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Abstract

The limitations imposed on brain therapy by the blood-brain barrier (BBB) have warranted the 

development of carriers that can overcome and deliver therapeutic agents into the brain. We 

strategically designed liposomal nanoparticles encasing plasmid DNA for efficient transfection 

and translocation across the in vitro BBB model as well as in vivo brain-targeted delivery. 

Liposomes were surface modified with two ligands, cell-penetrating peptide (PFVYLI or R9F2) 

for enhanced internalization into cells and transferrin (Tf) ligand for targeting transferrin-receptor 

expressed on brain capillary endothelial cells. Dual-modified liposomes encapsulating pDNA 

demonstrated significantly (p<0.05) higher in vitro transfection efficiency compared to single-

modified nanoparticles. R9F2Tf-liposomes showed superior ability to cross in vitro BBB and, 

subsequently, transfect primary neurons. Additionally, these nanoparticles crossed in vivo BBB 

and reached brain parenchyma of mice (6.6%) without causing tissue damage. Transferrin 

receptor-targeting with enhanced cell penetration are relevant strategies for efficient brain-targeted 

delivery of genes.

Graphical abstract

Dual-modified liposomes surface modified with cell-penetrating peptides (PFVYLI and R9F2) and 

transferrin ligand were designed to overcome the blood brain barrier and efficiently deliver a 

plasmid DNA into the brain of mice. Our results showed the superior ability of R9F2Tf-liposomes 

to translocate across the in vitro blood brain barrier model and transfect neuronal cells as well as 

enhanced in vivo brain-targeted delivery properties. Thus, R9F2Tf-liposomes have potential as a 

carrier for brain-targeted gene delivery.
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Background

The use of genes in an attempt to cure diseases or improve the ability of the body to fight 

diseases has become a promising therapeutic approach with the improvements in gene 

delivery systems.1 Gene therapy holds the potential for treating a wide range of diseases; 

however, gene transfer to the central nervous system poses significant challenges. The access 

of therapeutic agents into the brain is usually limited by the presence of anatomical and 

biochemical barriers, primarily the blood-brain barrier (BBB).2,3 Hence, the success of gene 

therapy relies on the development of a safe and effective gene vector that can deliver specific 

transgene to its target site and ensure its long-term expression.4

Cell-penetrating peptides (CPPs) are often incorporated in the design of efficient gene 

delivery systems because of their inherent ability to penetrate cells. CPPs are a diverse class 

of peptides that not only cross cellular membranes rapidly and efficiently but also carry 

cargos into cells without causing significant damage to cellular membranes. They possess 

several favorable properties such as endosomal escape, resist enzymatic degradation, and 

show high affinity for specific cell type or intracellular destination.5–7 CPPs were discovered 

more than 20 years ago, and until now, a variety of sequences have been studied and 

characterized.8,9

Recently, hydrophobic peptides have received much attention due to their ability to transport 

cargo into cells with minimal toxicity. The sequence PFVYLI is a known hydrophobic CPP 

derived from α1-antitrypsin used to deliver fluorescent probes, siRNA, and pro-apoptotic 

peptide in different cell lines.10,11 Integration of these hydrophobic CPPs to either N- or C-

terminus of other cationic CPP can further enhance their cellular uptake and delivery 

capacity. For instance, the delivery efficiency of cationic R9 peptide was strongly enhanced 

after conjugation of two phenylalanine (F2) residues to C-terminus.12,13

Despite the shuttling properties of CPPs, these peptides lack cell specificity. Therefore, we 

designed liposomes either functionalized with PFVYLI (PF) or R9F2 and also conjugated to 

transferrin (Tf) for receptor targeting. Targeting transferrin receptors (TfR) using a high-

affinity ligand facilitates the transport of Tf-conjugated liposomes across the BBB.14–16 As 

an additional strategy to promote transfection and protect plasmid DNA (pDNA) against 

enzymatic degradation, pDNA was complexed with chitosan. The electrostatic interaction 

between the cationic polymer and pDNA form polyplexes spontaneously, which prevents 

nuclease degradation by steric protection.17,18 We investigated cytotoxicity, cellular uptake, 

and uptake mechanism of the formulations in bEnd.3, glial, and primary neuronal cells. The 

transfection efficiency of the designed gene carrier was first studied in vitro. Furthermore, 

we investigated the transport of liposomal formulations across the in vitro BBB co-culture 

model and, subsequently, their ability to transfect primary neuronal cells. Lastly, we assessed 

the biocompatibility and the ability of the liposomes to translocate across the BBB in vivo 
and reach brain parenchyma following intravenous injection into wild type mice. The 

strategy set applied in the development of efficient brain-targeted gene carrier contributes to 

overcoming the low efficiency of current treatments for brain diseases. The composition of 

liposomes, PEG incorporation, targeting ligands, and chitosan steric protection of pDNA 
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together favor the active delivery of pDNA by designed liposomal nanoparticles into the 

nucleus of the brain cells.

