 

intravenously with 6.8 μg miR603/mouse of two different SANPs- 
miRNA that are, PL-CaP-603-DOTAP-C1, composed of CaP and PLs 
consisting of DOTAP/CHOL/DSPE-PEG mM ratio 1:1.8:0.125), and PL- 
CaP-603-DOTAP-2, composed CaP and PLs of DOTAP/cer-PEG (mM 
ratio 1:0.125) formulations. Mice were euthanized 6 h and 18 h after 
the treatment and plasma and organs collected and maintained at 
−80 °C until analysis. All animal experiments comply with the ARRIVE 
guidelines and have been be carried out in accordance with EU 
Directive 2010/63/EU for animal experiments. 

2.2.8. RNA extraction on mouse biopsies and Real-time quantitative PCR 
Total RNA was extracted from mouse biopsies by mirVana miRNA 

Isolation Kits (Ambion, Life Technologies, California, USA) according to 
manufacturer’s instructions as follows. In details, tissues were homo-
genized in 300 μL of Disruption Buffer. Successively, an equal volume of 
Denaturing Buffer (previously set at 37 °C) was added to the tissues 
homogenate and they were incubated in ice for 5–10 min. Then, 
Phenol-chloroform was added in the tube in a volume equal to the total 
volume and centrifugated at 10,000 rcf for 5 min. After centrifugation, 
the aqueous phase was collected and a volume of absolute ethanol 
equal to 1.25 times that of the collected volume was added. Then 

Fig. 2. Mean diameter (nm) of the PEGylated liposomes and SANPs before and following complexation with miR603. PL = PEGylated liposomes; SANPs = hybrid 
self-assembling nanoparticles. C = cholesterol; D = DOPE; 1 = DSPE-PEG2000; 2 = cer-PEG2000. Panel A: formulations containing DSPE-PEG2000; Panel B: for-
mulations containing cer-PEG2000. 
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700 μL at a time were collected, applied in Filter Cartridge and cen-
trifuged at 10,000 rcf for 5 min. 700 μL of Wash Solution 1 were added 
on each Filter Cartridge, followed by centrifugation at 10,000 rcf for 
40 s, later two washings with 500 μL of Wash Solution 2 were per-
formed. Finally, 50 μL of Eluition Buffer (preheated at 95 °C) were 
added to the Filter Cartridge, previously placed on new tubes. Then, the 
samples were quantized to Nanodrop (Technologies Inc., Wilmington, 
DE). cDNA was obtained by using the TaqMan® Small RNA Assays Kit 
(Applied Biosystems) according to the manufacturer’s instructions. The 
single-tube TaqMan miRNA assays (Ambion, Life Technologies, 
California, USA) was used to detect and quantify mature miR603 ac-
cording to the manufacturer’s instructions by the use of the Real-time 
PCR ViiA7 (Applied Biosystems, California, USA). MiR603 expression 
was normalized on U-6 (Ambion, Life Technologies, California, USA). 
Comparative real-time PCR (RT-PCR) was performed in triplicate, in-
cluding no template controls, and relative expression was calculated 
using the comparative cross-threshold (Ct) method. 

3. Results and discussion 

SANPs are core–shell nanoparticles obtained by a self-assembling 
process and designed for an easy scale-up and to facilitate the 

technology transfer (Campani et al., 2018). However, while for bi-
sphosphonates the usefulness of this technology has been largely 
showed (Salzano et al., 2011; Marra et al., 2012; Salzano et al., 2016), 
the possibility to use SANPs for the delivery of other chemical species, 
e.g. nucleic acids, remains to be demonstrated. Thus, in this study, the 
potential of SANPs for the delivery of nucleic acids was investigated. In 
particular, a specific miRNA, e.g. miR603, was used as model miRNA, 
but also for its potential to revert chemoresistance in the treatment of 
GBM (Kushwaha et al., 2014). Due to the potentialities of miR603, the 
ability of SANPs to deliver the miRNA in GBM, in vitro and in vivo, was 
studied. SANPs encapsulating miRNA with optimized characteristics in 
term of size, zeta potential, physical stability in biological media, low 
hemolytic activity, were developed. To this aim, lipid composition, 
namely the type of cationic lipid, the presence of a neutral lipid and the 
type of PEGylated lipid were optimized. 

