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Introduction: Glioblastoma (GBM) is the most common and lethal of the central nervous

system (CNS) malignancies. The initiation, progression, and infiltration ability of GBMs are

attributed in part to the dysregulation of microRNAs (miRNAs). Thus, targeting dysregulated

miRNAs with RNA oligonucleotides (RNA interference, RNAi) has been proposed for GBM

treatment. Despite promising results in the laboratory, RNA oligonucleotides have clinical

limitations that include poor RNA stability and off-target effects. RNAi therapies against

GBM confront an additional obstacle, as they need to cross the blood-brain barrier (BBB).

Methods: Here, we developed gold-liposome nanoparticles conjugated with the brain

targeting peptides apolipoprotein E (ApoE) and rabies virus glycoprotein (RVG). First, we

functionalized gold nanoparticles with oligonucleotide miRNA inhibitors (OMIs), creating

spherical nucleic acids (SNAs). Next, we encapsulated SNAs into ApoE, or RVG-conjugated

liposomes, to obtain SNA-Liposome-ApoE and SNA-Liposome-RVG, respectively. We

characterized each nanoparticle in terms of their size, charge, encapsulation efficiency, and

delivery efficiency into U87 GBM cells in vitro. Then, they were administered intravenously

(iv) in GBM syngeneic mice to evaluate their delivery efficiency to brain tumor tissue.

Results: SNA-Liposomes of about 30–50 nm in diameter internalized U87 GBM cells and

inhibited the expression of miRNA-92b, an aberrantly overexpressed miRNA in GBM cell

lines and GBM tumors. Conjugating SNA-Liposomes with ApoE or RVG peptides increased

their systemic delivery to the brain tumors of GBM syngeneic mice. SNA-Liposome-ApoE

demonstrated to accumulate at higher extension in brain tumor tissues, when compared with

non-treated controls, SNA-Liposomes, or SNA-Liposome-RVG.

Discussion: SNA-Liposome-ApoE has the potential to advance the translation of miRNA-

based therapies for GBM as well as other CNS disorders.

Keywords: glioblastoma, GBM, central nervous system, CNS, microRNAs, RNA

interference, spherical nucleic acids, liposomes

Introduction
Glioblastoma (GBM) is the most common and malignant form of all primary brain

tumors. It is responsible for over 14,000 annual deaths in the US alone (National

Cancer Institute). The current standard of care for GBM patients consists of

maximal safe resection in combination with radiotherapy and temozolomide

(TMZ) chemotherapy. Following this treatment regimen, GBM patients usually

survive two years or less after the initial diagnosis, making it a universally fatal

disease with no cure. Despite a robust arsenal of diagnostic and treatment mod-

alities available for GBM treatment, the overall survival of GBM patients has

barely improved over the last 20 years.1–3 Therefore, novel and more effective

therapies against GBM are urgently needed.
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MiRNAs are endogenous small non-coding RNAs (22

nucleotides in length) that regulate gene expression at the

post-transcriptional level.4,5 Evidence indicates that miRNA

dysregulation contributes to GBMs’ initiation, progression,

and infiltration ability.6–9 Thus, miRNAs are potential targets

for GBM treatment.6 MiRNA-based therapies use oligonu-

cleotide miRNA inhibitors (OMIs) against upregulated

miRNAs or oligonucleotide miRNA mimics (OMMs) to

replace downregulated miRNAs. Despite promising out-

comes in the laboratory, the clinical translation of RNAi-

based therapies is developing slowly due to encountered

hurdles like fast renal clearance, propensity for nuclease

degradation, low incorporation into cancer cells, and activa-

tion of immune responses.10–13

Nanoparticles have been designed to address these con-

cerns. As drug carriers, nanoparticles improve RNAi’s cir-

culatory stability, decrease their fast renal clearance, reduce

their immune responses, and increase their cellular uptake.

Nanoparticles can be synthesized with organic or inorganic

materials,14–17 and they can transport both hydrophilic and

lipophilic molecules.18 Also, nanoparticles of 10–100 nm in

size can accumulate in tumor tissues due to incomplete

vascularization—a trademark known as the enhanced per-

meability retention effect (EPR).19 Examples of nanoparti-

cles for RNA and DNA delivery into cancer cells include

poly (amidoamine) (PAMAM), polyethyleneimine (PEI)-

complexed nanoparticles, liposomes, and spherical nucleic

acids (SNAs), among others.20–25

Liposomes are the most studied nanoparticles for cancer

therapeutics. Generally, the lipids used for liposome prepara-

tion are biocompatible, biodegradable, and of low toxicity.23,26

The phospholipid portions of the liposomes can be linked with

polyethylene glycol (PEG) or PEI molecules to increase lipo-

some blood stability. Liposomes can acquire tissue selectivity

bymodifying PEG and PEImolecules with amines, carboxylic

acids, or maleimide functional groups.14,27,28 These modifica-

tions facilitate the conjugation of ligands, peptides, or antibo-

dies against targeted tissues.14,27,28 Due to successful results in

preclinical and clinical studies, liposomes are currently the

only nanoparticles approved by the FDA as drug delivery

carriers.16,17,29-31

More recently, gold nanoparticles (AuNPs) have also

gained acceptance as suitable drug delivery vehicles.29,32-34

AuNPs are biologically inert, easily synthesized, commer-

cially available, and highly stable composites.35,36 They pos-

sess feasible characteristics that enable their application in

diagnostics, imaging, and therapy.16,32,36,37 The surface of

AuNPs can enable multiple coupling with drugs, CNS-

specific ligands, and oligonucleotides.26,38,39 Because of their

high surface area and spherical shape, oligonucleotides can

conjugate to the AuNP’s core leading to a 3D structure,

commonly known as spherical nucleic acids (SNAs).25,40

SNAs internalize more than 50 types of human tissue cells

through class A scavenger receptors.41 SNAs carrying siRNAs

against Bcl2L12 oncogene, named UN-0129, are under Phase

I clinical trial for gliosarcoma treatment (NCT03020017).

Most nanoparticles designed to treat brain-related dis-

eases encounter an additional challenge as they need to

cross the blood-brain barrier (BBB). The BBB is an ana-

tomical semipermeable barrier that protects the brain from

foreign substances and regulates molecular transit from the

blood into the brain and vice versa.42 More than 98% of

potential drugs against CNS malignancies fail to cross the

BBB.42 Therefore, creating nanoparticles that enable effi-

cient delivery of RNAi-based therapies through the BBB

and into GBM tumors has clinical significance.

