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Abstract

Vgf (non-acronymic), a neurotrophin stimulated protein which plays a crucial role in learning, 

synaptic activity, and neurogenesis, is markedly downregulated in the brain of Alzheimer’s disease 

(AD) patients. However, since vgf is a large polar protein, a safe and efficient gene delivery vector 

is critical for its delivery across the blood brain barrier (BBB). This research work demonstrates 

brain-targeted liposomal nanoparticles optimized for delivering plasmid encoding vgf across BBB 

and transfecting brain cells. Brain targeting was achieved by surface functionalization using 

glucose transporter-1 targeting ligand (mannose) and brain targeted cell-penetrating peptides 

(chimeric rabies virus glycoprotein fragment, rabies virus derived peptide, penetratin peptide, or 

CGNHPHLAKYNGT peptide). The ligands were conjugated to lipid via nucleophilic substitution 

reaction resulting in more than 75% binding efficiency. The liposomes were formed by film 

hydration technique demonstrating size less than 200 nm, positive zeta potential (15–20 mV), and 

polydispersity index less than 0.3. The bifunctionalized liposomes demonstrated ~3 pg/µg protein 

vgf transfection across in vitro BBB, and ~80 pg/mg protein in mice brain which was 1.5–2 fold 

(p<0.05) higher compared to untreated control. The nanoparticles were also biocompatible in vitro 
and in vivo, suggesting a safe and efficient gene delivery system to treat AD.
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Introduction

Late onset Alzheimer’s disease (AD) is one of the most prevalent dementing illness 

among the elderly. It is a chronic degenerative disorder of the central nervous system 

(CNS) which results in the loss of memory, cognition along with the ability to function 

physically and socially. Although, heritability of late onset AD is as high as 79%, 

amalgamation of various environmental and genetic factors are the key etiological drivers 

of this disorder (“2018 Alzheimer’s disease facts and figures,” 2018). Additionally, over the 

past two decades, limited pathophysiological understanding and modest symptomatic relief 

by current approved therapeutics have led to a 145% increase in AD related mortalities. 

Consequently, there is a pressing priority to find new disease modifying therapies with 

minimal side effects for treatment of AD. Although the pathophysiology of AD is complex, 

the formation and accumulation of hyperphosphorylated tau protein and β-amyloid plaques 

are believed to play as the key features of this disorder. Both these phenotypic features are 

associated with loss of memory and cognition owing to neuronal cell death in the CNS 

(“2018 Alzheimer’s disease facts and figures,” 2018).

It is widely reported that vgf (non-acronymic), a neurotrophin stimulated protein playing 

a crucial role in memory formation, learning, enhancement of synaptic activity, and 

neurogenesis, is markedly downregulated in AD (Alder et al., 2003; Bozdagi et al., 

2008; Carrette et al., 2003; Cocco et al., 2010; Rüetschi et al., 2005; Selle et al., 2005; 

Snyder et al., 1997; Thakker-Varia et al., 2014). Vgf can be stimulated by neurotrophin-3 

(NT-3), brain-derived neurotrophic factor (BDNF) and nerve growth factor (NGF) (Bonni 

et al., 1995; Levi et al., 1985). Following its synthesis, vgf polypeptide is intracellularly 

processed with tissue and cell specificity to form various secretory bioactive peptides. 

These peptides are involved in various functions such as memory formation, cognition, 

learning, neurogenesis and neuroplasticity (Jiang et al., 2019, 2018; Lin et al., 2015). 

Increase in the expression of vgf protein has shown to attenuate AD related phenotypes 

including reduction in β-amyloid toxicity and neuroinflammation (El Gaamouch et al., 

2020; Lin et al., 2015). Therefore, transport of vgf to the brain can result in beneficial 
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effects for attenuating AD pathophysiology. However, vgf being a large polar protein (~67 

kDa) is unable to transport across the blood brain barrier (BBB) and cellular membranes. 

Intracerebroventricular delivery of vgf derived 21 amino acid peptide over a period of 28 

days has shown promising results in attenuating AD related pathophysiology (El Gaamouch 

et al., 2020). However, in order to deliver high levels of this therapeutic protein to the 

brain while eliminating highly invasive and complicated procedures, a safe and efficient 

gene delivery vector is critical. Therefore, our goal is to develop and optimize lipid-based 

nanoparticles called liposomes for efficient transport and transfection of pVGF (plasmid 

encoding for vgf protein) inside the brain to restore vgf protein levels in AD.

In our present study, we investigated the transport and transfection efficiency of liposomal 

nanoparticles as non-viral gene delivery vector for specific delivery of pVGF to the brain. 