Three different cationic lipids largely used for transfection purposes, 
namely DOTAP, DOTMA and DC-chol, were tested in this study. 
Cationic lipids were used to “anchor” the lipid shell to the inorganic 
core of the SANPs, but also as transfection agent for the nucleic acid. 
Each cationic lipid was used alone or associated to two different neutral 
lipids, namely CHOL and DOPE. CHOL has been used to improve the 
transfection efficiency of cationic liposomes (De Rosa et al., 2008; 

Fig. 3. Polydispersity index (PI) of the PEGylated liposomes and SANPs before and following complexation with miR603. PL = PEGylated liposomes; 
SANPs = hybrid self-assembling nanoparticles. C = cholesterol; D = DOPE; 1 = DSPE-PEG2000; 2 = cer-PEG. Panel A: formulations containing DSPE-PEG2000; Panel 
B: formulations containing cer-PEG2000. 
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Hosseini et al., 2019). Similarly, the addition of the fusogenic lipid 
DOPE to the formulation is considered a well-established strategy to 
promote the escape of nucleic acids from endosomes (Litzinger and 
Huang, 1992; Khatri et al., 2014). Moreover, it has been demonstrated 
that the introduction of “helper lipids”, such as DOPE or CHOL, can 
stabilize the carrier membrane, reducing vesicle aggregation in the 
presence of serum proteins (Xiong et al., 2011). Finally, in all the for-
mulations, a PEGylated lipid, namely DSPE-PEG2000 or cer-PEG2000, 
was included. The inclusion of a PEGylated shell on the liposome sur-
face has been used to increase the stability of SANPs-miRNA in biolo-
gical fluids (Jiang et al., 2010). The higher stability in serum results in 
an increased circulation time of the formulations (Maeda et al., 2000) 

also due to a reduction of uptake by macrophages. Thus, PEGylation of 
SANPs-miRNA could encourage the transfection efficiencies in relevant 
biological media (Balazs and Godbey, 2011; Xue et al., 2015). 

In Table 1, the composition of all the SANP formulations prepared in 
this study is summarized. 

3.1. Physical-chemical characterization of SANPs 

Mean diameter, polydispersity index and surface charge of PLs, 
plain SANPs and SANPs-miRNA (also called PL-CaP and PL-CaP-603 
respectively into the charts and tables) are reported in Figs. 2–4, re-
spectively. 

Fig. 4. Zeta potential (ζ) of the PEGylated liposomes and SANPs before and following complexation with miR603 and miR603 O-Met. PL = PEGylated liposomes; 
SANPs = hybrid self-assembling nanoparticles. C = cholesterol; D = DOPE; 1 = DSPE-PEG2000; 2 = cer-PEG. Panel A: formulations containing DSPE-PEG2000; Panel 
B: formulations containing cer-PEG2000. 
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PLs had a mean diameter ranging between about 120 and 160 nm. 
The complexation of PLs with the CaP dispersion resulted in plain 
SANPs with a mean diameter generally around 140 nm and a PI be-
tween about 0.05 and 0.2, suggesting that the lipid composition has no 
a significant effect on the SANPs size. On the case of liposomes based on 
the cationic lipid and PEGylated lipid, the size and the consequent high 
curvature of the bilayer could lead to the localization of PEGylated li-
pids on the outer layer of the membrane, thus shielding the positive 
charge of the cationic lipid. On the other hand, the inclusion of neutral 
lipids could contribute to the reorganization of the bilayer shifting to-
ward a more homogeneous distribution of PEGylated lipid between the 
outer and the inner layers of the membrane, and consequent increase of 
the ζ value. 

The addition of the miRNA to plain SANPs did not significantly 
affect the mean size, with a weak effect on the PI that remains under 
0.2, with the exception of the formulation containing DOTMA and cer- 
PEG2000 (PI ~ 0.3), (Fig. 3). 