Apolipoprotein E (ApoE) and rabies virus glycoprotein

(RVG) peptides have proven to enable the transport of

molecules from the circulation to the brain.43–47

ApoE is a specific ligand for the low-density lipoprotein

(LDL) receptors, highly expressed in brain vascular endothe-

lial cells and GBM cells.48,49 This peptide enables the trans-

port of molecules in circulation across the BBB by

interacting with LDL receptors of brain capillary endothelial

cells, receptor-mediated transcytosis (RMT).50–52 Published

data from Böckenhoff and collaborators demonstrated that

ApoE, in comparison to other BBB permeable peptides,

Angiopep, apolipoprotein B (ApoB), and Transactivator of

Transcription (TAT), had the highest delivery of the lysoso-

mal enzyme Arylsulfatase A (ASA) to the brain.43 RVG, on

the other hand, is a peptide sequence from a neurotropic

virus, known to reach the brain by targeting nicotinic acet-

ylcholine receptors of neuromuscular junctions.53 Brain

endothelium, neurons, and GBM cells also express these

receptors.46,53-55 Previous studies by Kumur and collabora-

tors showed that RVG peptide significantly increased oligo-

nucleotide delivery to the brain (p=0.001) in comparison to

other organs (liver and spleen), making it an excellent candi-

date to improve RNA delivery to the brain. Moreover, both

peptides have proven to facilitate the delivery of different

nanoparticles into GBM cells in vitro and in vivo.54,56-60

In this study, we synthesized nanoparticles capable of

delivering OMIs inside GBM cells in vitro and in vivo. We

generated SNAs by chemically functionalizing OMIs to

AuNPs. Then, we encapsulated SNAs inside ApoE or

RVG peptides-conjugated liposomes. Our results showed
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that SNA-Liposome-ApoE and SNA-Liposome-RVG effi-

ciently deliver OMIs in GBM cell lines and brain tumors

of GBM syngeneic mice.

Materials and Methods
Chemicals and Reagents
AuNPs, Dulbecco’s Phosphate Buffer Saline (PBS), DL-

Dithiothreitol (DTT), Tert-butanol, and 50 kDamicrodialysis

membranes were purchased from Sigma-Aldrich (St. Louis,

MO). Nap-10 G-25 Sephadex Columns were obtained

from GE Lifesciences (Pittsburgh, PA). DSPE-PEG-2000

(1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[met-

hoxy(polyethylene glycol)-2000]), DOPC (1,2-dioleoyl-sn-

glycero-3-phosphocholine), and cholesterol were purchased

at Avanti Polar Lipids (Alabaster, AL). DSPE-PEG-

Maleimide and mPEG-SH (SH=thiol or sulfhydryl group)

were purchased from Nanocs (New York, NY). RVG

(YTIWMPENPRPGTPCDIFTNSRGKRASNG) was pur-

chased from Anaspec (Freemont, CA), ApoE (CGRLVQ

YRG-EVQAMLGQSTEELRVRLASHLRKLRKRLLRD)

was purchased from Lifetein (Somerset, NJ). mirVana oligo-

nucleotide miRNA inhibitors (OMIs) were purchased from

Thermo Fisher (Waltham, MA) which includes the Negative

Control #1, SH-Negative Control #1 (5ʹ-sequence-SH-3ʹ),

OMIs-miR-92b, SH-OMIs-miR-92b (MIMAT0003218),

Negative Control #1-Alexa-Fluor 647, and SH-Negative

Control #1-Alexa-Fluor 647 (5ʹ-Alexa-Fluor 647-sequence-

SH-3ʹ). 2-mercaptoethanol (2-ME) was purchased from Bio-

Rad (Berkeley, CA). The “Measure-IT Thiol Assay Kit” was

purchased from Thermo Fisher, and the “Maleimide

Quantification Assay Kit” was purchased from Abcam

(Cambridge, UK).

Cell Line and Culture Conditions
The U87 GBM cell line was purchased from the

American Type Culture Collection (ATCC, VA).

GL261 cells (mouse astrocytomas) were a gift from

Dr. Lilia Y Kucheryavykh. Both cell lines were grown

as adherent cells and maintained in DMEM/F12 Media

from HyClone Lab (Logan, UT) supplemented with 10%

of fetal bovine serum (FBS) (Thermo Fisher) and 0.1%

of penicillin/streptomycin (Thermo Fisher) at 37°C in

a humid atmosphere with 5% CO2 (normal cell condi-

tions). Cells used for in vitro experiments had con-

fluences of 75–85%.

Spherical Nucleic Acid (SNA) Synthesis
A diagram showing SNA synthesis is depicted in Figure 1A.

We used the PEG and Tween-20 stabilization method

described by Jiuxing Li et al with some modifications

(Figure 1A).61 First, SH-OMIs were reduced with 50 mM

of DTT during 1.5 hours at room temperature and purified

with Nap-10 G25 Sephadex columns before the conjugation

reaction. Citrate capped 15 nm AuNPs (Sigma) resuspended

in deionized water (ddH2O) were mixed with mPEG(2000)-

SH and Tween-20 for 30 minutes at room temperature. The

filtered SH-OMIs were added to the mixture and vortexed.

The final concentrations of each of the four components were

as follows: 1.5 nM for AuNPs, 100 nM for mPEG-SH, 1 mM

for Tween-20, and 450 nM for SH-OMIs. NaCl was added to

a final concentration of 1M and incubated for 1.5 hours while

rotating at room temperature (RT). Salt and reagent excess

was removed by two sequential centrifugations of 17,000

RCF at 4°C for 30 minutes and resuspended with PBS 1X.

The obtained product consisted of SH-OMIs conjugated to

AuNPs, forming spherical nucleic acid, commonly known as

SNAs. SNA’s concentration was calculated with the Beer-

Lambert Equation using AuNP’s absorbance at 520 nm UV-

visible and an extinction coefficient of 3.67 X 108 M−1 cm−1.

SNA’s Oligonucleotide Content

Measurements
To quantify the RNA/AuNP molar ratio, we reacted SNAs

(containing SH-OMIs-Alexa-Fluor 647) with 2-ME (20 mM

final concentration) while shaking at RT for 5 hours. After

centrifugation at 17,000 RCF (4°C) for 30 minutes, the

supernatant with detached SH-OMIs-Alexa-Fluor 647 was

collected, transferred to 96 well Nunc-Optical bottom plates

(Rochester, NY) and analyzed for fluorescence measurement

at 650/665 excitation and emission spectra with the

Varioskan Flash Spectral Scan Multimode Reader from

Thermo Fisher. The concentration was determined using

a standard curve with fluorescence intensities of SH-OMIs-

Alexa-Fluor 647. The molar concentrations were expressed

as [RNA]/[AuNP] ratios.

SNA’s in vitro Toxicity Assay
The Alamar blue assay from Thermo Fisher was used, fol-

lowing the manufacturer’s instructions, to measure in vitro

toxicity in GBM. Here, U87 cells (6 X 104 cells/mL) were

seeded into 96-well cell culture plates (Eppendorf, Hamburg,

Germany) and incubated for 24 hours at normal cell
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NaCl

Tween 20

AuNPs

SH-OMIs

SH-PEG

Spherical Nucleic Acid (SNA)

A

ApoE or RVG Peptide

DSPE-PEG-Maleimide

DSPE-PEG

DOPC

Cholesterol

OMIs

SNAs

+

Peptide Conjugation to DSPE-PEG-Maleimide

Liposome-Peptide Preparation

SNA-Liposome-Peptide Preparation

72 hours 4°C

PBS

SNAs

B

Figure 1 Schematic representation of the peptide-conjugated gold-Liposomes’ synthesis.