Methods

Preparation and characterization of liposomal formulations

CPP and Tf were coupled to 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

[succinimidyl(polyethylene glycol)] (DSPE-PEG2000-NHS), separately. CPP-PEG-lipid (4 

mol %) was combined with DOPE/DOTAP/Cholesterol (45:45:2 mol %) in 

chloroform:methanol (2:1, v/v) and dried to form a lipid film, which was hydrated using 

HEPES buffer (pH 7.4). CPP-liposomes were stirred overnight with Tf-micelles (4 mol %).
19 The incorporation of DSPE-PEG2000-Tf into the outer surface of liposomes resulted in 

CPPTf-liposomes. Plasmid DNA encoding green fluorescent protein (GFP) and plasmid 

DNA encoding β-galactosidase (βgal) were purchased from Aldevron (Fargo, ND, USA). 

Chitosan-plasmid GFP or chitosan-plasmid β-gal polyplexes prepared at an N/P ratio of 5 

was added to the hydration buffer for incorporation into liposomes. Hydrodynamic size and 

zeta potential were determined by the dynamic light scattering method using Zetasizer Nano 

ZS 90 (Malvern Instruments, Malvern, UK) at 25 °C. Morphological examination of 

liposomes was performed via transmission electron microscopy (TEM, JEM-2100, JEOL) 

using 0.1% phosphotungstic acid aqueous solution as a negative stain. Percent of plasmid 

DNA encapsulated into liposomes was calculated by measuring fluorescent intensity at 

excitation/emission wavelengths of 354/458 nm using a Spectra Max M5 spectrophotometer 

(Molecular Devices, Sunnyvale, CA, USA) after staining with Hoechst 33342 dye. The 

fluorescent intensity obtained following the addition of Triton X-100 was considered as 

100%.

DNase protection assay

Liposomal formulations containing 1 μg of pGFP as chitosan-pGFP complexes were 

incubated for 60 min at 37 °C with 1 unit DNase I. Free pGFP was used as a negative 

control and pGFP with DNase I was used as a positive control. The reaction was stopped by 

adding 5 μL of EDTA solution (100 mM). Subsequently, 20 μL of heparin (5 mg/mL) was 

added and incubated for 2 h at 37 °C to release the pGFP from the complex. The released 

pGFP samples were subjected to agarose gel electrophoresis (0.8% w/v) for 80 min at 80 V.
20

Cell culture and animals

Primary cultures were obtained from the brain of 1-day-old rats.21 Briefly, meninges and 

vessels were removed from dissected brains. Brains were minced and incubated with 

DMEM containing 0.25% trypsin and DNase I (8μg/mL) at 37 °C. Cells were isolated and 

cultured in DMEM with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin 

(p/s). Primary neuronal cells were obtained after treatment with 10μM cytosine arabinoside 

on day 3. Mouse brain endothelial (bEnd.3) cells were obtained from ATCC (Manassas, VA, 

USA) and were cultured in DMEM supplemented with 10% FBS and 1% p/s. Cells were 

incubated in a 5% CO2 atmosphere at 37 °C.
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All animal experiments were performed in accordance with the protocols approved by the 

Institutional Animal Care and Use Committee (IACUC) at North Dakota State University. 

Male/female Sprague Dawley rats (Charles River Laboratories) and C57BL/6 mice (Jackson 

Laboratory) were housed under controlled temperature, 12 h dark and 12 h light cycles, and 

free access to food and water. The studies were conducted after 7 days of acclimation.

Blood compatibility study

Blood was freshly harvested from Sprague-Dawley rats into EDTA containing tubes and 

centrifuged three times at 1500 rpm for 10 min in PBS, pH 7.4, 10 mM CaCl2. Erythrocytes 

solution containing 1.5 × 107 cells was exposed to negative control (PBS), positive control 

(Triton X-100 1% v/v) and liposomal formulations (PF-lip, PFTf-lip, R9F2-lip and R9F2Tf-

liposomes) in different phospholipid concentrations (31.25–1000 μM) for 1 h at 37 °C, 5% 

CO2. After incubation, cell suspension was centrifuged at 1500 rpm for 10 min. The 

supernatant was removed, and absorbance of released hemoglobin was measured using a 

spectrophotometer at 540 nm. Percent hemolysis was calculated by considering absorbance 

in the presence of Triton X-100 as 100% hemolysis.

In vitro cytotoxicity assay

Cell viability was evaluated in bEnd.3, glial, and primary neuronal cells after treatment with 

liposomal formulations at 100, 200, 400, and 600 nM phospholipid concentration using 

MTT assay. All cell lines (1×104 cells/well) were plated on 96-well plate 24 h before 

performing the assay and exposed to liposomal formulations in serum-free media for 4 h. 

After that, the media was replaced, and cells were further cultured for 48 h. MTT (5 μg/well) 

was added to each well and incubated for 3 h. Subsequently, MTT solution was removed, 

and the formazan crystals were solubilized using DMSO. Absorbance was measured using a 

spectrophotometer at 570 nm. The untreated cells were considered as a negative control 

(100% viability).