Moreover, the encapsulation of miRNA influenced the ζ, being this 
effect strictly depending on the formulation (Fig. 4). In particular, in the 
majority of the formulations, a reduced ζ was found, suggesting that the 
anionic charged miRNA interact with the cationic lipid, also at the level 
of the external lipid shell. In the formulations PL-CaP-603-Dotap1 and 
PL-CaP-603 DotmaD1, the inclusion of miRNA lead to increase of zeta 
potential; this could be ascribed to the lipid rearrangement inducing the 
shielding of the cationic charges by the PEGylated lipids. 

In Table 2, the amount of miRNA encapsulated, expressed as miRNA 
actual loading (mmol of miRNAs/mmol of cationic lipid) and miRNA 
encapsulation efficiency (expressed as percentage respect to the miRNA 
initially used in the formulations) in the SANPs-miRNA is reported. All 
the formulations were characterized by a very high miRNA encapsulation 
efficiency, ranging from about 72 to 100%, the lowest encapsulation 
being observed in the case of the formulation based on DOTAP, DOPE 
and cer-PEG2000. The comprehension of the lipid rearrangement and 
SANPs architecture affecting the efficiency of the miRNA complexation 
are very complex and cannot clarified in this study. However, we can 
hypothesize that SANPs with the lowest encapsulation efficiency are 
characterized by a more compact structure that limits the complexation 
and encapsulation of large amount of miRNA 

In a second phase of the study, considering that the SANPs-miRNA 
are designed for an intravenous administration, the SANPs physical 
stability was tested firstly in a BSA solution at 1% w/v (for a first 

screening) and then in human plasma up to 4 h at 37 °C. The ag-
gregation of SANPs-miRNA in presence of serum proteins was evaluated 
by monitoring the mean size of the formulations (1% w/v) in both 
media. SANPs mean diameter in both media is reported in the Fig. 5. 

All the formulations did not significantly change their mean size 
following incubation in BSA for 4 h. On the contrary, the stability of 
SANPs-miR603 in human plasma strictly depended on the formulation. 
Significant increase in size, presumably aggregation, was found in 
formulations combining DOTMA and cer-PEG2000. Moreover, the for-
mulations with DC-chol associated to cholesterol and cer-PEG2000 was 
found to aggregate in plasma. It is well known that ceramide can in-
teract with the hydrophobic portion of proteins (Krönke, 1999). The 
higher propensy of some SANPs containing cer-PEG2000 to interact with 
proteins (probably different than BSA) can lead to particle aggregation. 

3.2. Hemolytic activity of SANPs-miRNA 

The hemolytic activity of SANPs-miRNA was then evaluated in human 
blood. In particular, according to ASTM F 756-17, a hemolytic activity less 
than 2% was considered non-toxic, while at levels between 2 and 5% only 
slightly toxic. As reported in Table 2, SANPs-miRNA showed a different 
hemolytic effect depending on the composition. In particular, the combi-
nation of DOTMA and cer-PEG2000 led always to a hemolytic activity from 
slight to important (from 3% to 16%). For all the other formulations, 
hemolytic values close or lower than 2% were observed, suggesting no 
toxicity on the red blood cells. Previous studies underlined the relationship 
between physical stability of nanoparticles and their hemocompatibility 
(Vuddanda et al., 2014; Jansook et al., 2018). In this study, also for-
mulations, e.g. SANPs-miR603-DOTMA 2 and SANPs-miR603-DOTMA D2, 
that were stable in presence of proteins, showed significant hemolytic 
activity. Thus, in this case, a direct interaction of the SANPs with the 
membrane of red blood cells should be hypothesized. Once more, this 
interaction could be enhanced by the presence of cer-PEG2000 that can 
enhance membrane propensity to form a hexagonal II phase, thus chan-
ging the membrane fluidity, which may impinge on fusion processes with 
cell membrane (Krönke, 1999), e.g. membrane of red blood cells. 