Notes: (A) Spherical nucleic acids (SNAs) preparation. (B) Synthesis of Liposome-Peptide and SNA-Liposome-peptide nanoparticles.
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conditions. The next day, cells were treated with different

concentrations (10 nM, 5 nM, 2.5 nM, 1.25 nM, 0.625 nM,

and 0.313 nM final concentrations) of SNAs carrying non-

targeted negative control OMIs. Seventy-two hours after

incubation at 37ºC, cell viability was determined by adding

95 µL of Alamar blue dye. Three hours later, optical density

(OD) values were measured with the Bio-Rad XMark

Microplate Spectrophotometer. Cell viability was expressed

in percentage using the OD of non-treated (NT) cells as

100% of viability.

Preparation of Peptide-Labeled

Gold-Liposome Nanoparticles
A schematic representation of the liposome preparation

method is shown in Figure 1B. For targeted liposomes,

DSPE-PEG(2000)-Maleimide micelles (previously resus-

pended in 1X PBS, Mg2+ and Ca2+-free) were reacted with

either ApoE (containing one cysteine at the end of the

amino acid chain) or RVG peptides (containing one

cysteine at the middle of the amino acid chain) at a 1:2

molar ratio (DSPE-PEG-Maleimide: Peptide) for 72 hours

at 4°C. The conjugation efficiency was monitored by

quantifying free thiol groups or maleimide groups with

the “Measure- IT Thiol Assay Kit” and the “Maleimide

Quantification Assay Kit,” respectively. DSPE-PEG-Mal-

Peptide (ApoE or RVG) conjugates were purified with the

Pur-A-Lyzer Maxi 50,000 Dialysis Kit (Sigma) and recov-

ered in ddH2O for nanoparticle preparation.

Liposomes were prepared as previously described by

Reyes-Gonzalez et al.62 Supplementary Table 1 lists the

lipid amount used for each nanoparticle. To prepare untar-

geted OMIs-containing liposomes (without AuNPs), OMIs

were mixed with DOPC (DOPC/OMIs in a 10:1 w/w

ratio), cholesterol (DOPC/cholesterol in a 4:1 w/w ratio),

DSPE-PEG(2000) (5% of DOPC), and excess of tert-

butanol. To prepare Liposome-ApoE and Liposome-RVG

nanoparticles, OMIs were mixed with DOPC (DOPC/

OMIs in a 10:1 w/w ratio), cholesterol (DOPC/cholesterol

in a 4:1 w/w ratio), DSPE-PEG(2000)-Mal-Peptide con-

jugates (4% of DOPC), DSPE-PEG(2000) (1% of DOPC),

and excess of tert-butanol. The lipid mixture of each

OMIs-containing liposomes (Liposome, Liposome-ApoE,

and Liposome-RVG) was lyophilized and stored at −20°C

until used. The lyophilized material was rehydrated with

1X PBS (Mg2+ and Ca2+-free), vortexed for 5 minutes and

sonicated for 10 minutes.

To prepare untargeted SNA-containing liposomes (SNA-

Liposomes), DOPC (DOPC/OMIs in a 10:1 w/w ratio),

cholesterol (DOPC/cholesterol in a 4:1 w/w ratio), DSPE-

PEG(2000) (5% of DOPC), and excess of tert-butanol were

mixed and lyophilized before SNA encapsulation. To prepare

SNA-Liposome-ApoE and SNA-Liposome-RVG, DOPC

(DOPC/RNA in a 10:1 w/w ratio), cholesterol (DOPC/cho-

lesterol in a 4:1 w/w ratio), purified DSPE-PEG-Mal-Peptide

conjugates (4% of DOPC), DSPE-PEG(2000) (1% of

DOPC), and excess of tert-butanol were mixed; followed

by their lyophilization and storage at −20 °C until used.

The lyophilized material was resuspended with SNAs pre-

diluted in 1x PBS (Mg2+ and Ca2+-free). The mixture was

then vortexed for 5 minutes and sonicated for 10 minutes.

Liposome Encapsulation Efficiency Studies
OMIs containing liposomes (Liposome, Liposome-ApoE,

and Liposome-RVG) were dialyzed with Pur-A-Lyzer™

Maxi 50,000 dialysis tubes. Water (ddH2O) was changed

every 30 minutes for a total period of 8 hours. Afterward,

2% of Triton X-100 was added to the dialysis tubes, and the

amount of OMIs was quantified with a Qubit microRNA

Assay Kit in a Qubit 3.0 Fluorometer (Thermo Fisher),

according to manufacturer’s specifications. Relative

Fluorescent Unit values and OMIs concentrations were

determined by using a standard curve corrected with 2.0%

of Triton-X.63 The amount of encapsulated OMIs (encapsu-

lation efficiency) was calculated as the percentage amount

of OMI inside the membrane divided by the amount of OMI

before dialysis.

To determine the encapsulation efficiency of SNA-

Liposomes, SNA-Liposome-ApoE, and SNA-Liposome-

RVG, samples were transferred to Nanosep 300K filter

columns (Pall Corporation; NY) and centrifuged at 7500

RPM for 10 minutes. The first filtrate (non-encapsulated

SNAs) was collected. The columns (containing SNA-

Liposomes) were transferred to fresh new microtubes and

treated with 2% of Triton X-100, followed by additional

centrifugation at 7500 RPM for 10 minutes. AuNP con-

centrations before centrifugation, and after first and second

centrifugation (treated with Triton X-100) were calculated

as described above.

Nanoparticle Size and Zeta Potential

Measurements
The nanoparticle’s hydrodynamic diameter, charge, and

polydispersity were measured by Dynamic Light Scattering
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(DLS) with a Mobius instrument (Wyatt Technologies, Santa

Barbara, CA).62 Each sample that was analyzed had the same

concentration of OMIs (12.5 µg/mL) dispersed in 1X PBS

(Mg2+ and Ca2+-free) at room temperature.

Nanoparticle Uptake into GBM Cells

Assessment
U87 cells (3.5 X 104 cells/mL) were plated into Lab-Tek

Chamber Slides (Thermo-Fisher) and incubated overnight

at 37°C, 5% CO2 in a humid atmosphere (normal cell

conditions). The next day cells were treated with each

nanoparticle (Liposome, Liposome-ApoE, Liposome-

RVG, SNA, SNA-Liposome, SNA-Liposome-ApoE, and

SNA-Liposome-RVG) diluted in Opti-MEM (Thermo

Fisher) with a final concentration of 100 nM. In this

experiment, OMIs were labeled with the Alexa-Fluor 647

fluorescent dye. A non-treated control and a Lipofectamine

RNAimax (OMI: Lipofectamine ratio of 1:1 v/v) (Thermo

Fisher) positive control were included.64 Cells were incu-

bated with each treatment for 6 hours at normal cell con-

ditions. The media was removed, cells were washed with

1X PBS, and then fixed with ethanol 100%; nuclei were

counterstained with DAPI (1:5000), and slides were

mounted with Permafluor Mountant (Thermo Fisher).