Cellular uptake study

bEnd.3, glial, and primary neuronal cells (1×105 cells/mL) were exposed to DiI-labeled 

liposomes (100 nM) for different time intervals. Cells were seeded onto 24-well plate 24 h 

before uptake analysis. At each time point, cells were rinsed with PBS (pH 7.4), nuclei of 

cells were stained with Hoechst 33342, and images were captured using a fluorescence 

microscope (Leica DMi8, IL, USA). Quantitative estimation of liposomal uptake was 

performed by lysis of cells in 0.5% Triton-X 100, followed by extraction of fluorescent dye 

in methanol. Fluorescence intensity was measured using a spectrophotometer (excitation 

wavelength: 553 nm, emission wavelength: 570 nm).

Cellular internalization mechanism

Brain endothelial (bEnd.3), glial, and primary neuronal cells (1×105 cells/mL) were treated 

with different endocytosis inhibitors such as sodium azide (10 mM), chlorpromazine (10 μg/

mL), colchicine (100 μg/mL), and amiloride (50 μg/mL) for 30 min at 37 °C before 

application of DiI-liposomal formulations (100 nM).20 Following 4 h of the uptake process, 
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fluorescence intensity was measured using a spectrophotometer (excitation/emission 

wavelength: 553–570 nm).

In vitro transfection efficiency

Cells (bEnd.3, glial, and primary neuronal cells) were treated with Lipofectamine 3000 and 

liposomal formulations (100 nM) containing either pGFP or pβgal complexes (1 μg), in the 

serum-free medium for 4 h. After that, cells were rinsed with PBS and incubated for 48 h. 

For pGFP transfection, GFP expression was analyzed using a fluorescence microscope, and 

quantitative evaluation was performed using FACS analysis (BD Accuri C6 flow cytometer 

(Ann Arbor, MI, USA) laser excitation wavelength 488 nm, emission detection wavelength 

using optical filter FL1 533/30 nm.

For β-galactosidase expression, cells were washed with PBS (pH 7.4), and lysed using βgal 

assay buffer (Promega, Madison, WI, USA). β-galactosidase enzyme activity was quantified 

using β-galactosidase reagent assay at 420 nm. The total cellular protein level was 

determined by the micro BCA assay.

Design of in vitro co-culture BBB model

The in vitro BBB model was designed combining bEnd.3 and primary glial cells.22,23 Glial 

cells (1.5×104 cells/cm2) were seeded on the bottom side of transwell inserts (BD 

Biosciences, NC, USA) with 0.4 μm pore size and effective growth area of 0.33 cm2 in 

DMEM with 20% v/v FBS, and incubated overnight. About 1.5×104 cells/cm2 bEnd.3 cells 

were seeded on the upper side of culture inserts that were placed in 24-well plate (DMEM 

20% v/v FBS). The formation of tight junctions was assessed measuring transendothelial 

electrical resistance (TEER) values using EVOM2 (World Precision Instruments, Sarasota, 

FL, USA). Inserts containing bEnd.3 cells only on the upper side and inserts only with glial 

cells on the underside were also constructed and maintained similarly.

Transport across in vitro BBB model

The transport of labeled liposomal formulations was measured across the in vitro BBB 

model according to a modified method.19 Liposomal suspensions (100 nM) were added into 

inserts, which were placed in 24-well plate containing 0.5 mL PBS with 10% v/v FBS. After 

0.25 h, 0.5 h, 1 h, 2, 4, and 8 h, the inserts were transferred to new wells with serum-PBS. 

Concentrations of fluorescent-labeled liposomes in the upper and the lower compartments 

were determined using a spectrophotometer (excitation/emission wavelengths: 568/583 nm, 

respectively). The intactness of the barrier layer was evaluated measuring TEER before and 

after (8 h) liposome transport across in vitro BBB using EVOM2. The apparent permeability 

coefficient for each liposomal formulation was calculated using the following equation:

Papp = dQ/Dt / A . C0.60 cm/sec

where dQ/dt is the amount of liposomes transported per min (μg/min), A is the surface area 

of the transwell membrane (cm2), C0 is the initial concentration of liposomes (μg/mL), and 

60 is the conversion factor from min to sec. Papp for liposomes was also evaluated across 

cell-free inserts.

dos Santos Rodrigues et al. Page 5

Nanomedicine. Author manuscript; available in PMC 2021 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Transfection efficiency in primary neuronal cells after liposome transport across in vitro 
BBB model

Primary neuronal cells were seeded on 24-well plate. Culture inserts containing the in vitro 
BBB model were placed in the same well having primary neuronal cells.24 Liposomal 

suspensions (100 nM) encapsulating pGFP (1 μg) were added to the upper compartment of 

inserts and incubated for 8 h. After that, the inserts were removed, and the media was 

replaced for fresh culture media. After 48 h incubation, GFP expression was analyzed using 

flow cytometer and fluorescence microscopy.