Liposomes were utilized due to their several advantages such as good biocompatibility, 

lack of immunogenicity, large packaging ability, surface functionalization, and easy scaleup 

(Nayerossadat et al., 2012; Sharma et al., 2021b). Chitosan polymer was also used to 

form electrostatic complexes with pVGF gene prior to their encapsulation inside the 

liposomes. Complex formation with chitosan helps in pDNA condensation, protection 

from endolysosomes and improvement in transfection efficiency (Banerjee et al., 2020; 

dos Santos Rodrigues et al., 2020a; Sharma et al., 2019a, 2021a; Sharma and Singh, 

2017). In order to overcome the primary hurdle in the path of efficient transport of gene 

delivery vector inside the brain, i.e. the BBB, surface of liposomal nanaoparticles was 

functionalized using specific ligands. There are various specific ligands which can target 

brain via solute carriers (glucose transporters, amino acid transporters and organic anion 

transporting polypeptide) or receptors (insulin receptors, transferrin receptors, low-density 

lipoprotein receptors and neurotropic virulence factor receptors) present on BBB (Razzak 

et al., 2019). Similar to targeting transporters or receptors, adsorption mediated transcytosis 

is another technique to initiate electrostatic interactions between cell membrane and the 

carrier vector to enable translocation across the BBB. This is generally achieved via 
peptides which have the potential to target brain (Niu et al., 2019). To further enhance 

the transportation potential across the BBB, combination of different brain specific targeting 

ligands have been used and compared with the mono-functionalized or non-targeted carriers 

(Dong, 2018; Luo et al., 2020). In our present study, mannose (MAN), a specific substrate 

for glucose transporter-1 (GLUT-1) was utilized as a brain-targeting ligand to allow for 

transporter-mediated endocytocis across the BBB. GLUT-1 transporters are present in high 

density on BBB, normally required for efficient transport of glucose inside the brain (Tsuji, 

2005; Umezawa and Eto, 1988). Moreover, expression of GLUT-1 was demonstrated to be 

either lacking or extremely low in various tissues in humans such as skeletal muscles, 

stomach, thyroid, uterus, pancreas and ovaries (Godoy et al., 2006). Hence, GLUT-1 

targeting has the potential for minimal off-target transport thereby resulting in selective 

uptake by brain tissue. Lipid-conjugated brain targeting cell penetrating peptides (CPPs) 

were also used in conjugation with MAN, to improve transport to the brain. Chimeric 

rabies virus glycoprotein fragment (RVG9R), rabies virus derived peptide (RDP), penetratin 

(Pen) peptide, or CGN (CGNHPHLAKYNGT) peptide, were selected after careful literature 

search for brain-specific delivery. RVG9R and RDP both are derived from rabies virus 

glycoprotein, whereas CGN peptide is obtained from in vivo phage display screening (Fu 
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et al., 2012; Xiang et al., 2011; Zheng et al., 2017). Pen is obtained from Antennapedia 

protein homeodomain. Dual modification using CPPs and the targeting ligand (MAN) had 

shown to enhance cellular uptake ability chiefly by diminishing the competition between 

the ligand and its physiological substrate (glucose and mannose) (Arora et al., 2020b). In 

our present study, we have developed, optimized and evaluated liposomal nanoparticles with 

varied surface modifications for their hydrodynamic diameter, zeta potential, entrapment 

efficiency and cytocompatibility. In vitro BBB model was prepared using murine bEnd.3 

cells and primary astrocytes, or hCMEC/D3, human astrocytes (HA) and SHSY5Y cells in 

a culture insert to further select liposomes with high transport and transfection efficiency 

across the BBB model. The optimized nanoparticle formulations were then further evaluated 

in C57BL/6 mice for their transport to the brain, transfection efficacy, and biocompatibility 

post intravenous (tail-vein) administration.

MATERIALS AND METHODS

Materials

DSPE−PEG2000−NHS and DSPE−PEG2000−Mannose were purchased from Biochempeg 

Scientific Inc. (MA, USA). Lissamine rhodamine, DOPE (dioleoyl-sn-glycero-3

phosphoethanolamine) and DOTAP (Dioleoyl-3-trimethylammonium-propane chloride) 

were obtained from Avanti Polar Lipids (AL, USA). Cholesterol was 

gotten from Sigma-Aldrich (MO, USA). Chimeric rabies virus glycoprotein 

fragment (YTIWMPENPRPGTPCDIFTNSRGKRASNGGGGRRRRRRRRR), rabies virus 

derived peptide (KSVRTWNEIIPSKGCLRVGGRCHPHVNGGGRRRRRRRRR), CGN 

(CGNHPHLAKYNGT) peptide and penetratin (RQIKIWFQNRRMKWKKGG) were 

purchased from Zhejiang Ontores Biotechnologies Co., Ltd. (Zhejiang, China). Chitosan 

(molecular weight 30 kDa) was acquired from Glentham Life Sciences (Corsham, UK).

Synthesis of CPP modified lipids

Activated NHS conjugated PEGylated DSPE lipid (NHS-PEG-DSPE) was used for 

synthesizing CPP conjugated lipid as described previously (Arora et al., 2020b, 2020a; 

dos Santos Rodrigues et al., 2020a). Briefly, lipid and CPP (1:3 molar ratio) were mixed 

in dimethylformamide (DMF) alkalified using triethylamine to pH 8.5. The reactants were 

incubated under constant stirring for 72 h to allow nucleophilic substitution reaction. Post 

incubation, the resulting mixture was dialyzed for 48 h against distilled water. The resulting 

solution after dialysis was dried using a lyophilizer and extent of CPP substitution was 

evaluated using micro-bicinchoninic acid (BCA). The lyophilized product was stored at −20 

°C until used for preparation of liposomes.