Cells were observed under a Nikon Eclipse E400 fluores-

cent microscope, and pictures were taken with the Nikon

DS-Qi2 Camera. The amount of fluorescence inside cells

was quantified with NIS-Element Microscope Imaging

Software. Mean intensities were evaluated by normalizing

Alexa-Fluor 647 fluorescence with DAPI fluorescence.

In vitro miR-92b Downregulation Studies
U87 cells (3.5 X 104 cells/mL) were seeded into 6-well

plates (Eppendorf) and incubated overnight at normal cell

conditions. The next day, cells were treated with each

nanoparticle formulation (Liposome, Liposome-ApoE,

Liposome-RVG, SNAs, SNA-Liposome, SNA-Liposome-

ApoE, and SNA-Liposome-RVG) containing 100 nM of

either negative control OMIs (NC-OMIs) or OMIs that

targeted miR-92b (miR92b-OMIs) in Opti-Mem media.

A Lipofectamine RNAimax (OMI: Lipofectamine ratio

of 1:1 v/v) (Thermo Fisher) positive control was also

included. Seven-hours later, Opti-MEM was replaced

with DMEM/F12, and cells were incubated at normal

cell conditions overnight. The next day, cells were

detached with trypsin (0.25%), collected, washed with

PBS 1X, pelleted, and stored at −80ºC until used.

RNA Isolation, cDNA Synthesis, and

Real-Time PCR
Total RNA (including miRNAs) was isolated with the

mirVana miRNA Isolation Kit (Thermo Fisher) as per man-

ufacturer’s instructions. Ten nanograms (ng) of RNA were

reversed transcribed to cDNAwith the TaqMan MicroRNA

Reverse Transcription Kit (Thermo Fisher) in an Applied

Biosystems Veriti 96 well Thermal Cycler (16°C for 30 min-

utes, 42°C for 30minutes, 85°C for 5 minutes, and 4°C for 15

minutes). One µL of cDNAwas added to TaqMan Universal

Master Mix II, with UNGs (Thermo Fisher) and primers for

miR-92b or U48 (internal control).64,65 The PCR was per-

formed on a StepOnePlus Real-Time PCR System (Thermo

Fisher), and data were processed with the StepOne V2.3

Analysis Software. The relative expression of miR-92b was

calculated by the ΔΔCt method using the U48 samples as the

internal control.64,66

Tumor Implantation and Nanoparticle

Administration
Animals experiments were managed according to the pro-

tocol # A8700110, approved by the Institutional Animal

Care and Use Committee (IACUC) from the University of

Puerto Rico, Medical Sciences Campus-following NIH

Guidelines for the Care and Use of Laboratory

Animals.67 The use of GL261 cells for tumor implantation

was previously approved by the Research and Ethics

Committee from the University of Puerto Rico, Medical

Sciences Campus. GL261 cells were implanted into the

brain of 12 weeks-old C57BL/6 male mice from Taconic

Biosciences (Rensselaer, NY, US) following previously

described methods.68–70 In brief, we first anesthetized the

animals with intraperitoneal injections of ketamine cock-

tail. Then, mice brains were localized, and a midline scalp

incision made with the Digital Just for Mouse Stereotactic

Equipment from Stoelting (Wood Dale, IL). A burr hole

was made to the calvaria of each mouse, 2 mm lateral, and

2 mm anterior from the bregma. About 3x105 GL261 cells

(1.5x105 cells/µL in PBS 1X) were injected (2 mm ventral

from drilled calvaria) at a 0.2 µL/min flow rate with the

Quintessential Stereotaxic Injector (Stoelting) and a 10 µL

(0.48 mm) Hamilton Syringe (Stoelting).

Two weeks after cell implantation, each nanoparticle

formulation (containing 10 µg of OMIs) was administered

by tail vein injection. The following groups of mice

(N=4 per condition) were included in this set of experi-

ments: PBS (non-treated), Liposome, Liposome-ApoE,
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Liposome-RVG, SNA-Liposome, SNA-Liposome-ApoE,

and SNA-Liposome-RVG. The liposomes used in

this set of experiments contained the fluorescent dye

3,3ʹ-Dioctadecyl-3,3,3ʹ,3ʹ-tetramethylindocarbocyanine

perchlorate (DiL, Sigma-Aldrich) [1% of DOPC (w/w)].

Six hours post-treatment, mice were anesthetized and

transcardially perfused with PBS 1X, followed by 4%

paraformaldehyde (PFA).71 The collected brains and livers

were incubated in PFA for 24 hours, then changed to PBS

1X for 24 hours, stored in ethanol 70%, and embedded in

paraffin.

Immunofluorescence and Nanoparticle

Accumulation Analysis
Brain slides (10 µm) were immunostained with an antibody

against the glial fibrillary acidic protein (GFAP) to localize

astrocytes, reactive gliosis, and GBM foci. Briefly, brain

slides were subjected to deparaffinization, followed by anti-

gen site retrieval, quenching of endogenous peroxidase,

blocking of nonspecific epitopes and serial incubation with

a rabbit polyclonal anti-GFAP (1:700) (Abcam) and goat

monoclonal anti-rabbit IgG (secondary antibody) labeled

with Alexa-Fluor 488 (1:200) (Abcam). Liver tissue sections

(5 μm) were stained with DAPI. Brain and liver slices were

observed under a Nikon Eclipse Ts2R microscope. Images

were taken at 4x, 20x, and 40x magnifications with the

Nikon DS-Qi2 camera and subsequently analyzed with the

NIS-Element Microscope Software.

Endosomal Escape Analysis of

SNA-Liposome-ApoE Nanoparticles
U87 cells (3.5 X 104 cells/mL) were seeded into Lab-Tek

Chamber Slides (Thermo-Fisher) and maintained under

standard cell conditions. The next day, cells were treated

with SNA-Liposome-ApoE nanoparticles containing

Alexa-Fluor 647 labeled OMIs at a final concentration of

100 nM (OMIs) in Opti-MEM media. Cells were incu-

bated for 2, 6, and 24 hours, followed by ethanol fixation.

Then, lysosomes and late endosomes were marked with

the rabbit polyclonal antibody against Lamp-1 (1:200,

Abcam) followed by the goat monoclonal anti-rabbit

IgG (secondary antibody) labeled with Alexa-Fluor 488

(1:200, Abcam).72–74 Cells were then counterstained with

DAPI (1:5000), and slides were mounted. U87 cells were

observed under a Nikon Eclipse E400 fluorescent micro-

scope, and images were acquired at 60X magnification

with the Nikon DS-Qi2 camera. The cell nucleus (DAPI),

lysosomes/late endosomes (LAMP-1), and OMIs in the

SNA-Liposome-ApoE nanoparticles (Alexa-Fluor 647)

were identified in blue, green, and red colors, respectively.