In vivo biodistribution and biocompatibility

Mice were randomly divided into three groups consisted of 6 animals each (3 males and 3 

females). Each group was injected with either PBS, fluorescent-labeled R9F2-liposomes, 

and fluorescent-labeled R9F2Tf-liposomes administered via tail vein (~15.2 μmoles 

phospholipid/kg body weight). Qualitative evaluation of liposome biodistribution was 

performed by acquiring ex vivo fluorescent images of animals and organs using near-

infrared (NIR) imaging after 24 h of administration. Quantification of liposomes was 

performed in the brain, liver, kidneys, lungs, heart, spleen, and blood. The organs were 

collected, rinsed with PBS, weighted, homogenized with PBS (200 μl), and fluorescent dye 

extracted in chloroform: methanol (2:1, v/v). The fluorescence intensity was measured by 

spectrophotometer at λex 560 nm and λem 580 nm. The standard curve for the measurement 

of the dye extracted from each organ was generated by vortexing free dye with the tissue 

samples from the corresponding organs of control animals (PBS administration). Data were 

normalized in units of percentage of injected dose per gram of tissue (%ID/g). The 

biocompatibility of liposomes was evaluated through histological examination of tissue 

sections. Tissues were sectioned into 30 μm slices, stained with hematoxylin-eosin (H&E), 

and analysis of morphological alterations, signs of inflammation, necrosis, or cellular 

damage was performed.

Statistical analysis

Statistical analysis was performed using one-way analysis of variance (ANOVA) followed 

by Tukey multiple comparison post-hoc test (GraphPad Prism 5.01- San Diego, CA, USA). 

At least four independent experiments were performed, and data are expressed as mean ± 

standard deviation (S.D.). The difference was considered statistically significant for p<0.05.

Results

Characterization of liposomal formulations

R9F2-lip and PF-liposomes were prepared via a two-step process, while the dual-modified 

R9F2Tf- and PFTf-liposomes were prepared via a three-step process: (1) preparation of a 

lipid film by evaporating chloroform: methanol solution of DOPE/DOTAP/Cholesterol/CPP-

DSPE-PEG; (2) formation of R9F2-lip and PF-liposomes by hydrating the lipid film with 

HEPES buffer followed by ultrasound treatment; (3) formation of R9F2Tf-lip and PFTf-

liposomes after the overnight stirring of Tf-micelles with R9F2-lip and PF-liposomes, 

respectively. Details of hydrodynamic size distribution and zeta potential characterization by 
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the dynamic light scattering are present in Figure 1A–F. Smaller particle size was observed 

for PF-lip and PFTf-liposomes compared to R9F2-lip and R9F2Tf-liposomes. The average 

particle size of PF-liposomes and PFTf-liposomes containing pDNA were 155.9±1.2 nm and 

159.7±3.3 nm, and the zeta potentials were 31.4±0.5 mV and 27.3±2.1 mV, respectively. 

While the average size distribution of R9F2-lip and R9F2Tf-liposomes containing pDNA 

were 164.2±2.3 nm and 168.7±2.1 nm, and the zeta potentials were 30.4±0.9 mV and 

25.0±1.2 mV, respectively. The TEM micrograph (Figure 1G) revealed that our liposomal 

formulations surface modified with Tf and R9F2 have spherical morphology. The 

encapsulation of pDNA into liposomal formulations was not negatively affected by different 

plasmid DNA. High encapsulation efficiencies of plasmid DNAs were obtained for all 

liposomal formulations, which were above 80% (Table S1).

DNase protection assay

Gene delivery systems can provide significant protection of the entrapped gene molecule 

against enzymatic degradation. As represented in Figure 1H, the pDNA bands from the 

liposomal formulations + DNase I treated groups (lane c-f, Figure 1H) were similar to the 

band in the untreated group (lane a, Figure 1H). The absence of band at lane b confirms the 

vulnerability of free pDNA to enzymatic degradation. The results suggested that the 

polyplexes (pDNA-chitosan) in the liposomal formulations were sufficiently protected from 

DNase degradation.

Blood compatibility study

Liposomal formulations caused approximately 1% hemolysis at 31.25 nM phospholipid 

concentration, as shown in Figure 2A. The hemolysis percentage increased gradually with 

the increase in phospholipid concentration, reaching the average of 10.6% hemolysis at 1000 

nM.

In vitro cytotoxicity assay

The in vitro cytotoxicity of PF-lip, PFTf-lip, R9F2-lip, and R9F2Tf-liposomes was detected 

in bEnd.3 (Figure 2B), glial (Figure 2C), and primary neuronal cells (Figure 2D) after 4 h 

incubation using MTT assay. The cell viability decreased as liposomal concentration 

increased. At 100 nM phospholipid concentration, over 90% of the cells were viable. While 

at 600 nM phospholipid concentration, approximately 65% of the cells were viable. There 

were no significant differences between the formulations, indicating they had uniformly low 

cytotoxicity at 100 nM phospholipid concentration. Therefore, 100 nM concentration was 

chosen for the following experiments.