Synthesis and characterization of liposomal nanoparticles

The lipids, CPP-PEG-DSPE, MAN-PEG-DSPE, DOTAP, DOPE, and cholesterol 

(4:4:45:45:2) were dissolved in a round bottom flask in a mixture of methanol and 

chloroform (0.5:1 v/v). A thin lipid film was prepared using Buchi Rotary Evaporator 

(Rotavapor® R-100, Flawil, Switzerland). The lipid film hydration buffer was prepared 

by mixing pVGF complexed chitosan (N/P ratio 5:1) and HEPES buffer (pH 7.4, 10 

mM). The hydration buffer was added to the vacuum dried lipid film and the resulting 
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dispersion was agitated for 30 min in a bath sonicator. The resulting liposomal nanoparticles 

were characterized for their hydrodynamic radius and charge by dynamic light scattering 

technique (DLS) at room temperature. The association of the pVGF/chitosan complex was 

evaluated using a DNA-binding fluorescent dye (Hoechst 33342) (dos Santos Rodrigues et 

al., 2018).

Culturing brain cells for in vitro analysis

In vitro assessment of liposomal nanoparticles loaded with pVGF/chitosan complexes 

were characterized for their cytocompatibility, cellular targeting and transfection efficacy 

in primary neuronal cells, brain endothelial cells (bEnd.3 cells) and primary astrocytes. 

Complete DMEM media (base media with 10% fetal bovine serum) was utilized for 

culturing bEnd.3 cells obtained from ATCC. Primary neurons and astrocytes were cultured 

from brains of newborn rat pups (less than 3 days old). Previously optimized protocol 

was followed to extract brain cells’ suspension in complete DMEM media (dos Santos 

Rodrigues et al., 2019b). Similar procedure was used to culture primary neurons with the 

aid of neurobasal media supplemented with B-27 and 10 % equine serum. Neuronal cells 

were culture for 72 h followed by supplementing the culture media with AraC. The culture 

media was replaced with fresh media on day 5. Anti MAP2 and anti-glial fibrillary acidic 

protein (GFAP) antibodies were utilized to confirm the identity of the primary neurons and 

astrocytes, respectively.

In vitro cytocompatibility

Cytotoxicity of the liposomal nanoparticles was evaluated in primary neurons, bEnd.3 cells, 

and primary astrocytes (dos Santos Rodrigues et al., 2019a; Lipp et al., 2019; Sharma et al., 

2019b). Liposomes incorporating pVGF/chitosan complexes were added to the cell culture 

media in a 96 well plate containing 5,000 cells per well. Post 4 h incubation with increasing 

concentrations of liposomes (0.05 – 0.6 µM total lipids in DMEM basal medium) the cells 

were washed with DPBS and further incubated for 48 h in complete media. Finally, MTT 

(3-(4,5-Dimethylthiazol2-yl)-2,5-Diphenyltetrazolium Bromide) reagent was used to assess 

the viability of the treated cells against untreated cells (negative control) for comparison.

Cellular uptake

Cellular internalizing ability of the liposomal nanoparticles (100 nM phospholipid 

concentration) was assessed in primary neurons, bEnd.3 cells, and primary astrocytes. 

Lissamine rhodamine dye (0.5 mole % of total lipid) loaded liposomes were added to the 

cells cultured at a density of 105 cells per well of a 24 well plate followed by incubation 

(up to 4 h). Post incubation, the liposomes were removed by washing the cells with DPBS 

and the fluorescent dye was extracted in methanol and 0.5 % v/v triton-x mixture. Finally, 

spectrophotometer was used to analyze the percent cellular uptake of the liposomes inside 

the cells at λex 553 nm and λem 570 nm.

Cellular transfection

Cellular transfection efficiency of the liposomal nanoparticles (100 nM phospholipid 

concentration) was performed in primary neurons, bEnd.3 cells, and primary astrocytes 
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seeded at a density of 105 cells per well of a 24 well plate. Cells were treated with 

liposomes incorporating pVGF/chitosan complexes (1 µg pVGF per well) for 4 h in base 

media. Post incubation, the formulation was removed by washing the cells followed by 

further incubation for 48 h in complete media. ELISA was performed to assess vgf 

protein expression post normalization with respect to total protein content of the cells. 

Lipofectamine®3000, a marketed transfection reagent, was used as a positive control for this 

study (Santos Rodrigues et al., 2019).

Blood brain barrier model development

The formation of the BBB model was performed in accordance with the protocol described 

in literature (dos Santos Rodrigues et al., 2020a). bEnd3 cells and primary astrocytes 

were used for preparing the BBB model at a density of 15×104 /cm2 and 15×103 /cm2, 

respectively. Barrier insert (0.4 µm membrane) was used to seed the astrocytes on its bottom 

side and bEnd3 cells on its top side. Similarly, another barrier was made using hCMEC/D3, 

human astrocytes (HA) and SHSY5Y cells. HA and SHSY5Y cells (1.5 × 104/cm2) were 

seeded on the bottom side and hCMEC/D3 (1.5 × 105/cm2) were seeded on top side of 

the culture inserts. Integrity of the resulting in vitro BBB was assessed using Epithelial 

Volt/Ohm Meter 2 (EVOM) by measuring the transendothelial electrical resistance (TEER). 