Cell Viability of miR-92b-Targeted

SNA-Liposome-ApoE
The Alamar blue dye assay (Thermo Fisher) was used to

measure the cell viability of U87 cells after treatment

with SNA-Liposome-ApoE targeting miR-92b.62,75,76

U87 cells (5 X 104 cells/mL) were plated into 96 well

plates and incubated under normal cell conditions. The

next day, cells were treated with the SNA-Liposome-

ApoE nanoparticle carrying 50 nM or 25 nM of OMIs

(NC-OMIs and miR92b-OMIs) in Opti-MEM media and

incubated under normal cell conditions. Seventy-two

hours post-treatment, the media was replaced with 95

µL of Alamar blue. Three hours later, OD values were

measured, and the cell viability % analyzed as (technical

replicates) relative to the non-treated control (cell viabi-

lity of 100%).

Serum OMIs Stability and

SNA-Liposome-ApoE Shelf-Life
For serum stability, naked-OMIs and SNA-Liposome-

ApoE nanoparticles were incubated in 30% FBS at 37°C

for 0, 24, 48, and 72 hours. Aliquots (containing 2 µg of

RNA) were collected at each time point and separated in

a 2% agarose gel electrophoresis.62 RNA bands were

imaged using the ChemiDoc MP Imaging System (Bio-

Rad).62 The shelf-life of SNA-Liposome-ApoE was deter-

mined by evaluating the conservation of the nanoparticle’s

hydrodynamic diameter and PDI of SNA-Liposome-ApoE

at room temperature (25 °C) for 0, 4, 8, and 24 hours. At

each time point, the size (diameter), zeta potential, and

PDI were measured by DLS with a Mobius instrument

(Wyatt Technologies, Santa Barbara, CA).62

Statistical Analysis
Each experiment was performed at least in triplicates. We

used GraphPad Prism 5 software (GraphPad Software, Inc.,

La Jolla, CA) for graph construction and statistical analysis.

Data were analyzed with Student’s t-test for comparing two

groups and one-way ANOVA for multiple group compar-

isons (Tukey’s Post Test). *p<0.05, **p<0.01, and

***p<0.001 was considered significant.
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Results
Physicochemical Characteristics of SNAs
Figure 1A summarizes the process we used to prepare

SNAs (full description in the “Materials and Methods”

section). The addition of a sulfhydryl (SH) group on the

3ʹ-end of the OMIs enables the functionalization of RNA

(OMIs) to AuNPs through a covalent thiol-gold bond.61

We determined the physicochemical properties of SNAs

by DLS. The mean size, charge, and polydispersity index

(PDI) are shown in Table 1. Figure 2A and B shows

representative DLS histograms with the size distribution

of AuNPs and SNAs. Our SNAs are small, neutral (−10 to

+10 mV),77,78 and with a low PDI (<0.30).79 Also, the

results from the loading capacity analysis show that

around 1 mole of AuNPs contained 50 moles of OMIs

(Table 1).

SNAs are Nontoxic to GBM Cells
Although AuNPs are considered inert and nontoxic to the

cells, the functionalization process or drug cargo (OMIs)

can result in toxic nanoparticles.25 We performed the

Alamar Blue cell viability assay to determine if our

SNAs carrying non-targeted negative control OMIs were

toxic to U87 GBM cells (Figure 2C). Here, U87 cells

were treated with serial dilutions of SNAs with AuNPs’

concentrations ranging from 0.3 nM to 10 nM of AuNP

—which corresponds to 15 nM to 500 nM of OMIs

(Figure 2C). As a positive control, we simultaneously

incubated U87 cells with cisplatin (0.1 µM to 10 µM)

for 72 hours (Figure 2D). Our results show that SNAs

containing non-targeted negative control OMIs (NC-

OMIs) are non-toxic to U87 cells in any of the concen-

trations (Figure 2C). Moreover, cisplatin treatment

significantly reduced U87 cell viability at 1 µM and

10 µM by 50% (**p<0.01) and 90% (***p<0.001),

respectively (Figure 2D). These results were expected

since cisplatin is a chemotherapeutic agent commonly

used against solid tumors.76,80

Liposome Preparation and

Characterization
To synthesize brain-targeted nanoparticles, we first conjugated

ApoE or RVG peptides to DSPE-PEG-Maleimide micelles

(Figure 1B). We mixed these conjugated micelles with

a liposomal formulation—described in the “Materials and

Methods section.” These liposomes have also been described

in previous studies.62,64 Table 2 shows the diameter, charge,

and PDI of each nanoparticle. Figure 3 shows the DLS histo-

grams for the nanoparticle size distribution. These DLS results

(Table 2, Figure 3) show that SNA-Liposomes, SNA-

Liposome-ApoE, and SNA-Liposome-RVG are around three

times smaller than their paired OMIs-containing liposomal

formulations Liposome, Liposome-ApoE, and Liposome-

RVG (Table 2, Figure 3). SNA-containing liposomes ranged

from 27 nm to 42 nm, compared to OMIs-containing lipo-

somes, which ranged from 100 nm to 140 nm (Table 2,

Figure 3). Curiously, the size of AuNP-PEG-Liposomes

(AuNPs without OMIs) was similar to the SNA-Liposomes

(Supplementary Figure 1). The zeta potential of the liposomes

and SNA-Liposomes were neutral (−10 mV to +10 mV).77,78

Table 2 shows the encapsulation efficiency of OMIs (for

Liposome, Liposome-ApoE, and Liposome-RVG) and SNAs

(for SNA-Liposomes, SNA-Liposome-ApoE, and SNA-

Liposome-RVG). More than 70% of OMIs and SNAs were

encapsulated inside liposomes.

Internalization Efficiency of Nanoparticles

into GBM Cells
To evaluate in vitro cellular uptake of the nanoparticles, we

treated U87 cells with 1X PBS (non-treated control),

Lipofectamine (with OMIs, positive control), or each nanopar-

ticle formulation (Liposome, Liposome-ApoE, Liposome-

RVG, SNAs, SNA-Liposomes, SNA-Liposome-ApoE, and

SNA-Liposome-RVG) containing 100 nM of Alexa-Fluor

647 labeled OMIs. Six hours after treatment, cells were fixed

and stained with DAPI (nuclear fluorescent dye). We acquired

microscopy images at 20x magnification and analyzed the

mean fluorescent intensities using the NIS-Element

Microscope Imaging Software (Figure 4). We can observe

that even though all nanoparticles internalized U87

cells, SNAs, SNA-Liposome, SNA-Liposome-ApoE, and

SNA-Liposome-RVG had the highest fluorescence intensities

(Figure 4A). Moreover, when plotting the mean

fluorescent intensities, we observed a significant increase

in the Lipofectamine (**P<0.01), SNAs (***P<0.001),

SNA-Liposome (***P<0.001), SNA-Liposome-ApoE

Table 1 Physicochemical Characteristics of SNAs

Diameter (nm) 20 ± 1

Zeta Potential (mV) −4.0 ± 2

PDI 0.22

AuNP:OMIs (mol/mol) 1:50

Note: Values are mean ± standard deviation of triplicates.