Liposome internalization into cells

The uptake of liposomal formulations in bEnd.3 (Figure 3A), glial (Figure 3B), and primary 

neuronal cells (Figure 3C) significantly increased with prolongation of incubation time. At 4 

h, the average uptake of liposomal formulations was approximately 76.3%, 65.8%, and 

64.5% in bEnd.3, glial, and primary neuronal cells, respectively. There is increasing 

evidence to suggest some CPPs can directly diffuse across the cell membrane, thus an 

energy-independent process as shown in Figure 3D (bEnd.3 cells), 3E (glial cells), and 3F 
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(primary neuronal cells), and also demonstrated by fluorescence microscopy (bEnd.3, Figure 

S1A; glial, Figure S1B; and primary neuronal cells, Figure S1C). Depletion of intracellular 

ATP caused by sodium azide pre-incubation resulted in significant (p<0.05) reduction in 

uptake of PF-liposomes (reduction of 31%, 27%, and 31% uptake in bEnd.3, glial, and 

primary neuronal cells, respectively) and R9F2-liposomes (reduction of 40%, 25%, and 29% 

uptake in bEnd.3, glial and primary neuronal cells, respectively). Similarly, a significant 

(p<0.05) inhibition was observed on dual-functionalized liposomes uptake, PFTf-liposomes 

(reduction of 75%, 60%, and 49% uptake in bEnd.3, glial, and primary neuronal cells, 

respectively) and R9F2Tf-liposomes (reduction of 70%, 72%, and 74% uptake in bEnd.3, 

glial, and primary neuronal cells, respectively), as compared with untreated cells. ATP 

dependence of PFTf-lip and R9F2Tf-liposomes uptake suggested that endocytosis is the 

primary mechanism of uptake for these liposomes.

When the same cell lines were pre-incubated with chlorpromazine, the percent uptake of 

PFTf-lip and R9F2Tf-liposomes was reduced by ~70%, which indicates the involvement of 

clathrin-mediated endocytosis on uptake of dual-functionalized liposomes. Inhibition of 

macropinocytosis by amiloride reduced significantly (p<0.05) the cellular uptake of 

liposomal formulations, especially of PFTf-lip and R9F2Tf-liposomes. Pretreatment of cells 

with colchicine resulted in a significant (p<0.05) decrease in cellular internalization of PFTf-

lip and R9F2Tf-liposomes. Colchicine treatment has been reported to block the endocytosis 

pathway based on lipid raft/caveolae via depolymerization of microtubules.25

In vitro transfection

Transfection efficiencies of liposomal formulations were compared to commercially 

available cationic transfection reagent Lipofectamine 3000. Liposomes with dual 

modification induced significantly higher GFP expression as compared to liposomes with 

single modification, liposome without surface modification, and Lipofectamine 3000/pGFP, 

in bEnd.3 (Figure 4A), glial (Figure 4B), and primary neuronal cells (Figure 4C). 

Additionally, R9F2Tf-liposomes showed superior ability to induce GFP expression in 

bEnd.3 (41.4% versus 24.1% for PFTf-lip), glial (25.8% versus 22.9% for PFTf-lip), and 

primary neuronal cells (13.9% versus 12.0% for PFTf-lip), Figure 4D.

The transfection efficiencies of liposomal formulations were also evaluated using the pβgal 

reporter gene. R9F2Tf-liposomes encapsulating pβgal showed a significantly higher ability 

to induce protein expression in bEnd.3 (Figure S2A), glial (Figure S2B), and primary 

neuronal cells (Figure S2C). R9F2Tf-liposomes increased 2.7-fold, 3.4-fold, and 2.6-fold 

βgal activity in bEnd.3, glial, and primary neuronal cells, respectively, when compared to 

βgal activity induced by PFTf-liposomes.

Transport of liposomal formulations across in vitro BBB model, endothelial cell 
permeability and TEER

An in vitro BBB model established by the co-culture of bEnd.3 and glial cells was designed 

to evaluate the ability of liposomal formulations to overcome the barrier layer. Liposomes 

gradually crossed the designed in vitro BBB model over a period of 8 h. The dual modified 

liposomes showed a higher ability to overcome that barrier compared to single modified 
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liposomes, shown in Figure 5A. Notably, R9F2Tf-liposomes demonstrated approximately 

11% translocation across the barrier layer, which was significantly higher as compared to 

liposomes without surface modification (8.8%), PFTf-lip (9.4%), PF-lip (8%) and R9F2-

liposomes (8%). As a consequence, significantly (p<0.05) higher endothelial cell 

permeability of R9F2Tf-liposomes was also observed (Figure 5B).

The integrity of the in vitro barrier was assessed by TEER measurements before and after 8 

h incubation of liposomal formulations in the co-culture insert. TEER values before and 

after the transport experiment were not significantly (p<0.05) different for all formulations 

(Figure 5C), indicating no damage to the in vitro BBB.