TEER of the control barrier, made with either b.End3 cells only or hCMEC/D3 cells only 

was also determined for reference (Santos Rodrigues et al., 2019).

Transport and transfection efficacy across blood brain barrier model

Transcytosis efficacy of the liposomal nanoparticles through the BBB model was determined 

according to the previously described procedure (Arora et al., 2020b; dos Santos Rodrigues 

et al., 2020a). Liposomes (100 nM phospholipid concentration) loaded with Lissamine 

rhodamine dye (λex: 553 nm, λem: 570 nm) were added to the BBB model containing 

500 µL of 10% FBS solution in PBS. The BBB model was then incubated in a well 

containing PBS solution for different time points (up to 24 h). Post each incubation time, the 

fluorescent intensity in the lower chamber was analyzed using spectrophotometer.

For evaluation transfection efficiency post transcytosis across BBB, the BBB model cell 

culture insert was placed in a 24-well plate containing primary neurons (Arora et al., 

2020b, 2020a). Liposomal nanoparticles (100 nM phospholipid concentration) incorporating 

pVGF/chitosan complexes (1µg pVGF) were incubated in the BBB model for 16 h. Post 

incubation the BBB model was removed. Primary neurons were further incubated for 2 days 

followed by analyzing the transfected vgf protein content using ELISA. Normalization of 

the expressed protein was performed with respect to total protein content of the cells.

Animal procedure

Institutional Animal Care and Use Committee (IACUC) approved protocol A20091 was 

used for all live animal procedures. Equal number of male and female C57BL/6 mice (6 

mice per group) were subjected to liposomal treatment. All animals were placed in proper 

housing conditions with food and water access.
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In vivo transfection efficiency and biocompatibility

Liposomal nanoparticles incorporating pVGF/chitosan complexes (40 µg pVGF/ 100 g 

animal) were administered via tail vein injection at a dose of ~15.2 µmoles phospholipids/kg 

body weight (dos Santos Rodrigues et al., 2019a, 2018). Transfection efficacy was evaluated 

on 6th day post administration in all tissue samples (dos Santos Rodrigues et al., 2019a, 

2018). Tissues were homogenized using RIPA lysis buffer supplemented with phosphatase 

and protease inhibitor. The cell debris was removed from the resulting lysate by centrifuging 

at 4 °C and vgf expression was determined using ELISA. In vivo biocompatibility post 

liposomal treatment was assessed in formalin fixed organs post 5 days of injection. 

Hematoxylin & Eosin (H&E) stain was used for visualization of inflammatory cells, changes 

in cell morphology, and any indication of toxicity.

Statistical analysis

All data represents mean ± standard deviation (SD). Statistical analysis was conducted using 

one-way ANOVA. A p-value of 0.05 or below was considered to be significant.

RESULTS

Synthesis and characterization of liposomes nanoparticles

Prior to the preparation of the liposomes, CPP conjugated lipid was synthesized using 

RVG9R, RDP, Pen or CGN and activated lipid NHS-PEG-DSPE. Conjugation of different 

CPPs using identical chemistry has been extensively performed in our lab and characterized 

using chemical based assay as well as using reverse phase chromatography (Lakkadwala 

and Singh, 2019). In our current study, the conjugation efficiency of CPPs to the lipid was 

found to be in excess of 75%. Liposomal nanoparticles were prepared in accordance to 

our previously reported method (Lakkadwala et al., 2019). Pegylated mannose conjugated 

lipid (MAN-PEG-DSPE) was used in combination with the synthesized CPP conjugated 

lipid to produce mannose and CPP (RVG9R, RDP, Pen or CGN) surface functionalized 

liposomal nanoparticles. Characterization data showed that all the liposomal nanoparticles 

prepared were less than 200 nm in size. Addition of the ligands on the surface of the 

nanoparticles resulted in slight increase in their hydrodynamic diameters. The zeta potential 

of nanoparticles was slightly positive (Table 1). Encapsulation efficiency pVGF/chitosan 

complexes inside the liposomes was found to be in excess of 80% with no negative effects 

on size or surface charge of the nanoparticles. Our previous studies also indicated that 

these lipid nanoparticles are spherical in shape with uniform distribution as seen using 

transmission electron microscopy (TEM) as well as atomic force microscopy (Arora et 

al., 2020a; dos Santos Rodrigues et al., 2019b). Both of these microscopic techniques can 

provide visual morphological characteristics of the nanoparticles. Also, there is no prior 

requirement for specific preparation or fixation in case of AFM, however, a negative stain is 

required, usually 0.1% phosphotungstic acid aqueous solution, for imaging using TEM.

In vitro cytocompatibility

The cytocompatibility of the liposomal nanoparticles was evaluated in primary neurons, 

bEnd.3 cells, and primary astrocytes (Figure 1) using MTT assay. It was found that 
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the relative viability of the cells compared to untreated cells decreased with increasing 

phospholipid concentrations in all the brain cell types in vitro. However, up to phospholipid 

concentration of 100 nM more than 80% of cells were viable in all the cell lines with no 

significant difference (p>0.05) among different liposomal nanoparticles. Therefore, 100 nM 

phospholipid concentration was found to be cytocompatible with all brain cell types tested 

and was selected for all further studies.