Abbreviations: SNAs, spherical nucleic acids; PDI, polydispersity index; AuNP,

gold nanoparticle; OMIs, oligonucleotide microRNA inhibitor.
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(***P<0.001), and SNA-Liposome-RVG (**P<0.01) treated

cells when compared with the non-treated control cells

(Figure 4B). Additional statistical analysis showed that SNA-

Liposomes, SNA-Liposome-ApoE, and SNA-Liposome-RVG

significantly increase OMIs internalization into U87

cells when compared to their liposomal counterparts,

Liposome (***P<0.001), Liposome-ApoE (***P<0.001),

and Liposome-RVG (*P<0.05) respectively (Supplementary

Figure 2). SNAs and all SNA-containing liposomes had simi-

lar internalization efficiencies compared with Lipofectamine-

transfected OMIs (Figure 4B).

Targeting miR-92b in GBM Cells with

Nanoparticle Formulations
The functionality of the OMIs carried by these nanoparti-

cles was examined by Taq Man qPCR analysis. Before

analysis, U87 cells were treated with 100 nM of OMIs

(NC-OMIs and miR92b-OMIs contained in Lipofectamine

A B

C D

Figure 2 Characterization and in vitro toxicity of SNAs in U87 GBM cells.

Notes: (A) Intensity-based DLS histograms for AuNPs. (B) Intensity-based DLS histograms for SNAs. (C, D) Alamar blue dye cell viability analysis of U87 cells treated with

(C) SNAs (10 nM-0.3 nM) or (D) Cisplatin (0.1 µM to 10 µM) for 72 hours.

Table 2 Physicochemical Characteristics of OMIs-Containing

Liposomes and SNA-Containing Liposomes

Nanoparticles Diameter

(nm)

Potential

(mV)

PDI Enc. Eff.

(%)

Liposome 110 ± 6 −0.3 ± 1 0.21 90

Liposome-ApoE 133 ± 6 −2.2 ± 2 0.17 87

Liposome-RVG 148 ± 15 −9.5 ± 2 0.20 77

SNA-Liposome 31 ± 7 −6.5 ± 2 0.27 85

SNA-Liposome-ApoE 41 ± 6 −2.5 ± 3 0.25 71

SNA-Liposome-RVG 27 ± 8 −8.5 ± 3 0.23 90

Note: Values are mean ± standard deviation of triplicates.

Abbreviations: PDI, polydispersity index; Enc. Eff., encapsulation efficiency; ApoE,

apolipoprotein E; RVG, rabies virus glycoprotein; SNA, spherical nucleic acid.
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or any of the nanoparticle formulations). Cells were ana-

lyzed after 24 hours. As expected, when cells were treated

with miR92b-OMIs in combination with Lipofectamine

RNAimax transfection reagent, the expression of miR-

92b was reduced by 82% (***P<0.001) compared with

the NC-OMIs (Figure 5). Similarly, SNAs decreased

miR-92b expression by 65% (*P<0.05), SNA-Liposomes

by 57% (*P<0.05), SNA-Liposome-ApoE by 78%

(***P<0.001), and SNA-Liposome-RVG by 86%

(***P<0.001) in U87 cells compared with their NC-

OMIs counterpart (Figure 5). The Liposome-ApoE formu-

lation (with OMIs) also decreased miR-92b expression by

50% (**P<0.01) compared with their NC-OMI formula-

tion (Figure 5). Interestingly, SNA-Liposome-ApoE and

A B

C D

E F

Figure 3 DLS histograms for (A) Liposomes, (B) Liposome-ApoE, (C) Liposome-RVG, (D) SNA-Liposome, (E) SNA-Liposome-ApoE, and (F) SNA-Liposome-RVG.
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Figure 4 Fluorescence microscopy analysis of nanoparticles uptake in U87 GBM cells.

Notes: (A) Images of U87 GBM cells (20X magnification). (B) Nanoparticle internalization analysis with the NIS-Elements Software.
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SNA-Liposome-RVG reduced miR-92b to similar levels

compared to the Lipofectamine control group, which is

a transfection reagent amply used to transfect RNA

oligonucleotides in cultured cells (Figure 5). Additional

statistical analysis (Supplementary Figure 3) showed

a significant decrease in the relative expression of miR-

92b in U87 cells after treatment with SNA-Liposome-

ApoE (*P<0.05) and SNA-Liposome-RVG (*P<0.05)

compared to Liposome-ApoE and Liposome-RVG respec-

tively. Together, these results indicate that ApoE and RVG

peptides-targeted SNA-Liposome nanoparticles promoted

cell internalization and reduced miR-92b levels in GBM

cells.

Nanoparticles Accumulation in

a Syngeneic Mouse GBM Model
Then, we investigated the ability of each nanoparticle for-

mulation to reach the tumor tissue in an intracranial GBM

mouse model. Wild type C57BL/6 mice were intracranially

injected with 3X105 GL261 cells, as described in the

“Materials andMethods” section.We confirmed the presence

of brain tumors by H&E, DAPI staining (to identify enlarged

nuclei), and GFAP immunofluorescence staining (to localize

astrocytoma tumor foci) (Supplementary Figure 4). Two

weeks after tumor implantation, we injected mice intrave-

nously (iv) with PBS (control non-treated group) or with

each nanoparticle formulation (Liposome, Liposome-ApoE,

Liposome-RVG, SNA-Liposome, SNA-Liposome-ApoE,

and SNA-Liposome-RVG). Liposomes were stained with

DiL fluorescent lipid dye (see methods). Six hours later,

mice were perfused and fixed to process the brain tissues

for immunofluorescence staining and nanoparticle localiza-

tion in brain tumors. To localize brain tumors and DiL (red)

stained nanoparticles, we immunostained brain slices against

GFAP (green) and counterstained with DAPI (blue)