Transfection efficiency in primary neuronal cells after transport of liposomes across in 
vitro BBB model

In order to evaluate the ability of liposomal formulations to transfect cells following 

translocation across the in vitro BBB model, PFTf-lip and R9F2Tf-liposomes containing 

pDNA were added into co-cultured inserts placed in plates containing primary neuronal 

cells. PFTf-liposomes and R9F2Tf-liposomes were chosen for this study due to their 

superior ability to transfect the cells directly and to cross the in vitro BBB model as 

compared to the other liposomal formulations. R9F2Tf-liposomes showed significantly 

higher ability to transfect primary neuronal cells as compared to PFTf-liposomes. PFTf-

liposomes showed 4%, while R9F2Tf-liposomes demonstrated 9.2% GFP expression in 

primary neuronal cells (Figure 5D). The expression of GFP by primary neuronal cells after 

treatment with liposomal formulations containing plasmid DNA encoding GFP was shown 

in Figure 5E.

In vivo biodistribution and biocompatibility

Based on the in vitro transfection efficiency and transport across in vitro BBB model results, 

R9F2Tf-modified liposomes were chosen for in vivo studies and compared to R9F2-

liposomes. The accumulation of liposomal formulations in different organs (brain, liver, 

kidneys, heart, lungs, spleen, and blood) was determined after 24 h of liposome 

administration. The quantitative characterization showed a significantly higher accumulation 

of R9F2Tf-liposomes (6.6%) in the brain as compared to R9F2-liposomes (2.5%) (Figure 

6A and B). The amount quantified of the tested formulations in the other organs were not 

significantly different. Histological evaluation of tissue sections did not show any signs of 

tissue damage, inflammation, necrosis, or even change in cell morphology (Figure 6C). The 

tissue samples from animals administered with PBS were used as control.

Discussion

Although the number of publications exploring the potential of nanoparticles as brain-

targeted drug delivery is increasing, it is still important to explore new approaches for the 

treatment of CNS diseases due to the limitations of the existing formulations and delivery 

strategies.26 This study focused on the development and characterization of the brain 

targeted stealth-delivery systems as an efficient gene carrier technology. Liposomes were 
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surface modified with Tf and CPP to enhance their transport across the BBB via a receptor 

and adsorptive mediated transcytosis.27

Studies of cellular internalization of liposomes encasing pDNA have significant importance 

in providing a mechanistic insight on cellular processing and, consequently, define the 

functionalities needed for an optimized gene carrier.28 The cationic character of liposomes 

probably facilitated the internalization, in a time-dependent manner, through electrostatic 

interaction to the negatively charged cellular membrane.29 The internalization of liposomal 

carriers has been reported to occur preferentially via endocytosis pathways and dependent on 

several factors such as physicochemical properties (particle size, surface charge, surface 

moieties, for instance) and the cell line.29

Previous studies performed with CPP-conjugated liposomes and Tf-CPP conjugated 

liposomes have shown that various cellular uptake mechanisms drove cellular 

internalization, but with specific extent for each formulation and cell type.10,16,30,31 Using 

fluorescent-labeled liposomes, we showed that endocytosis-mediated mechanisms 

predominated when conjugating Tf to CPP-liposome, with clathrin-mediated endocytosis 

exerting significant contribution. The observed difference in the mechanisms of 

internalization between CPP-liposomes and CPP-Tf-liposomes suggests that interaction of 

Tf to TfR has a vital role in the energy-dependent liposome internalization. However, Tf-

TfR as a brain target system can be a saturable process. Concomitant presence of Tf and 

CPPs on liposome surface propitiated liposome uptake through multisite binding and 

electrostatic attraction binding and, consequently, maintaining a high rate of uptake even in 

case of TfR saturation.

Following the uptake studies, we observed the superior ability of R9F2Tf-liposomes loaded 

pDNA to transfect all cell lines tested, which was also superior as compared to the reported 

transfection efficiency of Tf-liposomes in the same cell lines.32 Transfection efficiency can 

be influenced by many factors, including the properties of the gene carrier, nature of plasmid 

DNA, cellular mechanisms of uptake, endosomal escape, intracellular delivery routes as well 

as cell type.33,34 Therefore, our results suggest the effect of liposome surface modification 

on transfection, and the role of physicochemical properties of PF and R9F2 on this process. 

Some studies have reported that arginine-rich CPP such as nona-arginine (R9) peptides 

eventually escape from endosome through endosome acidification and/or changes in lipid 

composition of endosomes upon maturation.35–37 Increase in the hydrophobicity by 

conjugating two phenylalanines to R9 C-terminus have shown to enhance the interaction 

with the cell membrane and, consequently improved uptake of the cargo.13 Likely, R9F2Tf-

liposomes would be endocytosed into clathrin-coated vesicles, then sorted into early 

endosomes that mature into late endosomes and lysosomes, where R9F2 would promote 

lipid fusion between liposomes and lysosomal membrane through electrostatic interaction. 