Cellular uptake

The physicochemical characteristics of lipid-based nanoparticles majorly affect their cellular 

internalization capacity. Therefore, cellular uptake studies were performed in the primary 

neurons, bEnd.3 cells, and primary astrocytes using lissamine rhodamine dye loaded 

liposomal nanoparticles as shown in Figure 2. It was observed that as the incubation time 

of the liposomes with the cells increased their internalization efficiency also increased with 

no significant difference (p>0.05) between the different formulations. Post 4 h of incubation, 

the bifunctionalized liposomes (RVG9RMAN, RDPMAN and CGNMAN) were found to 

be internalized in excess of 80% in primary neurons, bEnd.3 cells, and primary astrocytes. 

Liposomes surface modified with Pen and PenMAN demonstrated 75–80% cellular uptake 

within 4 hrs in all the cell lines tested (Arora et al., 2020b). Therefore, 4 h of incubation 

of liposomal nanoparticles with the cells was selected as the time point for conducting 

transfection studies.

Cellular transfection

Transfection potential of the nanoparticle formulations as a non-viral vector is essential 

for evaluating their therapeutic effect. Therefore, transfection ability of pVGF/chitosan 

incorporating liposomes was evaluated in primary neurons, bEnd.3 cells, and primary 

astrocytes. It was observed that in all the cell lines bifunctionalized liposomes 

(RVG9RMAN, RDPMAN, PenMAN and CGNMAN) showed significantly higher (p<0.05) 

vgf transfection efficiency compared to naked pDNA, plain liposomes, and singly modified 

(MAN, RVG9R, RDP, Pen and CGN) liposomes (Figure 3). RDPMAN functionalized 

liposomes demonstrated highest transfection efficiency in all the cell lines, which was ~2 

fold greater than the single ligand modified liposomes. Similar increase in transfection 

potential was observed with bifunctionalized PenMAN, RVG9RMAN and CGNMAN 

liposomes as compared to their single ligand (MAN or CPP only) modified counterparts. 

However, no significant difference was found between the different bifunctionalized 

liposomes.

Blood brain barrier model development

BBB model was prepared using a transwell culture insert. The tightness of the barrier was 

evaluated utilizing transepithelial electrical resistance (TEER) across the barrier layer. Co

cultured BBB model developed using murine cell lines demonstrated TEER values of 206 ± 

37 Ω cm2, which was found to be significantly higher (~1.6 times) than the barrier developed 

using only b.End3 cells (Figure 4A). Moreover, the barrier cultured using hCMEC/D3, HA 

and SHSY5Y cells demonstrated TEER of only 79 ± 6 Ω cm2, which was significantly 

lower (p<0.05) than the barriers developed using the murine cell lines. Therefore, the barrier 
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developed using the murine cells was selected for further evaluation of different liposomal 

nanoparticles.

Transport and transfection across blood brain barrier model

Transportation of nanoparticles across the BBB is the major challenge for current 

non-viral vectors for treatment of brain specific disorders. Therefore, effect of surface 

functionalization of liposomal nanoparticles was at first evaluated in in vitro BBB model. 

Transcytosis of liposomes loaded with lissamine rhodamine dye was assessed using co

cultured BBB model for up to 24 h. It was found that as the incubation time increased 

the liposomal transport across the barrier layer also increased (Figure 4B). Transportation 

saturation was observed in about 16 h and no significant enhancement in transport was 

observed post 16 h of incubation. The bifunctionalized liposomes RVG9RMAN and 

RDPMAN were found to be transported ~15% by 16 h, which was significantly greater 

than plain, and monofuctionalized (MAN, RVG9R, RDP and CGN) liposomes. The findings 

are consistent with our earlier reported transport for PenMAN and Pen modified liposomes, 

respectively (Arora et al., 2020b).

Following translocation across the BBB, the delivered gene must express the desired 

protein in the brain cells to elicit the intended therapeutic effect. Transfection efficacy 

of liposomal nanoparticles prepared in this study was evaluated in primary neurons 

seeded across the BBB model. As depicted in Figure 4C, RVG9RMAN, PenMAN and 

RDPMAN liposomal nanoparticles demonstrated ~2 times higher vgf expression compared 

to plain liposomes. Transfection efficacy was notably improved with ligand conjugation as 

evident with significantly higher (p<0.05) transfection of vgf protein using bifunctionalized 

liposomes RVG9RMAN, PenMAN and RDPMAN when compared to monofuctionalized 

liposomes (MAN, RVG9R, RDP, Pen and CGN). Although CGNMAN functionalized 

liposomes demonstrated higher transfection, no significant difference (p>0.05) was observed 

as compared to the liposomes surface modified with single targeting ligand. Therefore, 

RVG9RMAN, PenMAN and RDPMAN liposomes were selected for in vivo evaluation in 

our further studies.