(Figure 6A). Our microscopy images showed prominent

tumor accumulation of the following nanoparticles: SNA-

Liposome, SNA-Liposome-ApoE, and SNA-Liposome-

RVG (Figure 6A). Of all, SNA-Liposome-ApoE and

SNA-Liposome-RVG colocalized (internalize) with the

tumor tissue cells (Figure 6A, merge images). Figure 6B

shows the analysis for red fluorescent intensities (quantified

with the NIS-Element Microscope Imaging Software) loca-

lized in brain tumors after nanoparticle administration. We

observed a significant increase in fluorescent intensities for

SNA-Liposome-ApoE (***P<0.001) and SNA-Liposome-

RVG (**P<0.01) compared with the non-treated group

(Figure 6b). Notably, the SNA-Liposome-ApoE nanoparti-

cles showed a significant accumulation in the brain tumor

area compared to SNA-Liposomes (***P<0.001) and SNA-

Liposome-RVG (***P<0.001). We also analyzed the fluor-

escent intensities of SNA-Liposome, SNA-Liposome-ApoE,

and SNA-Liposome-RVG compared to their OMIs-

containing liposomal counterparts (Liposome, Liposome-

ApoE, and Liposome-RVG, respectively). This analysis

showed a significant increase in the fluorescent intensities

of SNA-Liposome-ApoE (***P<0.001) and SNA-Liposome

-RVG (*P<0.05) (Supplementary Figure 5). Also, fluores-

cence microscopy images taken from brain tumor-adjacent

areas showed no DiL-associated fluorescence in any of the

formulations tested (Supplementary Figure 6). Interestingly,

the Liposome formulation showed higher accumulation in

the mice liver tissue compared with the other nanoparticles

(***P<0.001) (Supplementary Figure 7). Altogether, these

data suggest that systemic injections of SNA-Liposome-

ApoE increased the delivery of OMIs into brain tumors.

SNA-Liposome-ApoE Can Escape

Lysosome/Endosomes
As the SNA-Liposome-ApoE nanoparticle showed the

highest accumulation in U87 cells and GBM tumors,

we studied the lysosomal/late endosomal fate of these

nanoparticles. We treated U87 cells with SNA-Liposome

-ApoE nanoparticles for 2, 6, and 24 hours followed by
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Figure 5 Real-time PCR-based miR-92b expression following U87 cells incubation

with nanoparticles.

Note: Values were expressed relative to the NC-OMI in each treatment.
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Figure 6 Fluorescence microscopy images showing the nanoparticle accumulation in brain tumors of GBM syngeneic mice.

Notes: (A) Images of ex-vivo brain tumor tissues (40X magnification). (B) Nanoparticle distribution analysis with the NIS-Elements Software.
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cell fixation and immunostaining against the lysosome/

late endosome marker, Lamp-1.29,72,73,81 Fluorescent

images (60X magnification) of non-treated and SNA-

Liposome-ApoE treated cells showed the internalization

of Alexa-Fluor 647 labeled OMIs (red) in all of the

three-time points tested (Figure 7). We detected the

greatest colocalization (yellow) between SNA-

Liposome-ApoE nanoparticles (red) and lysosome/late

endosomes (green) at 2 hours post-treatment, although

colocalization is seen at all time points (Figure 7). We

identified higher non-colocalized cell regions (white

arrows) as lysosome/late endosome escape at 6 hours

and 24 hours (Figure 7). Our results suggest that SNA-

Liposome-ApoE can notably escape lysosome/late

endosomes from U87 cells after 6 hours and 24 hours

of nanoparticle incubation (white arrows, Figure 7).

MiR-92b-Targeted SNA-Liposome-ApoE

Nanoparticles Reduced Cell Viability
As SNA-Liposome-ApoE were accumulated in tumor tis-

sue, reduced miR-92b levels, and were able to escape from

endosomes, we studied the capacity of miR-92b-targeted

SNA-Liposome-ApoE to reduce cell viability in U87 cells.

Our results showed that miR92b-OMIs in SNA-Liposome-

ApoE significantly reduced cell viability at 50 nM (23%,

***P<0.001) and 25 nM (21%, **P<0.01) compared with

NC-OMIs SNA-Liposome-ApoE (Figure 8).

DAPI GFAP Alexa-647 Merge

Non-Treated

2 hrs

6 hrs

24 hrs

Figure 7 Fluorescence microscopy images showing endosomal escape.

Notes: Images of U87 cells (60X magnification) exposed to fluorescent oligonucleotides-containing SNA-Liposome-APOE for 2, 6, and 24 hours.
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Serum OMIs Stability and

SNA-Liposome-APOE Shelf-Life

Preservation
Finally, we studied the capacity of the SNA-Liposome-

APOE formulation to protect OMIs from degradation by

nucleases. To in vitro imitate plasma conditions, we incu-

bated SNA-Liposome-APoE and naked OMIs in 30% FBS

at 37°C for 0, 24, 48, and 72 hours. The gel electrophor-

esis showed in the Supplementary Figure 8 showed that

naked OMIs were degraded as soon as 24-hr incubation in

FBS and were almost undetectable 72-hr after FBS incu-

bation. Opposite, incubation of SNA-Liposome-ApoE pro-

tected OMIs from degradation at all time-points tested

(Supplementary Figure 8). When we measured the shelf-

life of the SNA-Liposome-ApoE, we observed that the

size, charge, and PDI index were preserved at RT for 0,

4, 8, and 24 hours (Supplementary Table 2). Altogether,

these studies indicate that SNA-Liposome-ApoE can pro-

tects OMI molecules from FBS degradation and maintains

liposomal physical properties at RT for at least 24 hours.

Discussion
In this study, we synthesized novel brain targeted gold-

liposomal nanoparticles that can effectively deliver RNAi

molecules to GBM tumor cells. Specifically, SNA-

Liposome-ApoE increased OMIs internalization into

GBM human cells, decreased miR-92b expression, reduced

GBM cell viability, and increased nanoparticles’ accumula-

tion into intracranial GBM mouse tumors. GBM is among

the deadliest types of cancers and the second most common

type of primary brain tumor (National Cancer Institute).

Also, GBM’s overall survival of patients (15 months) has

not improved over the last two decades.1–3 Lacking effec-

tive therapies is attributed to a myriad of reasons, including

the GBM’s recurrent and resistive nature and the inability of

drugs to cross the BBB—which precludes more than 98%

of therapies from reaching the brain.42,82-85 Therefore, the

targeted gold-liposomes synthesized in this study promotes

the advancement of RNAi-based therapies against GBM

and other CNS disorders.

SNAs are spherical nucleic acids formed by a gold-thiol

bond between SH-oligonucleotides and the AuNP core.

Oligonucleotide AuNP interactions enable nucleic acids to

be densely packed and radially orientated.39 The densely

packed orientation of nucleic acids increases the affinity

constant between complementary oligonucleotide

sequences, and in turn, protects them from nuclease

degradation.86 The unique 3D structure of SNAs allows

them to effectively enter cells by Class A Scavenger

Receptors via a caveola dependent pathway.39,87,88 Studies

by Melamed, et al demonstrated that this 3D orientation led

to the increased SNA’s cellular uptake in comparison to

nucleic acid polyplexes.87 Additional work by Jensen et al

showed that SNAs are capable of internalizing over 50

different types of cells (including U87 cells) and even cross-

ing the BBB32,89 A clinical trial for GBM treatment using

SNAs (UN-0129) carrying siRNAs against Bcl2L12

(NCT03020017) is currently underway.25,90 Despite pro-

mising results, studies reported by Wilhelm et al, show

that less than 1% of SNAs and other nanoparticles reach

tumor tissues while highly accumulating in the liver and

spleen.91,92

The lack of knowledge about gold toxicity, as well as

in aggregation and excretion in vivo, increases concerns

regarding continuous treatment and long-term conse-

quences of SNA administration in patients. Therefore,

tissue-specific modifications are essential to improve the

delivery of SNAs to GBM tumors rather than other extra-

neural tissues. To enhance the specificity of GBM cells in

the brain, we encapsulated SNAs inside RVG, and ApoE

peptide conjugated liposomes. The liposome formulation

we used (DOPC, cholesterol, DSPE-PEG-2000) to encap-

sulate SNAs and OMIs has been previously characterized

by our research team.62 These liposomes showed negligi-

ble toxicity both in vitro and in vivo; and no detectable
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Figure 8 Cell viability of U87 cells incubated with miR-92b-targeted SNA-
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immune responses.62 Also, these liposomes efficiently