Following the formation of the fusion pore, liposome cargo would be released into the 

cytoplasm. The presence of DOPE has shown to contribute to the endosomal escape of 

arginine-rich liposomes due to its fusogenic properties.38,39 The ability of nona-arginine 

(R9) peptides to escape from endosomes and transport the pDNA complex to the nucleus 

may have positively contributed to transfection efficiency of R9F2-liposomes in glial cells 

and primary neurons differently as compared to PFTf-liposomes. The investigation of 
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differential transfection efficiency of liposomal formulations in different cell lines will be 

include in our future studies. Successful cellular transfection not only relies on the 

internalization of DNA into cells and subsequent transcription, but also on a number of 

intracellular events that allow the DNA to move from the cytoplasm into the nucleus before 

transcription initiation.40,41 Besides endosomal escape, the transport of pDNA complexes to 

the nucleus mediated by motor proteins can significantly impact gene transfection. Dynein 

motor protein may interact with greater affinity with R9F2Tf-liposomes and move the 

complex in the microtubule towards the nucleus as compared to the single-modified 

liposomes leading to higher transfection of R9F2Tf-liposomes.

Consistently, R9F2Tf-liposomes showed higher transport across the in vitro BBB model, 

and subsequently, transfected primary neuronal cells. As expected, the low cytotoxicity of 

liposomal formulations at 100 nM did not cause membrane disruption to the in vitro BBB 

layer. The established in vitro BBB co-culture model has been recognized as a good model 

for screening of formulations with better brain penetration due to the high correlation 

demonstrated with the permeability of in vivo BBB.22,23 Our findings indicate that both Tf 

and R9F2 modifications on the gene-loaded liposomes play a major role in the transport of 

the dual-modified liposomes across the BBB model. The receptor-mediated transport of 

liposomes by Tf had the cooperation of R9F2 to enhance the transcytosis. The amount of 

liposomes transported across the in vitro layer was comparatively higher than the values 

observed in studies, which also evaluated the translocation of modified-liposomes across in 
vitro BBB.16,23,42 Therefore, the results suggested that R9F2Tf-liposomes would hold a 

great potential to cross in vivo BBB, deliver the pDNA into the brain cells, and promote the 

transfection.

The biodistribution studies confirmed the ability of R9F2Tf-liposomes to translocate the 

BBB and reach brain parenchyma. Despite the detection in other tissues, especially in the 

liver and lungs, the qualitative and quantitative evaluation proved the enhanced brain-

targeting delivery of dual-modified liposomes. As suggested by Cabezόn et al.,43 

internalized liposomal nanoparticles can undergo at least two different courses. They can be 

sorted into the endosomal cycle and be degraded by lysosomal enzymes. Also, they can be 

transcytosed across brain capillary endothelial cells and released in the brain parenchyma, 

which demonstrates the ability of the nanoparticles to escape the endosomes. We believe 

that, together with Tf, R9F2 facilitate liposomes interaction with endothelial cell membrane 

resulting in nanoparticle internalization. Additionally, the CPP would promote endosomal 

escape and the release of cargo into the brain parenchyma. It is important to note that some 

groups working with transferrin-receptor targeted liposomes have observed lower levels of 

nanoparticle in the brain parenchyma in vivo after i.v. injection15,44,45 as compared to 

R9F2Tf-liposomes levels. These results show that the design of dual-modified liposomes for 

brain-targeted and enhanced cellular internalization properties can be a strategic approach 

for the development of gene delivery systems capable of translocation across the BBB and 

delivery of pDNA to brain cells.

We designed dual-mediated liposome CPPTf-liposomes by conjugating Tf and CPP moieties 

to liposomes via DSPE-PEG for brain-targeted gene delivery. A time-dependent 

internalization of nanoparticles into cells occurred through multiple mechanisms. Caveolae 
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and clathrin-mediated endocytosis played an important role as the main pathways involved 

in the ability of liposomes to overcome in vitro and in vivo BBB. The physicochemical 

properties of R9F2 assisted R9F2Tf-liposomes in the enhanced in vitro transfection and 

superior ability to translocate in vitro and in vivo BBB, which reflected in the significant 

quantification of the dual-functionalized liposomes in the brain of mice. Transferrin receptor 

targeting with enhanced cellular internalization has demonstrated to be a robust strategy in 

the design of gene delivery systems with brain-targeted properties. Additional studies are 

needed to describe the extension of the therapeutic potential of these formulations.
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Figure 1. 
Hydrodynamic size distribution of (A) PF-lip, (B) PFTf-lip, (C) R9F2-lip and (D) R9F2Tf-

lip, determined by DLS. Zeta potential of (E) PF-lip (red) and PFTf-lip (green) and (F) 

R9F2-lip (red) and R9F2Tf-lip (green). (G) TEM image of R9F2Tf-liposomes encapsulating 

chitosan-pDNA complexes (Scale 100 nm). (H) Protection of plasmid GFP encapsulated 

into liposomal formulations against DNase I digestion. Lane a = free pGFP, lane b-f = pGFP, 