In vivo transfection efficiency and biocompatibility

Transportation of therapeutics across the BBB is one of the major challenges for 

CNS diseases. Liposomal nanoparticles incorporating pVGF/chitosan complexes were 

administrated via tail vein and transfection efficiency was evaluated in all major tissues 

on 6th day following injection. Bifunctionalized liposomes RVG9RMAN, PenMAN, and 

RDPMAN demonstrated significantly higher (p<0.05) vgf protein transfection in the 

brain of wild type mice compared to mice treated with saline and naked DNA (Figure 

5A). RVG9RMAN, PenMAN and RDPMAN functionalized liposomes demonstrated ~70 

pg vgf protein per mg total protein in the brain, which was ~1.5 times higher than 

the expression demonstrated by monofunctionalized liposomes. All three bifunctionalized 

liposomes showed similar transfection potential in the brain with no statistically significant 

difference (p>0.05). Monofunctionalized (MAN, RVG9R, Pen and RDP) and plain 

liposomes showed comparable transfection efficiency in brain although significantly lower 

than bifunctionalized liposomal nanaoparticles (RVG9RMAN, PenMAN and RDPMAN). 
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Vgf protein was also found to be increased in plasma and other organs (liver, spleen, kidney, 

heart, and lungs), however the levels were found to be comparable to their baseline levels.

H&E staining was performed to assess biocompatibility of the administered liposomal 

nanoparticles in major tissues. Saline treated group was used as a control. Tissue sections 

were assessed for signs of aberrations, nucleus enlargement, inflammation, or abnormalities 

in cellular morphology. The results indicated that the liposomal nanoparticles did not 

demonstrate any form of toxicity in the brain, liver, spleen, kidney, heart, and lungs (Figure 

6). Disruption of muscle fibers were not observed in cardiac tissue. Lung and liver tissues 

did not show any sign of fibrosis and ballooning, respectively. Also, abnormal alveoli 

thickening was not observed in the lungs. Examination of spleen and kidney tissue sections 

depicted no signs of nuclei enlargement, necrosis, or defects in cell morphology. Moreover, 

mice treated with liposome nanoparticles did not demonstrate any changes in water/food 

intake, behavioral alterations, or loss of physical activity, indicating good safety profile of 

this delivery system.

DISCUSSION

Despite the astonishing progress in medical treatment over recent years in various fields, 

there remains a wide gap for brain targeted treatments for CNS disorders (Ventola, 2017). 

Over the past decade, various delivery systems have been researched for gene delivery to 

the brain using numerous targeting ligands. However, shortcomings such as safety, efficacy, 

ease of administration, off target adverse reactions, suitability for clinical translation, and 

chiefly inefficient translocation across the blood brain barrier (BBB) have been some of the 

major hurdles to overcome for development of therapeutic strategies to treat brain-related 

malignancies (Bunker et al., 2016; Zylberberg et al., 2017). The protective and selectively 

permeable BBB has been rightly termed as one of the greatest challenges for neurological 

disorders. Adding on to the complexity, Alzheimer’s disease (AD) pathophysiology is 

poorly understood and difficult to treat with current therapies. Consequently, novel brain 

specific treatments are an essential need to reduce the socioeconomic burden of AD, 

one of the world’s most fatal disorders of the elderly. In our present study, we designed 

and optimized brain-targeted liposomal nanoparticles surface modified with MAN in 

combination with CPPs to enhance the translocation of genetic cargo across the BBB. In 

our extensive experience with multiple brain-targeted formulations with various conjugating 

ligands, due to the complex nature of different transfection mechanisms along with the 

potential gaps between in vitro and in vivo cellular environment, both in vitro and in 
vivo cellular uptake as well transfection studies need to be reviewed closely to identify 

a potential lead formulation (Arora et al., 2020a; dos Santos Rodrigues et al., 2020b, 

2020c). To the same effect, due to the differences in biochemical properties, half-life, and 

molecular weight of the expressed proteins, different genes may show varied transfection 

and efficacy. In our present study, we have explored the gene transfection efficiency of 

vgf (non-acronymic) utilizing different liposomal formulations. Vgf is a critical protein for 

improving learning, memory formation process, synaptic activity and neurogenesis, that is 

found to be downregulated in AD (Cocco et al., 2010). Plasmid encoding vgf protein was 

encapsulated inside the liposomal nanoparticles and their safety and efficacy in transfecting 

brain cells was tested in vitro and in vivo.

Arora and Singh Page 10

Int J Pharm. Author manuscript; available in PMC 2022 October 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



From a quality standpoint, nanoparticle formulations must be stable, homogenous and be 

able to carry required genetic load for therapeutic efficacy (Zylberberg et al., 2017). The 

liposomal nanoparticles prepared in this study showed size below 200 nm, uniformity in 

their hydrodynamic diameter as depicted by their low PDI and high entrapment efficiency 

of the therapeutic gene (pVGF/chitosan complexes). Nanoparticle hydrodynamic diameter 

below 200 nm aids in crossing the tight junction between endothelial cells of BBB and 

helps escape the immune system resulting in improved half-life in the body (Masserini, 

2013). Low PDI (below 0.3) indicates homogeneity in particle size without any evidence of 

instability such as aggregation or precipitation (Danaei et al., 2018). Another concern with 

lipid-based non-viral vectors is cellular toxicity owing to high cationic charge. Nanoparticles 

with cationic charge can interact with the membranes of various cells and its organelles 

resulting in undesirable safety profile of the formulation (Fröhlich, 2012). However, net 

positive surface charge of nanoparticles is beneficial in promoting cellular internalization 

and transfection. The various functionalized liposomes prepared in this study showed good 

biocompatibility in vitro as well as in vivo. In our optimized formulation, low cytotoxicity 

(i.e. >80% cell viability) and high transfection efficiency was promoted by utilizing cationic 

phospholipid DOTAP and helper phospholipid DOPE in equimolar ratios (Kim et al., 2015). 