delivered c-MYC-targeted siRNA in a xenograft mouse

model of ovarian cancer,62 and miR-143 targeted OMIs

in a subcutaneous GBM mouse model.64 The dual nano-

particles we designed in this study composed of OMIs-

AuNPs (SNAs), and brain targeted liposomes have two

desirable characteristics: (i) highly oriented oligonucleo-

tides that increase inhibition efficiency and (ii) tumor

specificity to improve accumulation in brain tumors.

These characteristics are essential to decrease peripheral

nanoparticle degradation while improving their tissue spe-

cificity, as shown by the SNA-Liposome-ApoE and SNA-

Liposome-RVG nanoparticles we prepared.

Unexpectedly, our SNA-Liposome nanoparticles were

around 30–50 nm in diameter when their paired liposomes

(containing OMIs) were twice to three times bigger (dia-

meters between 100–150 nm). The diameter of PEG-AuNP

liposomes (without OMIs) resembles SNA-Liposomes

(with OMIs), suggesting that intermolecular forces between

AuNPs and liposomal components may contribute to the

observed size reduction. As an approximation and assuming

nanoparticles as spheres, we can estimate the volume of an

SNA (10 nm radium) to be 4,190 nm3. The mean size of the

SNA-liposome was 20 nm (radium). Its volume is approxi-

mately 33,520 nm3, meaning that the number of entrapped

SNA into liposomes could be less than eight SNAs per

liposome. Previous studies have shown that AuNPs can

interact with head-groups from the lipid molecules of lipo-

somes and thus alter their physicochemical properties.93

Charged interactions between AuNPs and lipidic polar

groups may occur, resulting in the reduction of nanoparticle

size, as observed in our study.93 This effect on size reduc-

tion could increase their chances of crossing the BBB. Early

reports showed that nanoparticles with diameters around

50 nm could accumulate with higher efficiency inside

cells, escape phagocytic uptake, and deposit in tumor tissue

due to the EPR effect.94–96

Our nanoparticles had neutral to slight negative

charges (+10 mV to −10 mV).78 Evidence indicates that

neutral nanoparticles are ideal for drug delivery due to

their capacity to interact with cell membranes and to

reduce immune response activation.41,97-100 Even though

nanoparticles with positive charge interact easier with cell

membranes,77,99 they can increase macrophage entrapment

and immune response, as well as increasing the production

of reactive oxygen species (ROS).100–102 On the other

hand, negatively charged nanoparticles cannot interact

with cell membranes decreasing in this way their

internalization efficacy.100–102 Adding DSPE-PEG-2000

to our nanoparticle formulations decreases their probabil-

ity of being entrapped by the mononuclear phagocyte

system (MPS).39,91,100 However, the physicochemical

properties could change once nanoparticles are adminis-

tered systemically due to the formation of protein corona

(modifications in the surface of nanoparticles), which

could alter not only the charge but other nanoparticle

physicochemical properties as well.37,103,104

In this study, we sought to develop a brain targeted

nanoparticle that could efficiently deliver RNAi molecules

into GBM tumors. We chose ApoE and RVG peptides

because of their promising results delivering biomolecules

to the brain parenchyma.43,47,55 ApoE and RVG peptide

labeled nanoparticles have enhanced the delivery of anti-

fungal treatments, siRNAs, and proteins across the BBB

and into the CNS.43,47,55 ApoE is a small peptide that targets

LDL receptors, commonly present in brain endothelium and

GBM cells.43,49,105 On the other hand, RVG is a neurotropic

virus peptide that binds to the nicotinic acetylcholine recep-

tors and facilitates nanoparticle delivery to the brain and

brain tumors.47,53-55,60 When evaluating nanoparticles’

capacity to internalize GBM cells and inhibit the expression

of miR-92b in vitro, we observed that SNAs, SNA-

Liposomes, SNA-Liposome-ApoE, and SNA-Liposome-

RVG had similar delivery efficiencies than the lipofecta-

mine used as a positive control. Our in vivo results con-

firmed our hypothesis that ApoE and RVG peptides would

enable RNAi systemic delivery into brain tumor cells.

Specifically, SNA-Liposome-ApoE significantly improved

tumor accumulation compared to each of the other nano-

formulations created. Also, SNA-Liposome-ApoE was able

to achieve endosomal escape from U87 GBM cells.

Endosomal escape serves as an indicator of OMIs release

into the cytoplasm, hence demonstrating the nanoparticle’s

effective delivery. Furthermore, the OMIs contained in

SNA-Liposome-ApoE were protected from FBS degrada-

tion suggesting a higher payload of OMIs into the brain

tumors when exposed to high protein and nuclease concen-

tration present in plasma.

At present, there are no available explanations of how

SNA-Liposomes accumulate into brain tumor tissue. SNA-

Liposomes could be reaching brain tumors by EPR due to

the incomplete vascularization of brain endothelial cells

during tumorigenesis.106 However, additional studies are

necessary to fully understand the mechanism by which

SNA-Liposomes can cross the BBB and reach brain

tumor cells. Further studies should also address the
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mechanism by which the SNA-liposome formulations

scape of liver uptake we observed here.

Our results propose novel nanoparticle conjugates for

the delivery of RNAi-based therapies and other drugs to

brain tumors and other brain-related diseases. Future stu-

dies should assess the therapeutic effects of targeting spe-

cific deregulated miRNAs (ie, miR-92b) or other aberrantly

abundant genes (with siRNA) using SNA-Liposome-ApoE

or SNA-Liposome-RVG in GBM mouse models.

Conclusion
Despite the therapeutic potential of RNAi-based therapies,

their poor stability and delivery efficiency delays their

translation to the clinic. The nanoparticles we developed

and characterized in this study are composed of SNAs

encapsulated inside ApoE or RVG peptide-conjugated

liposomes. They were able to effectively be internalized

by GBM cells and target a highly abundant miRNA (miR-

92b) in these cells. Furthermore, these nanoparticles were

able to cross the BBB and reach the tumor tissue in

a GBM mouse model. These nanoparticles could be, there-

fore, optimal vehicles for future RNAi-based treatments

against GBM and other CNS malignancies.
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