3.3. Cytotoxicity of SANPs 

The cytotoxicity of the SANP formulations at different concentra-
tions, namely from 20 to 200 nM, was tested on two glioblastoma cell 

Table 2 
Encapsulation of miRNA into the different SANP formulations (expressed as amount of mmol of miRNAs/mmol of cationic lipid), encapsulation efficiency (expressed 
as percentage respect to the miRNA initially used in the formulations); hemolytic activity and cytotoxicity of the different SANPs on LN229 and U87MG (for more 
information see the section Materials and Methods). C = cholesterol; D = DOPE; 1 = DSPE-PEG2000; 2 = cer-PEG2000.        

Formulation miRNA encapsulation Hemolysis % Cytotoxicity – IC50 (nM)  

mmol miRNA/mmol cationic lipid miRNA encapsulation efficiency (%)  U87MG LN229  

PL-CaP-603-DOTAP C1 1.52  ±  0.00 100  ±  0.0 1.11  ±  0.003 No toxic No toxic 
PL-CaP-603-DOTAP 1 1.42  ±  0.00 100  ±  0.0 0.08  ±  0.004 No toxic No toxic 
PL-CaP-603-DOTAP D1 1.53  ±  0.00 100  ±  0.0 0.19  ±  0.005 No toxic No toxic 
PL-CaP-603-Dotma C1 1.53  ±  0.00 100  ±  0.0 2.45  ±  0.006 176.9 171.0 
PL-CaP-603-Dotma 1 1.53  ±  0.00 100  ±  0.0 1.46  ±  0.002 No toxic No toxic 
PL-CaP-603-Dotma D1 1.53  ±  0.00 100  ±  0.0 1.12  ±  0.004 Highly toxic Highly toxic 
PL-CaP-603-Dcchol C1 1.53  ±  0.00 99  ±  0.2 0.73  ±  0.011 Highly toxic Highly toxic 
PL-CaP-603-Dcchol 1 1.24  ±  0.00 81  ±  0.0 0.21  ±  0.001 Highly toxic Highly toxic 
PL-CaP-603-Dcchol D1 1.52  ±  0.00 99  ±  0.4 0.07  ±  0.002 Highly toxic Highly toxic 
PL-CaP-603-DOTAP C2 1.53  ±  0.00 100  ±  0.4 0.09  ±  0.003 No toxic No toxic 
PL-CaP-603-DOTAP 2 1.26  ±  0.10 82  ±  6.4 1.00  ±  0.013 No toxic No toxic 
PL-CaP-603-DOTAP D2 1.16  ±  0.31 75  ±  19.8 1.72  ±  0.008 No toxic 85.6 
PL-CaP-603-DOTMA C2 1.53  ±  0.00 100  ±  0.0 6.13  ±  0.019 142.1 159.3 
PL-CaP-603-DOTMA 2 1.53  ±  0.00 100  ±  0.0 16.74  ±  0.033 156.0 182.5 
PL-CaP-603-DOTMA D2 1.53  ±  0.00 100  ±  0.0 5.23  ±  0.060 Highly toxic Highly toxic 
PL-CaP-603-DCchol C2 1.31  ±  0.00 100  ±  0.0 2.38  ±  0.030 Highly toxic Highly toxic 
PL-CaP-603-DCchol 2 1.47  ±  0.00 96  ±  0.0 1.98  ±  0.014 Highly toxic Highly toxic 
PL-CaP-603-DCchol D2 1.48  ±  0.01 96  ±  0.6 1.97  ±  0.012 Highly toxic Highly toxic    

V. Campani, et al.   International Journal of Pharmaceutics 588 (2020) 119693

7



lines, e.g. LN229 and U87MG. The formulations showing a cell viability 
lower than 80% at 100 nM were considered “highly toxic”. 
Formulations showing a cell viability lower than 80% of at the 200 nM, 
but higher than 80% at 100 nM, were considered “slightly toxic”. 
Formulations showing on both cell lines 80% of cell viability at the 
highest concentration (200 nM) were considered not toxic in our ex-
perimental conditions. The non-toxic SANPs were used for the fol-
lowing phase of the study. The results are summarized in Table 2. When 
considering the different cationic lipid used in this study, DOTMA and 
DC-chol based formulations were generally found from slightly to very 
toxic. Other authors found a higher cytotoxicity in vitro when using 
lipoplexes based on DC-chol (Lechanteur et al., 2018), compared to 
DOTAP. Similarly, the higher cytotoxicity of DOTMA compared to the 
DOTAP has previously been reported and reasonably attributed to the 

biodegradable ester bond present only in the latter (Obika et al., 1999). 
DOTAP-based SANPs were found not toxic on both the cell lines, when 
prepared with DSPE-PEG. The use of cer-PEG, only in the formulation 
containing DOPE, led to a slight toxicity (IC50 of 86 nM) found on 
LN229 cells. 