Additionally, PEGylation on liposomal surface in our formulation assisted in shielding from 

opsonization and accumulation, which is eventually helpful in increasing their half-life in 

the biological system (Kim et al., 2012; Klibanov et al., 1990; Suk et al., 2016).

Effective transport of liposomes inside the cells is vital for eliciting their desired therapeutic 

effects. Improved physicochemical characteristics of these nanoparticles owing to surface 

functionalization primarily increases their cellular internalization capacity. Modification 

using MAN ligand helped target GLUT-1 transporter mediated endocytosis through the 

BBB. Moreover, co-functionalizing with brain-specific CPPs aided in enhanced cellular 

penetration and overall higher uptake of these nanoparticles as compared to plain liposomes 

(Lakkadwala et al., 2019; Pan et al., 2017). The internalization of the nanoparticles 

initiates with the activation of the cellular transport pathways upon interaction between cell 

membrane and liposomes components resulting in either direct translocation or endocytosis 

across the cell membrane (Behzadi et al., 2017; Kettler et al., 2014). Based on our previous 

results with various conjugating ligands, the presence of targeting ligands changes the 

surface characteristics of the nanoparticles such as particle charge density as well as the size, 

which results in dissimilar nanoparticle-cell interactions, and endosomal escape properties 

in comparison to the unconjugated nanoparticles. Therefore, higher cellular uptake does not 

always correlate with the higher cellular transfection as seen in previous publications from 

our lab (dos Santos Rodrigues et al., 2020b; Sharma et al., 2012). Post internalization of 

the liposomes inside the cells the next step is efficient transfer of genetic payload to the 

nucleus for inducing transfection of the desired protein. Previously, our group had optimized 

the N/P ratio (5:1) of pDNA/chitosan complexes to attain desired pDNA encapsulation, 

condensation, protection against enzymatic degradation along with efficient endosomal 

escape and release inside the cells (Lavertu et al., 2006; Rodrigues et al., 2020). The superior 

endosomal escape ability of the bifunctionalized liposomes encapsulating pVGF/chitosan 

complexes is one of the important aspects of enhanced plasmid transport inside the nucleus 
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and high transfection efficiency (dos Santos Rodrigues et al., 2019a; Sharma et al., 2016, 

2014).

Most drug/gene delivery candidates for treatment of CNS disorders fail due to their inability 

to circumvent the BBB. Thus, it is essential to assess the ability of these therapeutics to 

translocate across BBB in an efficient in vitro model. A good BBB cell culture model 

can also help in optimization and screening of the potential formulations for treating brain 

disorders (Hatherell et al., 2011; Helms et al., 2015). In our study, BBB models were 

developed utilizing either murine cell lines or human cell lines and was assessed using 

TEER across the barrier. This is one of the most commonly used techniques to evaluate 

BBB integrity (Crone and Olesen, 1982). TEER values in vivo was found to be ~5900 Ωcm2 

in rats, which is greater than currently available BBB models (Butt et al., 1990). Current 

in vitro BBB models yield TEER values ranging from 100 – 300 Ωcm2 achieved utilizing 

combination of immortalized and primary cells (Daniels et al., 2013; Helms et al., 2015). 

The TEER of the co-cultured BBB model was significantly higher than the monolayer 

model in case of both human and murine BBB models. The BBB model developed using 

human cell lines showed lower TEER compared to BBB model prepared using murine cells 

which can be due to the absence (or presence in very low amount) of several tight junction 

proteins in the human endothelial cells, which are present in the endothelial cells of murine 

origin (Biemans et al., 2017; Brown et al., 2007; Eigenmann et al., 2013; Rahman et al., 

2016). Moreover, the ability to retain phenotype post numerous passages and rapid growth 

in bEnd.3 cells make them suitable for the development of an efficient BBB model (Brown 

et al., 2007). Low TEER of BBB model developed using human endothelial cells has also 

been reported by other researchers resulting in poor integrity of the barrier (Eigenmann et 

al., 2013; Hatherell et al., 2011; Markoutsa et al., 2011). Therefore, in our study, transport 

and transfection efficiency of liposomal nanoparticles was investigated in the murine BBB 

model. Transfection studies using different liposomal nanoparticles showed significantly 

improved vgf transfection using bifunctionalized liposomes compared to non-functionalized 

(plain) and monofunctionalized groups, which can be rationalized via their dual transport 

mechanisms leading to enhanced transport of the therapeutic gene to the nucleus of cells. 

These observations advocate the effect of targeting ligands (MAN and CPPs) on developing 

liposomal nanoparticles as suitable candidates for brain-targeted gene therapy for treating 

AD.