PF-lip, PFTf-lip, R9F2-lip and R9F2Tf-lip, respectively + DNase I.
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Figure 2. 
(A) Hemolytic activity of PF-lip, PFTf-lip, R9F2-lip and R9F2Tf-liposomes (31.25–1000 

nM phospholipid concentration) in rat erythrocytes after 1 h incubation at 37 °C. Percent 

hemolysis of 1% v/v Triton X-100 was considered 100% hemolysis. Viability of bEnd.3 (B), 

glial (C) and primary neuronal cells (D) after incubation with PF-lip, PFTf-lip, R9F2-lip and 

R9F2Tf-liposomes at different phospholipid concentrations (100, 200, 400 and 600 nM) for 

4 h at 37 °C. Viability of untreated cells were used as control and considered 100%. All data 

are represented as mean ± SD (n=5). Statistically significant difference (p<0.05) are shown 

as (*).
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Figure 3. 
Percent uptake of PF-lip, PFTf-lip, R9F2-lip and R9F2Tf-liposomes in (A) bEnd.3, (B) glial 

and (C) primary neuronal cells after 0.1, 0.25, 0.5, 1 and 4 h of incubation. Percent uptake of 

PF-lip, PFTf-lip, R9F2-lip and R9F2Tf-liposomes after 4 h of incubation in (D) bEnd.3, (E) 

glial and (F) primary neuronal cells pretreated with endocytosis inhibitors (sodium azide, 

chlorpromazine, amiloride and colchicine). Data are expressed as mean ± SD (n=5).
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Figure 4. 
In vitro transfection efficiency of Lipofectamine 3000, Liposome (without surface 

modification), PF-lip, PFTf-lip, R9F2-lip and R9F2Tf-liposomes encapsulating 1 μg 

chitosan-pGFP complexes in (A) bEnd.3, (B) glial and (C) primary neuronal cells. Data are 

expressed as mean ± SD (n=4). Statistically significant (p<0.05) differences are shown as (*) 

with Lipofectamine 3000 and Liposome (without surface modification), and (†) with R9F2-

liposomes. D) Fluorescence microscopy images of GFP expression in bEnd.3, glial and 

primary neuronal cells treated with PF-lip, PFTf-lip, R9F2-lip and R9F2Tf-liposomes 

encapsulating 1μg chitosan-pGFP complexes. Scale bar, 100 μm.
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Figure 5. 
A) Percent transport of Liposome (without surface modification), PF-lip, PFTf-lip, R9F2-lip 

and R9F2Tf-liposomes across in vitro BBB model over a period of 8 h. Statistically 

significant (p<0.05) difference are shown as (*) with PF-lip, PFTf-lip and R9F2-liposomes. 

B) Endothelial cell permeability (Pe, expressed as 1×10−6 cm/sec) coefficient for Liposome 

(without surface modification), PF-lip, PFTf-lip, R9F2-lip and R9F2Tf-liposomes. 

Statistically significant (p<0.05) difference is shown as (*) with PF- and R9F2-liposomes. 

C) Transendothelial electrical resistance (TEER, expressed as Ωcm2) of in vitro BBB model 

before and after 8 h of incubation with liposomal formulations. No significant difference 

among the TEER of the liposomal formulations before and after liposome transport. D) In 
vitro transfection efficiency of PFTf-lip and R9F2Tf-liposomes encapsulating 1 μg chitosan-

pGFP complexes in primary neuronal cells after crossing the in vitro BBB model. All data 

are expressed as mean ± SD (n=4). Statistically significant (p<0.05) difference is shown as 

(*) with PFTf-liposomes. E) Fluorescence microscopy images of GFP expression in primary 

neuronal cells treated with PFTf-lip and R9F2Tf-liposomes encapsulating 1μg chitosan-

pGFP complexes after transport of liposomes across in vitro BBB model. Scale bar, 100 μm.

dos Santos Rodrigues et al. Page 19

Nanomedicine. Author manuscript; available in PMC 2021 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
In vivo biodistribution of R9F2-lip and R9F2Tf-liposomes (~15.2 μM phospholipid/kg body 

weight) in C57BL/6 mice after 24 h of intravenous administration. (A) Quantification of 

fluorescently labeled-liposomes was performed in brain, liver, kidneys, heart, lungs and 

spleen (n=6). Data are expressed as mean ± SE. Statistically significant (p<0.05) difference 

is shown as (*). (B) Near-Infrared (NIR) imaging of relative fluorescence intensity of mice, 

brain, liver, kidneys, heart, lungs and spleen from C57BL/6 mice 24 h after administration of 

R9F2-lip and R9F2Tf-liposomes. (C) Histological analysis through H&E staining of organ 

sections of C57BL/6 mice subjected to various liposomal formulations treatment. 

Representative sections of brain, liver, kidneys, heart, lungs and spleen of mice treated with 

PBS, R9F2-lip and R9F2Tf-liposomes. The tissue sections from mice administered with 

PBS were used as controls. Scale bar, 100 μm.
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