Taking into account these data, we considered that the formulations 
based on DOTAP, alone or associated with chol, were stable in serum, 
have no hemolytic activity, and were not cytotoxic; these formulations 
were used in the following step of the study. 

3.4. Delivery of miR603 in GBM cell lines 

The selected formulations were used to deliver miR603 in LN229 
and U87MG. The uptake of miR603 was measured by RT-PCR after 24 

Fig. 5. Stability of SANPs-miR603 in bovine serum albumin (BSA), (panel A) and in human plasma, (panel B), after incubation (t = 0) and after four hours (t = 4). 
C = cholesterol; D = DOPE; 1 = DSPE-PEG2000; 2 = cer-PEG. 
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and 48 h of cell incubation with the formulations. As positive control, 
the commercial transfection agent lipofectamine was used. Transfection 
with lipofectamine lead to a significant miR603 uptake in both LN229 
and U87MG (Fig. 6). In the case of w.t. miR603 delivered with lipo-
fectamine, the highest miRNA uptake was found after incubation for 
24 h, while miR603 levels progressively reduced after 48 and 72 h of 

incubation, respectively. This suggests a very poor miR603 stability into 
the cells following transfection, although this point should be further 
investigated. The cell incubation with SANPs encapsulating the miR603 
led to a strong increase of the miR603 uptake into the cells (Fig. 6). In 
particular, in LN229 cells the formulation SANPs-603-DOTAP 2 lead to 
a significant improvement of the miR603 uptake after 24 and 48 h of 

Fig. 6. Intracellular uptake of miR603, measured by RT-PCR, after 24 and 48 h of LN229 (left panel) and U87MG (right panel) incubation with the formulations. 
Lipofectamine was used for comparison purpose. 

Fig. 7. Levels of miR603 accumulated in brain, lungs, kidneys, heart, and liver before or following 6 and 18 h from the administration of PL-CaP-603-DOTAP C1 and 
PL-CaP-603-DOTAP 2 formulations. 
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incubation. Interestingly, a higher level of miRNA was found following 
48 h of incubation with SANPs-603-DOTAP C1 and DOTAP/DSPE-PEG, 
suggesting that the release of naked miR603 into the cells could be 
delayed with this formulation (Fig. 6, left panel). In the case of U87MG 
(Fig. 6, right panel), the miR603 uptake into the cells increased from 
1.2 to 12.5 times depending on the SANP formulations used. As in the 
case of LN229, the highest miRNA delivery was observed with the 
formulation DOTAP/cer-PEG. However, in the case of U87MG, the in-
tracellular level of miR603 was found very low following 48 h of in-
cubation. Thus, it could be hypothesized that a “sustained release” of 
miRNA into LN229 occurs, while in the case of U87MG a faster and 
higher delivery takes place, with consequent faster intracellular de-
gradation of the miR603 into the cells. 