Furthermore, in vivo studies in C57BL/6 mice confirmed the ability of the liposomal 

nanoparticles to enhance transcytosis across the BBB and transfect the brain cells. The 

dual targeting effect with CPP and MAN was evident by the enhanced translocation 

of bifunctionalized liposomal nanoparticles inside the brain cells in comparison to 

other formulations. Subsequently, the bifunctionalized nanoparticles also showed superior 

transfection and increased vgf level ~ 2-fold higher than baseline level in the mice brain. 

Further dose optimization and efficacy studies will need to be performed in AD mice 

model to evaluate the overall efficacy of the delivery system in treating AD. Increase in 

vgf protein was also found in other vital organs, which may be due to the accumulation 

of nanoparticles in these organs owing to the reticuloendothelial system (RES) leading 

to nonspecific transfection (Haute and Berlin, 2017; Li and Huang, 2009). However, 

histopathological analysis performed in all vital tissues did not show any signs of pathology 
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such as inflammation, toxicity, changes in cellular morphology or vasculature, which was 

also supported by our previous studies indicating good safety profile of this delivery system 

(Arora et al., 2020b, 2020a).

CONCLUSION

Overall, AD is a very complex disorder which surfaces various challenges for an effective 

treatment strategy. However, delivery of crucial brain development protein vgf via gene 

therapy using brain-targeted non-viral vector evaluated in this study may be beneficial in 

restoring lost cognitive function in AD or at minimum halting the progression of the disease. 

The results indicate that the bifunctionalized liposomal nanoparticles evaluated in this study 

are efficient in transporting genetic cargo inside the brain cells with no signs of toxicity. 

These liposomal nanoparticles will be further assessed for their therapeutic efficiency in 

transgenic mouse model of AD in our future studies.
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Figure 1. 
In vitro cytocompatibility. A) bEnd.3, B) primary astrocytes, and C) primary neurons. Data 

shown as mean (SD) with 4 repeats.

Arora and Singh Page 18

Int J Pharm. Author manuscript; available in PMC 2022 October 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
In vitro cellular uptake. A) bEnd.3, B) primary astrocytes, and C) primary neurons. Data 

shown as mean (SD) with 4 repeats.
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Figure 3. 
In vitro vgf transfection. A) bEnd.3, B) primary astrocytes, and C) primary neurons. Data 

shown as mean (SD) with 4 repeats. ~, |, @, #, *, --, +, and “ show statistically significant 

difference (p<0.05) from untreated, naked DNA, plain, Pen, MAN, CGN, RVG9R and RDP 

liposomes, respectively.
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Figure 4. 
A) In vitro BBB transendothelial electrical resistance, B) Transport across BBB model, and 

C) pVGF transfection across BBB model. Data shown as mean (SD) with 4 repeats. ~, @, #, 

*, --, +, and “ shows statistically significant difference (p<0.05) from untreated, plain, Pen, 

MAN, CGN, RVG9R and RDP liposomes, respectively.
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Figure 5. 
In vivo vgf transfection. Different organs are indicated as follows: A) Brain, B) Heart, 

C) Kidney, D) Lungs, E) Liver, F) Spleen, and G) Plasma. Data shown as mean (SD) of 

6 animals per group. ~, |, @, #, *, --, +, and “ show statistically significant difference 

(p<0.05) from control, naked DNA, plain, Pen, MAN, CGN, RVG9R and RDP liposomes, 

respectively.
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Figure 6. 
In vivo histological assessment of different liposomal nanoparticle formulations in C57BL/6 

mice after 6 days post formulation administration. The figure depicts H&E stained tissue 

sections of Brain, Liver, Spleen, Kidney, Lungs, and Heart post administration of PBS 

(negative control) and different liposomal nanoparticles prepared in this study.

Arora and Singh Page 23

Int J Pharm. Author manuscript; available in PMC 2022 October 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Arora and Singh Page 24

Table 1.

Characterization of liposomes entrapping pVGF/chitosan complexes.

Liposomal Formulation Size (nm) Zeta Potential (mv) Polydispersity Index (PDI) pDNA Encapsulation Efficiency (%)

Plain 138.9 ± 11.53 14.6 ± 1.1 0.239 ± 0.00 85.08 ± 3.40

MAN 144.9 ± 8.12 13.1 ± 2.3 0.234 ± 0.01 83.47 ± 3.58

Pen 175.6 ± 2.19 17.0 ± 1.5 0.273 ± 0.06 80.31 ± 5.12

PenMAN 180.0 ± 33.52 16.1 ± 1.4 0.275 ± 0.04 85.37 ± 6.55

CGN 141.3 ± 17.25 15.4 ± 1.0 0.155 ± 0.10 84.60 ± 2.84

CGNMAN 174.5 ± 7.63 14.9 ± 0.4 0.264 ± 0.06 84.77 ± 8.29

RVGR9 183.7 ± 41.58 22.6 ± 0.3 0.255 ± 0.18 86.7 ± 3.33

RVGR9MAN 178.1 ± 38.82 22.8 ± 2.8 0.159 ± 0.12 83.56 ± 5.92

RDP 175.1 ± 20.44 20.5 ± 3.0 0.219 ± 0.20 84.00 ± 3.34

RDPMAN 190.8 ± 42.21 19.0 ± 3.1 0.063 ± 0.03 82.25 ± 6.34
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