The higher delivery of miRNA found in the case of SANPs based on 
DOTAP/cer-PEG could be ascribed to the role of cer-PEG. Previously, 
other authors compared the use of cer-PEG2000 and DSPE-PEG in lipo-
plexes encapsulating siRNA, demonstrating superior transfection in the 
case former (Lechanteur et al., 2016). In the case of lipoplexes, it has 
been reported that cationic lipids and RNA can adopt a lamellar or a 
hexagonal phase (Smisterová et al., 2001), being the latter the most 
favourable to the transfection and in particular to the endosomal escape 
of RNA (Rädler et al., 1997; Koltover et al., 1998; Dan and Danino, 
2014). Shi et co-workers demonstrated that DSPE-PEG stabilize the li-
poplexes in lamellar phase whereas cer-PEG2000 favour the hexagonal 
organization (Shi et al., 2002). Finally, it has been suggested that cer- 
PEG2000 provide a steric hindrance of PEG chain lower than DSPE-PEG, 
thus promoting endosomal escape of siRNA (Lechanteur et al., 2016). It 
is worthy of note that lipofectamine, used in this study for comparison 
purpose, consists on non-PEGylated liposomes that should provide 
higher transfection compared to PEGylated lipid nanoparticles. SANPs 
used in this study are PEGylated lipid nanoparticles and provided a 
transfection efficiency up to about 400 times higher than lipofectamine. 
To explain the high delivery efficiency of SANPs, we could hypothesize 
that also the CaP components could play a role. The potential of cal-
cium phosphate nanoparticles as transfection agents has been largely 
reported (Mostaghaci et al., 2016; Xu et al., 2016). Colloidal calcium 
phosphate particles have also endosomal escape properties that could 
be beneficial in the miRNA delivery by SANPs (Ma, 2014) in combi-
nation with the cationic lipid. 

3.5. Biodistribution of miR603 encapsulated in SANPs 

The ability of the selected SANP formulations to deliver in vivo 
miR603 was also investigated. In particular, the biodistribution of 
miRNA encapsulated in SANPs with different lipid compositions, 
namely SANPs-603-DOTAP C1 composed of DOTAP/CHOL/DSPE-PEG 
(mM ratio 1:1.8:0.125) and SANPs-603-DOTAP 2 composed of DOTAP/ 
cer-PEG (mM ratio 1:0.125), has been studied in an orthotopic model of 
GBM. RNA distribution in brain, lungs, kidneys, heart, and liver has 
been studied before (time zero) and following 6 and 18 h from the 
SANPs administration. The results are reported in Fig. 7. Independently 
on the formulation, the highest levels of miR603 were found at 6 h from 
the administration. Different levels of miR603 were observed in the 
different organs with the highest levels found in the lungs. Interest-
ingly, miR603 levels were significantly affected by the formulation, 
with the highest accumulation always in the case of the formulation 
SANP-603-DOTAP 2. In particular, when compared with the formula-
tion DOTAP/CHOL/DSPE-PEG, the use of the formulation based on 
DOTAP/cer-PEG allowed to achieve more than two times higher 
miR603 accumulation into the brain. This difference was also larger in 
the case of the other organs, especially in the case of lung where one 
order of magnitude of miR603 accumulation was found. These data are 
in agreement with previous works carried out in an orthotopic model of 
GBM where SANP accumulation into the cerebral tumor was found at 
6 h following the first administration (Porru et al., 2014). Thus, it is 
reasonable to hypothesize that also SANP encapsulating miRNA not 

only reach the brain, but also accumulate into the tumor. 
All together these results suggest that SANPs technology can be 

successfully proposed as delivery system for non-coding RNA (e.g. 
siRNA or miRNA). In particular this study provides insights for the 
optimization of lipid composition combining small size, high RNA en-
capsulation, stability in presence of plasma protein, hemocompatibility, 
low cytotoxicity, high transfection efficiency and in vivo delivery in 
different organs, including into the brain in a relevant orthotopic model 
of GBM. 

4. Conclusions 

This study provides the proof-of-principle to further boost the study 
of the SANPs as promising delivery tool for nucleic acids, e.g. miRNA. 
The finding underlines that the use of the cationic lipid into SANPs is 
not only mandatory for anchoring the lipid shell to the core, but also 
able to influence SANPs architecture, physical and biological stability, 
and the delivery process. Among the neutral lipid used here, the DOPE 
provided a slight toxicity in some formulations, thus only SANPs based 
on DOTAP and DOTAP/chol were selected. Finally, the use of cer- 
PEG2000 provided the highest delivery efficiency, compared to the 
DSPE-PEG. Biodistribution study underlined that such SANPs are able 
to deliver miRNA in different organs but allowing also accumulation of 
significant levels of the nucleic acid in the brain in an orthotopic model 
of GBM. Further studies will clarify if the amounts of miRNA delivered 
in the different organs, e.g. into the brain, will allow to achieve a 
pharmacological effect. 
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